
BIOCHEMICAL RESPONSE OF CONTINUOUS FLOW 

ACTIVATED SLUDGE PROCESSES TO 

QUANTITATIVE SHOCK LOADINGS 

By 

P. KRISHNAN 
H 

Bachelor of Engineering 
University of Madras, India 

1959 

Master of Science 
University of Madras, India 

1961 

Submitted to the 
faculty of the Graduate College of the 

Oklahoma State University in partial 
fulfillment of the requirements 

for the degree of 
DOCTOR OF PHILOSOPHY 

May, 1966 



.:,_._},. OKLAHOMA 
f STATE UNIVERSITY 
i LIBRARY 

NOl'I 9 1966 

BIOCHEMICAL RESPONSE OF CONTINUOUS FLOW ACTIVATED 

SLUDGE PROCESSES TO QUANTITATIVE SHOCK LOADINGS 

Thesis Approved: /7: ~L 
~ Thesis Adviser 1 

~ c: _,, 

~ate College 

3216'78 
ii 



ACKNOWLEDGEMENTS 

The author wishes to express his deep and sincere 
appreciation to his major adviser, Dr. Anthony F. Gaudy, Jr.J 
for his valuable guidance and encouragement during the 
entire period of research and in the preparation of the 
thesis. 

The author is thankful to his committee members , 
Dr. Elizabeth T. Gaudy, Professor Q. B. Graves, Profes-
sor R. A. Mill, and Dr. R. E. Koeppe for their careful read

. ing of the thesis and offering of valuable suggestions. 

Sincere thanks are extended to Mr. M. Ramanathan and 
all other students in the Bioengineering laboratories for 
their continued interest and cooperation during the 
entire period of research. 

Sincere appreciation is extended to Mr. Phillip E. 
Stout, Engine~ring Publications, for taking photographs of 
the experimental unit. 

The author is deeply indebted to Mrs. Grayce Wynd for 
her c~reful and accurate typing of the manuscript. 

Finally, the author wishes to acknowledge the finan
cial support in . the form of a research assistantship 
provided by the Research Grant WP-0075 from the Water 
Pollution Control Administration H. E.W. 

iii 



TABLE OF CONTENTS 

Chapter P.age 

L INTRODUCTION 

II. REVIEW .OF LITERATURE. 

1 

4 

Activ~ted Sludge process and I ts 
Recent Development. . . . . . • . • . . - 4 

Effect of Oxygen T~nsion in Activated 
Sludge Process. • . • • . • • . . • • . 15 

Nutritional Aspects in Waste Treatment. . 16 
Sludge Bulking. . . . • . . • . • . • • . 19 
Release of Metabolic Intermediates. . . . 20 

III. THEORETICAL ASPECTS OF COMPLETE MIXING SYSTEM. 23 

A. 

B. 

c. 

Steady State Kinetics 
Without Recirculation . .. 

Steady State Kinetics 
With Recirculation ••••••• 

Kinetics of Increase and Decrease 
of Glucose Concentration Due to 
a Shock Load in the Steady State 
System. • . . . .. .. 

23 

25 

. . 28 

IV. MATERIALS AND METHODS. , . 33 

v. 

A. 

B. 
c. 

RESULTS. 

Description of Apparatus and 
Standard Synthetic Wastes .. 

1. Apparatus •••...•• • 
2. Standard Synthetic Wastes . 
Experimental Protocol .••• 
Analytical Technique .••••• 

. . . . . . . . . . . . . . . 

. . . 

. . . 
33 
33 
35 
35 
36 

47 

1. Response to Gradual Shock Loads. 47 
a. 4-Hour Detention Time. . . . 47 
b. 8-Hour Detention Tim~. . . . 53 
c. 12-Hour Detention Time. . . . 61 

iv 



Chapter · · - ··~:P,a-ge 

·· 2. Responses: to· Slug Shock Loads • 72 
a·. 4-Hour Detention Time . ·• . 72 
b. 8--Hour Detention Time . .• . . 82 
c. 12~Hour Detention Time.. • • • • 92 

3. Response to Shock Loads unde.r 
Nitrogen~deficient Conditi6ns 102 

a. 4-Hour Detention Time • • • . .. 102 
b. 8-Hour Detent~on Tim.e • • • 112 
c. 12-HourDetention Time. • • .121 

4. Release of Metabolic Inteirnieqiates 
Unde~ Shock Loading Conditions 131 

VI. DISCUSSION . . . 153 

1. Response to Gradual Shock Loa~ing. 156 
2. Responses to Slug Loading. . • . . 162 
3. Responses:to Shbck Loads under 

·Nitrogen~deficient Conditions 167 
4. Release of Intermediates during 

Shoe~ Loading . ' . . • . 175 

VII. SUMMARY AND CONCLUSIONS . . . 182 

VIII. SUGG.EST.IONS FOR FUTURE WORK ·• • a o • o 185 

A SEiECTED BIBLIOGRAPHY . . . . . . 187 

v 



LIST OF TABLES 

Table Page 

I. Retention of Vola tile Acids in Gas 40 
Chromatogram Column .......... . 

II. Analysis of Individual Volatile Acids by Gas 
Chromatography During Shock Loading. . . 136 

III. Analysis of Ind ividual Volatile Acids by Gas 
Chromatography During Shock Loadi ng. • . 139 

IV. Analysis of Individual Volatile Acids by Gas 
Chromatography During Shock Loading. . . 141 

V. Changes in the Elemental Composition of Sludge 
During Gradual Shock Loading of 5000 mg/1 
Glucose. . . . . . • . • . . . . . • • . 142 

VI. Analysis of Individual Volat ile Acids by Gas 
Chromatography During Shock Load ing. . . 145 

VII. Changes in Elemental Compos ition of Sludge 
· During Gradual Shock Loading of 3000 mg/1 

Glucose with BOD/N = 40. . • . • . • • • 146 
VIII. Analysis of Individual Volatile Acids by Gas 

Chromatography During Shock Loading. • • 148 

IX. Oxygen Concentration in Aerator During 
Gradual Shock Load ing Expressed as mg/ 1 
at 2s0 c. . . . . . . . . . . . . . . . . 149 

X. Oxygen Concentratio n in the Aerator During 
Gradual and Slug Shock Loading Expressed 
as mg/1 at 25°C . . . . . . . . . . . . . 150 

XI. Oxygen Concentr a tio n in the Aera t o r During 
Gradual Shock Load ing Under Nitrogen
deficient Condi tions Expressed as mg/ 1 a t 
25°C. . . . . . . . . . . . . . . . . . . 151 

XII. Cell Yield in the "Steady State" Continuous 
Flow Unit Operated at 1000 mg/1 Glucose. 155 

XIII. Changes in Percent Protein a nd Carbohydrate 
During Shock Load Under Nitrogen-deficient 
Condition. . . . . . . . . . . . . . . . 171 

vi 



Figure 

1. 

LIST OF FIGURES 

Steady State Relationship - A) No Recir
culation, and B) Wi th Recirculatio n .. 

2. Degree of Complete Mixing at Different Detention 

Page 

29 

Times Using Me t hyl Red as I nd ica tor. . . . . . 3 1 

3. Photograph of Bench Scale Comple t ely Mixed 
Activated Sludge System ........ . 34 

4. Relation between Rotameter Setting anq Air Flow . 41 

5. Calibration Curve for Volatile Acids Determination 
by Gas Chromatography . . . . . . . . . . . . . 42 

6. Standard Chroma t ogram of Mixt u r e of Volatile Acids 44 

7. Calibration Curve for Volati le Acids De t ermination 
by G~s Chromatography . . . . ·. . . . . . . 45 

8. Standard Chromatogram o f Mixture o f Volatiole 
Acids . ..... . 

9. Steady State Behavior of the Continuous Flow Un it 
at 4-Hour Detention at 1000 mg/ 1 Glucose -

46 

A) No Recir culation, and B) Wit h Recirculation 48 

10. S~ock Load Response o f St eady Sta te Continuous 
Flow Unit at 4-Hour Detention Time after 
Changi~the Influent Feed from 1000 mg/1 t o 
2000 mg/1 Glucose (No Recirculation) . . . 50 

11. Shock Load Response of t he Steady St a t e Continuous 
Flow ·Un i t at 4-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/1 to 
3000 mg/1 Glucose (No Recirculation) . . . . . 51 

12. Shock Load Response of the St eady State Continuous 
Flow Unit at 4-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/ 1 to 
3000 mg/1 Glucose (Recirculation) . . . . . . . 52 

vii 



Figure 

13. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

Shock Load Response of the Steady State Continuous 
Flow Unit at 4-Hour De t enti.on Time after 
Changing the Feed from 1000 mg/1 to 5000 mg/1 

P~ge 

Glucose (No Recirculation) . . . . . . . . 54 

Shock Load Response of t he St eady State Continuous 
Flow Unit at 4- Hour De t ention Time after 
Changi ng the Influent Feed from 1000 mg/l to 
5000 mg/1 Glucose (Recirculation) . . • . . . . 55 

Steady State Behavior of the Continuous Flow Unit 
at 8-Hour Detention Time at 1000 mg/1 Glucose -
A) No Recirculation, and B) With Recirculation 56 

Shock Load Response of the St eady State Continuous 
Flow Unit at 8-Hour Detention Time after 
Changing the Inflow Feed from 1000 mg/1 to 
2000 mg/1 Glucose (No Recirculation). . . . . . 58 

Shock Load Response of the Steady State Continuous 
Flow Unit at 8-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/1 to 
3000 mg/1 Glucose No Recirculation)' . . • . • 59 

Shock Load Response of the Steady State Continuous 
Flow Unit at 8-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/1 to 
3000 mg/1 Glucose (Recirculation) . . . • . . . 60 

Spock Load Response of tµe Steady State Continuous 
Flow Unit at 8-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/1 to 
5000 mg/1 Glucose (No Recircula t ion) . . . . . . 62 

Shock Load Response o f the St eady State Continuous 
Flow Unit at 8-Hour De t ent ion Time after 
Changing the Influent Feed f rom 1000 mg/1 to 
5000 mg/1 Glucose (Recircu la t ion) . . ..... , 63 

Steady State l3e_lulvior of the Continuous Flow Unit 
at 12-Hour Detention ·Time with Recirculation at 
1000 mg/1 Glucose -...•....••..••. . 64 

Shock Load Response of the Steady State Continuous 
Flow Unit at · 12-Hour Detent ion Time after 
Changing the Influen t Feed from 1000 mg/1 to 
2000 mg/1 Glucose (No ~ecirculation) . . . 66 

viii 



Figure 

23. Shock Load Response of the Steady State Continuous 
Flow Unit at 12-Hour Detention Tim€ after 
Changing the Feed from 1000 mg/1 to 3000 mg/1 

Page 

Glucose (No Recircula-tion) . . . • • • • • • . 67 

24. Shock Load Response of the Steady St ate Continuous 
Flow .Unit at 12-Hour Detention Time after 
Changing the Feed from 1000 mg/1 to 3000 mg/1 
Glucose (Recirculation) . . . . . . . . . . . . 68 

25. Shock Load Response of the Steady State Continuous 
· Flow Unit at 12-Hour Detent i on Time after 
Changing the Feed from 1000 mg/1 to 5000 mg/1 
Glucose (No Recirculation). . . . . . . . . . . 70 

26. Shock Load Re~ponse of the Steady State Continuous 
Flow Unit at 12-Hour Detention Time after 
Changing the Feed from 1000 mg/1 to 5000 mg/1 
Glucose (Recirculation) . . . . . . . . . . . . 71 

27. Shock Load Response of the Steaqy State Continuous 
Flow Unit at 4-Hour Detention Ti~e Con~inuously 
Fed at 1000 mg/1 Glucose and Shocked with a Slug 
Dose of 2000 mg/1 Glucose (No Rec irculation). . 73 

28. Shock Load Response of the Steady State Continuous 
Flow ·Unit at 4- Hour Detention Time Continuously 
Fed at 1000 mg/1 Glucose and Shocked wi t h a Slug 
Dose of 2000 mg/1 Glucose (Recirculation) . . . 74 

29. Shock Load Response o f the S t eady State Continuous 
Flow Unit at 4- Hour Detention Time Continuously 
Fed at 1000 mg/ 1 Glucose a nd Shocked with a Slug 
Dose of 3000 mg/1 Glucose (No Rec irculation). . 76 

30. Shock Load Response of the St eady State Continuous 
Flow ·Unit at 4-Hour Detention Time af t er 
Changing t he Influent Feed from 1000 mg/1 to 
2000 mg/ 1 Glucose and Shocking with a Slug Dose 
of 2000 mg/1 Glucose (No Recirculation) . • . . 77 

31. Shock Lo,d Response of the Steady State Continuous 
Flow Unit at 4-Hour Detention Time after 
Changing the Feed from 1000 mg/ 1 to 2000 mg/1 
Glucose and Shocking with a Slug Dose of 2000 
mg/1 Glucose (With Recirculation) . . . • . . . 78 

ix 



Figure 

32. Shock Load Response of the Steady State Continuous 
Flow Unit at 4-Hour Detention Time after 
Changing the - Influent Feed from 10-(lO mg/1 to 
3000 ~g/1 Glucose and Shocking_ with a Slug Dose 

Page 

of 3000 mg/1 Glucose (No Recirculation) • • • . 80 

33. Shock Load Response of the Steady State Continuous 
Flow ·Unit at 4-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/1 to 
3000 mg/ 1 Glucose and also Shocking witn ' a Slug 
Dose o f 3000 mg/1 Glu~ose (Recirculation) . • . 81 

34. Shock Load Response of the Steady State Continuous 
Flow Uni t at 8-Hour Detention Time Continuously 
fed at 1000 mg/1 Glucose and Shocked with a Slug 
Dose of 2000 mg/1 Glucose (No Recirculation) . . 83 

35. Shock Load Response of the Steady State ~ontinuous 
' Flow Unit at 8-Hour Detention Time Continuously 

Fed at 1000 mg/1 Glucose and Shocked with a Slug 
Dose of 2000 mg/1 Glucose (Recirculation) , . . . 84 

36. Shock Load Response of the Steady State Continuous 
Flow Unit at 8-Hour Detention Time Continuously 
Fed at 1000 ~g/1 Glucose and Shocked with a Slug 
Dose of 3000 mg/ 1 Glucose (No Recirculation) . . 86 

37. Shock Load Response of the Steady State Continuous 
Flow ·Unit at 8-Hour Detention Time after 
Changing th-e Influent Feed from 1000 mg/1 to 
2000 mg/ 1 Glucose and also Shocking with a Slug 
Dose of 2000 mg/1 Glucose (No Recirculation). . 87 

38. Shock Load Response of the Steady State Continuous 
Flow · Unit at 8-Hbur Detention Time aft~r 
Ch~nging the Influent Feed from 1000 mg/1 to 
2odo mg/1 Glucos~ and Shocked with a Slug 
Dose o f 2000 mg/1 Glucose ( With Recirculation). 88 

39. Shock Load Response of the Steady State Continuous 
Flow Unit at 8-Hour Detention Time after 
Cb~nging the Influent Feed from 1000 mg/1 to 
~000 mg/ 1 dlucose and also Shocking with a Slug 
Pose of 3000 mg/1 Glucose (No Recirculation). . 90 

40. Shock Load Response of the Steady State Continuous 
flow ·Unit at 8-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/1 to 
3000 mg/1 Glucose and Shocking with a Slug 
Dose of 3000 mg/~ Glucose (With Recircul~tion). 91 

x 



Figure 

41. 

42. 
I 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

Shock Load Response of the Steady State Continuous 
Flow Unit at 12-Hour Detention Time Continuously 

Page 

. Fed a.t 1000 mg/1 and Shocked with a Slug Dose of 
~000 mg/1 Glucose (No Recirculation) . • • • • 93 

Shock Load Response of the Steady State Continuous 
Flow Unit at 12-Hour Detention Time Continuously 
Fed at 1000 mg/1 Glucose and Shocked with a Slug 
Dose of 2000 mg/1 Glucose (Recirculation) • . . 94 

Shock Load Response of the Steady State Continuous 
Flow Unit at +2-Hour Detention Time Continuously 
Fed at 1000 mg/1 Glucose and Shocked with a Slug 
Dose of 3000 mg/1 Glucose (No Recirculation). . 96 

Shock Load Resp6nse of the Steady State Continuous 
Flow Unit at 12-Hour Detention Time after 
Obanging the Influent Feed from 1000 mg/1 to 
2000 mg/1 Glucose and Shocking with a Slug Dose 
of 2000 mg/1 Glucose (No Recirculation) . . . . 97 

' I 

Shock Load Response of the Steady State Continuous 
Flow Unit at 12-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/1 to 
2000 mg/1 Glucose and Shocking with a Slug Dose 
of 2000 mg/1 Glucose (With Recirculation) . • • 98 

Shock Load Response of the Steady State Continuous 
Flow Un~t at 12-Hour Detention Time after 
Changing the Influent Feed from 1000 .mg/1 to 
3000 mg/1 Glucose and Shocking with a Slug Dose 
of 3000 mg/1 Glucose (No Recirculation) .••. 100 

Shock Load Response of the Steady State Continuous 
Flow Unit at 12-Hour Detention Time after 
Changing the Inflow Feed from 1000 mg/1 to 
3000 mg/1 Glucose and also Shocking with a Slug 
Dose of 3000 mg/1 Glucose (Recirculation) ... 101 

Shock Load Response of the Continuous Flow Unit 
at 4-Hour Detention Time When the Influent was 
Maint~ined Constant at 1000 mg/1 Glucose- and the 
Unit was Shocked with a Slug Dose of 3000 mg/1 
Glucose (Total Recirculation) . ~ .•••••. 103 

Shock Load Response of the Steady State Continuous 
Flow Unit at 4-Hour Detention Time after 
~hanging the Influent Feed from 1000 mg/1 Glu
cose with BOD/N = 7 to 1000 mg/1 Glucose with 
BODIN = 30 ' (No Recirculation) • . • • • • • • . 105 

xi 



Figure 

50. Shock Load Response of the ~teady State Continuous 
Flow Unit at 4-Hour Detention Time after 
Chang.ingthe lnfl4ent Feed from iOOO mg/1 Glu-

Page 

cose with BODIN= 7 to 3000 mgll Glucose with 
BODIN .= 30 (No Recirculation) . . • . . . . . . 106 

51. Shock Load Response of the Steaqy'State Continuous 
Flow Unit at 4-Hour Detention Time after 
Changing the Influent Feed from 1000 mgll Glu-
cose with BODIN= 7 to 3000 mgll Glucose with 
BODIN .= 30 (With Recirculation) . . . . . • '. . 107 

52. Shock Load Response of the Steady State Continuous 
Flow Unit at 4-Hour Detention Time after 
Changing the Influent Feed from 1000 . mgll Glu-
cose with BODIN= '7 to 1000 mgll Glucose with 
BODIN= 40 (No Recirculation) ....•.. . . 109 

53. S~ock Load Response of the Steatjy State Continuous 
Flow Unit at 4-Hour Detention Time after 
Changing the Influent Feed from 1000 mgll Glu
cose with BODIN= J to 3000 mgll Glucose with 
BODIN = 40 (No Recirculation) . . . . • • . . • 110 

54. Shock Load Response of the Steady State Continuous 
Flow Unit at 4-Hour Detention Ti~e after 
Changing the Influent Feed from 1000 mgll Glu-
cose with BODIN= 7 to 3000 mgll Glucose with 
BODIN= 40 (With Recirculation) .•...... 111 

55. Shock Load Response of the Steady State Continuous 
Flow Unit at 8-Hour Detention Time after 
Changing the Influent Feed from 1000 mgll Glu
cose with BODIN= 7 to 1000 mgll Glucose with 
BODIN= 30 (No Recirculation) ......... 113 

56 . Shoe~ Load Response of the Steady State Continuous 
Flow Unit at 8-Hour Detention Time after 
Changing the Influent Feed from 1000 mgll Glu
cose with BODIN= 7 to 3000 mgll Glucose with 
BODIN = 30 (No Recircula ti<;>n) . . . . . . . . . . 115 

57. Shock Load Response of the Steady State Continuous 
Flow :Unit at 8-Hour Detention Time after 
Changing the Influent Feed from 1000 mgll Glu
cose with BODIN= 7 to 3000 mgll Glucose with 
BODIN O= 30 · (With Recirculation) . . . . • • . . 116 

xii 



Figure 

58. 

59. 

60. 

61. , 

62. 

63. 

64. 

65. 

Shock Load Response of the Steady State Continuous 
Flow . Unit at 8-Hour Detention Time after 
Cnanging the Influent Feed from 1000 mgll Glu-

:page 

cose with BODIN= 7 to 1000 mgll Glucose with 
BODIN= 40 (No Recirculation) .•••.••.. 117 

Shock Load Response of tne Steady State Continuous 
Flow Unit at 8-Hour Detention Time after 
Changing . the Influent Feed from 1000 mgll Gl4-
cose with BODIN= 7 to 3000 mgll G+ucose with 
BODIN= 40 (No Recirc4lation) ......... 119 

i 

Shock Load Response of the Steady State Continuous 
Flow Unit at 8-Hour Petention Time after 
Changing the Influent Feed from lQOO mgll Glu
cose wi t h BOD( N = 7 ~o 3000 . mgll Glucose wfth 
BODIN= 40 (With Recirculation) ........ 120 

Shock Load Response of tne Steady State Continuous 
Flow ·Unit at 12-Houv Detention Time after 
Cttanging the Influent Feed from 1000 mgll Glu
cose with BODIN = 7 to 1000 mgll Glucose with 
BODI N = 21 (No ftecirculation) . . • . . . . ·. . 122 

Shoe~ Load Response of the Steady State Continuous 
Flow Unit at 12-Hour Detention Time after 
bhanging the *nfluent Feed from 1000 mgll Glu
cose with BODIN= 7 to 3000 mgll Glucose with 
BQPIN = 21 (No Recirculation) .•...•. ~ . 123 

Shock Load Response of the Steady State Continuous 
Flow . Unit at 12-Hour Detention Time · after 
Changing the Influent Feed from 1000 mgl l Glu-
cose with BODIN= 20 to 1000 mgll Glucose with 
BODIN= 30 (No Recirculation) .••...• .. 124 

Shock Load Respqnse of the Steady State Continuous 
Flow Unit at 12-Hour Detention Time after 
Changing the Influent .Feed from 1000 mgll Glu-
'cose with BODIN = 20 to 3000 mgll Glucose ·with 
BODIN= 30 (No Recirculation) ..••.••.. 126 

Shock Load Response of the Steady State Continuous 
Flow Unit at 12-Hour Detention Time after 
Changing the Influent Feed from 1000 mgll with 
BODIN= 20 to 3000 mgll Glucose with BODI N= 30 
(With Recirculation) . • . • . . .•... 127 

xiii 



Figure 

66. 

67. 

68. 

69. 

70. 

71. 

72. 

73. 

74. 

Page 

Shock ~oad Response of the Steady State C~ntinµous 
flow Unit at 12-Hour Detention Time after 
C.µangin-g the Influent Feed from 10,0.G., mg/1. Glu
cose with BOD/N = 2Q to 1000 mg/1 Glucose -with 
BOD/N = 40 (No Recirculation) ..•... . •. 

Shock Load Response of the Steady State Continuous 
Flow Unit at 12-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/1 with 
BOD/ N = 20 to 3000 mg/1 Glucose with BOD/N = 40 
(No Recirculation) ..•... •.. ..... 

Shock Load Response of the Steady State Continuous 
Flow Unit at 12-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/1 Glu
cose with BOD/N = 20 to 3000 mg/1 Glucose with 
BOD/N = 40 (With Recirculation) .•...... 

Shock Load Response of the Steady State Continuous 
Flow Unit at 8-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/1 Glu- · 
case with BOD/N = 20 to 3000 mg/1 Glucose with 
BOD/N = 30 (With Recirculation) ... 

Shock Load Response of the Steady State Continuous 
Flow Unit at 8-Hour Detention Time after 
Changing the Influent Feed from 1000 mg/1 Glu
cose -with BOD/N = 20 to 3000 mg/1 GlucQ!Se with 
BOD/N = 40 (Recirculation) · . . . . . . . . 

Shock Load Response of the Steady State Continuous 
Flow ·Unit at 4-Hour Detention Time after 
Changing the Influent Feed !f~om 1000 mg/1 Glu
cose to 3000 mg/ 1 Glucose (No Recirculation) .• 

Shock Load Response of the Steady State Continuous 
Flow Unit at 1-Hour Detention Time after 
Changing the Influent Feed from 500 mg/ 1 Glucose 
to 3000 mg/1 Glucose (No Recirculation) .••• 

Shock Load Response of the Steady State Continhous 
Flow Unit at 4-Hour Detention T}me after 
Changing the Influent Feed from 1000 mg/1 to 
5000 mg/1 Glucose (No Recirculation) ..•.. 

Shock Load Response of the Steady State Continuous 
Flow ·Unit at 4-Hou~ De tention Time ·after 
Changing the Influent Feed from 1000 ~/1.Glucose 
with BOD/N =· 7 to 3000 mg/1 Glu.cose ·with 
BOD/N = 40 (No Recirculation) ....•.... 

xiv 

128 

129 

130 

132 

133 

135 

137 

140 

143 



Figure 

75. Shock Lo~d Respbnse of the St~ady $tate Conttnuous 
Flow Unit at 4-Hour Detention·Time after' 
Changing the Feed from 1000 mg/1 'G-luco-se w.ith 
l30D/N = .· 7 · to 3000 mg/1 Glucose 'With BOD/N 40 

Page 

(No Recirculation) . · ..•••..•...•. 147 
' 

. xv 



CHAPTER I 

INTRODUCTION 

Water is a strategic element in the dai ly activities 
of people and industry. As the population and industries 
grow, water will be used at an increased rate and the neces
sity of conserving the water supplies becomes inpreasingly 
important. To meet this situation, 'Congress pas~ed Public 
Law 87-88 in July, 1961, amending the Federal Water Pol
lution Control Act and directing the Secretary of Heal th, 
Education and Welfare to "develop and demonstrate practi
cable means of treating municipal sewage and other water
borne wastes to remove the maximum possible amounts of 
physical, chemical, and biological pollutants in order to 
restore and maintain the maximum amount of the nation ' s 
water at a quality suitable for repeated re-use." (l) 

A industrie grow up to meet the demands of modern 
ociety, the pollutional problem is bound to increase. 

I ndustries use enormous amounts of water for their success
f ul operation, and discharge considerable amounts of waste 
water. It is estimated that indu try consumes about one 
gallon of water for every fifteen it withdraws, and returns 
the other fourteen gallons to a body of water (2). Research 
has not caught up with the ever-increasing pollutional 
problem. The following statement clea.rly indicates the 
n, ed for further research: "Our luxury of relying on 
dilution by pristine waters and on purification by the 
great hydrologiqal cycle must inevitably end . We are ap
pr oaching the time at which something better than the 
pre ent methods for treating waste water must be used." (1) 

1 



During recent years considerable interest has been 

shown in maintaining the standards of the water course, 

with the result that pollution abatement is given serious 

c onsideration. It is estimated that the demand for water 

in 1980 will be 600 bgd and the supply 600 bgd. These pre

dictions are deba table, as they fail to t ake into account 

the re- use of water. Of greater significance is the fact 

that water is a local problem, and any prediction made on a 

national basis is not meaningful . To solve this problem a 

large number of treatment plants are bei ng built, and the 

cost of pollution abatement is on the increase. From 1950 

to 1963 federal funds available for water pollution contro l 

in the Public Health Service increased more than a hundred 

times, fr om slightly over a million dollars in 1953 to more 

tha n 120 million dollars in 1963. 

2 

The construction of treatment plants does not solve the 

problem unless functional efficiency , reliability , and flex

ibility of the treatment plants are also achieved simultane

iously . These aims can be achieved only when the designing 

engineers and operators have gained better insight into the 

operational criteria and basic concepts concerning the puri

fication process. One treatment process which has been 

extensively used by industries and munici.pali ties is the 

activated sludge p r ocess. This may be due t o the fact that 

it has relatively high efficiency, requires less space for 

treatment o f t he same was te qua ntity than do other biologi

cal treatme nt processes , and p r ovi des a high degree of 

operational flexibility. 

During recent years considerable attention has been 

focuss ed on combining the treatme nt of domestic and indus

trial wastes in a centralized treatment plant. There are 

several advantages that can be ga ined through combined 

treatment (3)(4). The most important advantages of joint 

treatment a r e : 1) Municipal sewage c o ntains sufficient 

nutrients to offset the nutrient deficiencies of industrial 
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waste, and 2) it may afford enough dilution to make the waste 

less concentrated. But joint treatment has created several 

operational problems, mainly rapid changes in the environ

mental conditions. These are referred to as shock loading 

t o biological treatment processes (5) . Three main types of 

shock load that are commonly e ncountered a re 1) quantitat ive 

sho6k loads, 2) qualitative s hock loads , a nd 3) toxic shock 

loads. 

The purpose of this study is to investigate the effects 

of quantitative shock loads on the performance of completely 

mixed activated sludge systems. These were studied with and 

without sludge recirculation using three detention times of 

4, 8, and 12 hours, respectively. The following types of 

shock loading were studied using glucose as substrate: 

1) effect of gradual shock load 

2) effect of slug shock load 

3) effect of shock load under nitrogen deficient 

conditions, and 

4) release of intermediates during shock load. 

These studies were undertaken to determine the effect 

of disruption of steady state conditions due to the environ

mental changes brought about by introduction of shock loads 

of t he types listed above. 

Since most of the treatment plants receive wastes of 

varying strength and also wastes deficient in nitrogen, it 

is felt that this type of study is comparable to the con

ditions encountered by any treatment plant . It is felt that 

the results of t his study will contribute significantly to

war d the understanding of the behavior o f activated sludges 

under shock loading conditions. 



CHAPTER II 

REVIEW OF LITERATURE 

Activated Sludge Process and Its Recent Development. 

Tpe treatment of w~stes by t he activated sludge process 

has been practiced for over fifty yearsi and this process en

joys ever-increasing popularity as a major means of biological 

treatment. The important .milestones in the deve lopment of 

the activated sludge process have been excellently reviewed 
I 

by Sawyer (6). This process was developed at a time when the 

major consideration was the treatment of domestic was t es. 

Attempts to apply the process to industrial wastes or mix

tures of domestic and industrial was t es cont a ining abnormal 

amounts of soluble and readily- oxidizable organic matter of ten 

met with the failure of the process. These failures occurred 

primarily because engineers did not yet frilly understa nd that 

the process was essentially biochemical in nature rather than 

a m er.e application of physical principles (7) . The co:nve n-· 

tional activated sludge process consists of aerating wastes 

in the presence of 2000 - 3000 mg/1 of activated sludge for 

a period of 6 to 8 hours. The operation of the process has 

revealed several of its limitations. According t o Sawyer (7) 

the various limitations of the process are : " l) BOD load

ings are limited to 35 lbs/ 1000 c ft aeration volume ; 2) there 

is a high initial oxygen demand ; 3 ) there is a tendency to 

produce bulking sludge ; 4) the process is unable to produce 

an intermediate quality of effluent; 5) high sludge recircu

lation ratios are required for high BOD wastes; 6) solids 

loading on final clarifier is high ; and 7) air requirements 

are high." Various modifications of the conventiona l process 
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have been advanced to overcome some of the disadvantages. 

These modifications have been brought about by actual obser

vation of the operation of full scale treatment plants and 

through more basic engineering research. ·The various modi

fications of the activated sludge process are: 1) step 

aeration; 2) tapered aeration; 3) Kraus process; 4) bio

sorption proces$; 5) dispersed aeration; and 6) high-rate 

activated sludge process. 

Step aeration was developed by Gould and first applied 

to plant scale operation at Tallman's Island plant in New 

York City (8). This process was developed to provide ade

quate "sludge age" in· the aeration tank while ma.intaining 

a low suspended solids entering the final settling tank. 

This was possible by controlling the rates and points of 

application of the waste to the aeration tank. The main 

advantage of this process was that the oxygen demand was 

kept at a fairly uniform level throughout the aeration tank, 

due to.the multiple addition of waste. This process·was 

successful in the New York plant, due to the fact that the 

BOD and suspended solids concentrations of the waste were 

almost .the same. It is doubtful that this process would 

give satisfactory performance when the waste is high in BOD 

and low in suspended solids concentration. 

Tapered aeration is a modification in which the oxygen 

supply to the aeration tank is gradually reduced toward the 

outlet end. This arrangement allows more air to be supplied 

at the inlet end where the oxygen demand is the greatest. 

The modification consists of merely placing more diffusers 

at the inlet end of the aeration tank, and decreasing the 

number'progressively toward the outlet end. 

The Kraus process represents an attempt to control 

sludge bulking problems associated with the activated 

sludge process. This process was developed by Kraus (9) 

(10) at Peoria,. Illinois, to decrease the high ''sludge vol

ume index." Bulking is due to the failure of the solids to 



settle in the final settling tank. The degree of bulking 

is measur~d in terms of sludge volume index. Sludge volume 

index measurement is based on the settling of a liter of 

sludge for 30 minutes; a good settling sludge will have an 

index of 100-150. The process involves separate aeration 

of a mixture of digestion tank supernatant, digested sludge, 

and activated sludge, to produce a well nitrified sludge 

with excellent settling characteristics. The process serves 

two purposes: 1) addition of weight to the sludge thereby 

producing~ sludge with good settleability, and 2) addition 

of nitrates which serve as a reserve source of oxygen to 

help maintain "aerobic" conditions at the inlet end of the 

tank. By the addition of aerated digester sludge and digest

er liquor in proper proportion to the return activated sludge 

and modifying the method.of aeration, Kraus (11) was able to 

control the ~ludge volume index in addition to increasing 

the organic loading up to 175 lbs/1000 cft aeration volume. 

The ability of this process to handle higher organic loads 

was due primarily to the increased solids concentration in 

the aerator. 

All of these three modifications were designed to 

overcome high initial oxygen demand which caused anaerobic 

conditions to develop in the front end of the aeration tank. 

The biosorption process takes advantage of the high 

."adsorptive" capacity of sludge. This process was developed 

by Ulrich and Smith (12) to solve a difficult treatment 

problem at Austin, Texas. This process consists of con

tacting a well-conditioned sludge with unsettled waste for 

a period of 30 minutes under intense aeration. The solids 

are then separated and stabilized in a separate aerator to 

continue the purification process. BOD loadings in the 

range of 150 lbs/1000 cft aerator volume have been success
fully treated. This process operates satisfactorily when 
the wa.ste is colloidal in nature. Another modification of 

this process is contact stabilization where settled 
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wastes are treated. Many plants have been successfully con

verted to contact stabilization (13)(14). It has been claimed 

that such modification has provided a greater flexibility of 

operation and better protect::i.on aga:i.nst shock load:ings :im

posed by industrial waste d:i.scharges (15). The rapid re

moval of waste (as BOD) was attributed to adsorption as it 

was considered unlikely that biological purification could 

proceed so rapidly. However, Gaudy and Engelbrecht (5) have 

shown that purification of soluble wastes by activated 

sludge is biochemical in nature rather than adsorptive. 

Dispersed aeration and high rate activated sludge proc

esses are designed to produce a partially purified effluent. 

Dispersed aeration is a process which is used where only 30 

to 50% purification is desired. This process is suitable 

for wastes containing dissolved organics, and it also elim

inates sludge disposal facilities since all of the solids 

are discharged along with the effluent. The purification 

achieved in this process is primarily due to the respiratory 

activity of the sludge. The main disadvantage of this 

process is that a considerable amount o:f the oxygen demand 

of the waste may be exerted in the receiving stream. This 

process is applicable when the amount of waste to be treat

ed is small, and sufficient dilution is available in the 

receiving stream. 

The high rate acti.vated sludge process was developed 

to increase the loading capacity of activated sludge units, 

and also to reduce aeration time. The high rate activated 

sludge process is a modification of the conventional acti

vated sludge process in which a shortened aeration period 

(2-3 hours) is employed using a reduced amount of solids 

in the mixed liquor. Wuhrmann (16) has indicated that a 

loading of 190 lbs/1000 cft of aeration volume could be 

successfully treated with an efficiency of about 80%. The 

success of the high rate process was made possible due to 

the development of high intensi.ty aeration devices to sup

ply oxygen at very high rates. 
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Although all of these processes have been advanced to 

overcome some of the shortcomings of the conventional acti

vated sludge process, the main drawback of all of these 

modifications is that the organisms ~re not subjected to 

constant loading during the entire aeration period. Busch 

and Kalinske (17) have indicated that certain conditions 

have to be satisfied for the best operation of the activa

ted sludge process. They are: 1) a young flocculent sludge 

in the logarithmic stage of growth; 2) maintenance of the 

log growth state by controlled sludge wasting; 3) continuous 

organic loading to the organisms; and 4) elimination of an-

·aerobic conditions at any point in the oxidative treatment. 

The process in which.all of the above mentioned prin

ciples may be incorporated is known as "complete mixing" 

activated sludge; however, a "complete mixing" system can 

be operated on the basis of high synthesis of sludge with 

controlled wasting of slud:ge, or on the total oxidation 

principle with no intentibnal wastage of sludge. McKinney 

(l8) defines complete mixing a~ a basic process in which 

.the incoming wastes are completely mixed with .the entire 

contents of the aeration tank. He felt that the aeration 

tank acts as a surge tank and tends to level out wide fluc

tuation in the organic load, and that the use of the entire 

mass of activated sludge to stabilize the organic load dis

tributes the load uniformly over the entire aeration tank 

and permits·better utilization of the air blown into the 

mixed liquor. 

Eidsness (19) was the first to report on the signifi

cance of intense mixing in activated sludge plants. Pilot 

plant studies indicated that with complete mixing it was 

possible to produce an effluent of 25 mg/1 BOD in a 2.5 

hour contact time with domestic sewage. 

McKinney (20) has proposed a process to overcome the 

shortcomings of conventional activated sludge·process. 

This process is called "hi-lo" activated sludge;.the 



wastes are introduced along_the entire length of the aera

tion tank. Biological solids·~r~ allowed to buiid up to 

20,000 ppm. This.process also serves to absorb variable 

organic contents of the waste, and effect-dilution on mix

ing·with the contents of the a~ration.tank. Hence no high 

initial oxygen demand is exerted. The high solids.concen

tration also selves as a buffer against incoming wastes 

with a pH below. 6.5 and above pH 9.0. This proces$ closely 

approximates :the more ~eneral present day concept of com-: 

pletely mixed systems. 

The key to the successful operation of complete mixing 

activated sludge·systems would appear·to be intense aera

tion and/or agitation. Intense aeration serves the dual 
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purpose of supp1ying oxygen to the growing 

effecting complete mixing in the aerator. 

(21} studied the effect of shortcircuiting 

organisms and 

Grieves, et al. 

in the completely 

mixed activated. sludge process.· They indicated that the 

effect of a~ stagnant zone is equivalent.to that of an 

.increase in.loading-which increases the effluent BOD by an 

amount proportional t9 the amoun.t of shortci.rcui ting. 

The use of completely mixed activated sludge·processes 

has made possible the treatment of many industrial ~astes 

which could not be treated in a conventional activated 

sludge process without some form of pre-treatment. The 

following few references Will show the importance of this 

process for the treatment of industrial wastes. 

McKinney, et al. ci~). hive-reported on the treatment 

of highly alkaline textile f~stes·without preneutralization 

.in a completely mixed system., They indicated that it was 

possible to produce an effluent of. l·ess than 50 mg/1 BOD 

and that variations in organic load do not upset the proc

ess as severely as they do a conventional activated sludge 

·system. Hatfield (23) used complete mixing.in preference 

to a conventional activ~ted sludge process for the treat

ment of toxic wastes. He indicated that higher organic 
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loadings could be handled by this system. Busch and Kalinske 

(17) have reported an average treatment efficiency of 89% 

with BOD loadings up.to 350 lbs/1000 cft aerator volume in 

an"aero·accelator" pilot plant. The "aero accelator" is 

an aeration tank manufactured by the Infilco Company. In 

addition to the turbulence created by air, complete mixing 

is further achieved by a rotor which provides for intense 

agitation and insures complete mixing of the contents of 

the aeration tank. The great advantage of the aero

~ccelator is that the final clarifier is part of the unit. 

Coe (24) studied the treatment of petroleum wastes in 

~ laboratory size activated sludge unit. His results indi

qate BOD reduction of 90-95% at organic loadings up to 140 

lbs BOD/1000 cft aerator.volume/day. 

Ross, et al. (25) made use of an aero accelator to 

remove phenol from petroleum waste. Their results indicate 

that_this plant can successfully treat up to 600 lbs. of 

phenol/day with an efficiency of 99.9%. They indicated 

that phenol was oxidized to co2 and water, although no men

tion.was made as·to how the residual phenol concentration 

was measured. 

Taylor, et al. (26) used a homogeneously mixed a~ra

tor to treat complex wastes from orlon manufacturing. The 

waste contains predominantly dimethyl formamide, acrylo

nitrile, and finish. This waste was successfully treated 

at BOD loadings of 0.4 lbs/lb MLSS/day. The system was 

exposed to pH's of 4.5 to 10.5 without much adverse effect. 

The treatment of wastes from synthetic resin manufac

ture has been reported by Jenkins, et al. (27). In their 

studies.1000 lllg/1 of the waste (as permanganate value)·was 

reduced by 91.4% using an 18-hour detention time. They 

also indicated that an increase in detention time up to 35 

hours did not significantly increase the purification 

efficiency. Although the waste had a high formaldehyde 

content, there was no indication by the authors that physi-



cal stripping of formaldehyde could have been responsible 

for the high efficiency observed. 
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Gehm (28) has indicated the desirability of using a 

commercial fermenter for the treatment of wastes high in BOD. 

He reported that it is possible to treat boardmill wastes 

up to BOD loadings of 400 lbs/1000 cft aeration volume/day 

at an efficiency of over 90% using these aerators. 

Treatment of dairy wastes using a completely mixed sys

tem has been studied by Hoover and Porges (29). Their re

sults indicate that in a waste containing 0.1% dry skim milk 

50% was oxidized and 45 to 48% was assimilated. The effluent 

.con from the unit was primarily due to suspended solids. 

Completely mixed systems have been extensively used to 

obtain design data for the treatment of industrial wastes 

containing aniline, nitrobenzol, phenol, and 2,4-dichloro

phenol, chemical wastes containing antibiotics, synthetic 

vitamins, and cortisone and pharmaceutical wastes (30) (31) 

(32)(33). The great advantage o:f the complete mixing system 

lies in the fact that the size of the unit is not a factor 

in getting useful information for design purposes. The only 

criterion to be satisfied either in lab scale unit or full 

scale treatment plant is that of complete mi:xing. Once 

.this condition is satisfied, the shape and size of the aera

tion unit is of little importance. 

Tenney, et al. (34) have used a completely mixed sys

tem to study the effect of high· organic loading at a 6-hour 

detention time. The organic loading employed var:ied from 

60 lbs to 1690 lbs COD/1000 cft aerator volume/day. They 

indicated.that 88% of the influent COD was biologically 

processed either to co2 and H20 or resultant solids. Of 

the COD utilized, 48% was lost .from the system, and the re

mainder converted to solids. Solids yield was found to be 

independent of loading. 

The completely mixed systems have been quite exten

sively reviewed here to show·the importance of this prqcess 



for the treatment of wastes, and betause this type of sys

. tem was used in the prese,nt study. 

Many attempts· have· also been made to translate d_ata 

obtained from a batch operated activated sludge process to 

the c'lesign of'completely,mixed.systems. Weston and Stack 

(35) have indicated_ that batch data can be used for the 

prediction.of the behavior of completely mixed systems-by 

calculating an apparent BOD.transfer coefficient from 

batch data. Garrett and Sawyer' (36) felt that the com

pletely mixed system was the same as the conventional 

activated sludge system, .and used the mathematical analysis 
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-of the complete mixing system to evaluate the conventional 

activated sludge process. However, Busch (37) (38) (39) has 

indicated that the design of a complete mixing system on the 

basis of batch grown solids. is hazardous. He has indicated 

that batch.experiments.using cells grown in continuous flow 

units will yield information on the rate of waste purifi

cation and that the settling characteristics of batch grown 

cells are a function of solids age while in.the continuous 

system the applied surfarie lo~ding deter~ines the settling 

characteristics of the solids. Gaudy (40) has used cells 

·grown in a completeiy mixed system to evaluate the effect 

of qualitative-shock loading utider batch aeration. 

Another modification of .the completely mixed activa

ted sludge process which·has peen mentioned previously is 

the so-called total oxidation system. In this process 

·advantage is taken of a relatively long deter,3tion.time to 

.oxidize the cells. In the development of this process it 

was reasoned that in a total oxidation unit the new growth 

df sludge would be balanced by the oxidation of cells so 

that there would not be any problem of sludge disposal. 

However, studies on the operation of these units-have 

cated a buildup of biologically_ inert solids. Kountz 

Forney (41) using.dry skim milk as a source of organic 

matter, have indicated that total oxidation of sludge-was 

in.di-; 
. \ 

and 



not possible, and found about 20-25% of the new activated 

sludge remained unoxidized. McCarty and Broderson (42) 

also indicated that total oxidation of sludge is not feas

ible. They studied the effect of three different loadings, 

40, 80, and 120 lbs/1000 cft/day on the performance of 

. total oxidation systems over a period of 48 days. Their 

results indicated.that a total oxidation system operates 

satisfactorily at a loading of 40 lbs/1000 cft aerator 

volume/day. The problem of rising sludge due to denitrifi

cation in the secondary settling tank was also indicated 

by their work/ By employing radioactive labeling tecb.

niques, Washington and Symons (43). found that volatile 

solids accumulated at about 10 to 15% of the ultimate BOD 
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of the waste when the carbon source was fatty acid or car

bohydrate in nature, but less ~ludge accumulated for amino 

acids. They also concluded. tha·t. the accumulated biologic

ally inert mass·was mainly polysaccharide in nature. This 

observation was based on endogenous respiration studies of 

the sludge in which protein and fat content of sludge under

went decomposition, while carbohydrate did not. Ludzack 

(44) observed that incomplete aerobic digestion of solids 

during extended aeration treatment produced a high solids 

concentration in the effluent, and that periodic wasting 

of aeration solids teduced. the suspended solids_concentra

t!~n in th~ effluent.{ Trebler and Harding (45) indicated 
.,r~----

the importance of temperature in aerobic digestion of 

solids in an extended aeration platit treating whey wastes. 

Endogenous oxidation appeared to be maximum at 86°F., and 

it was concluded that even at this·temperature the micro

organisms build cell materials which are resistant to 

oxidf1tion. 
Although a considerable amount of indirect information 

is available on the effect of shock loading in activated 

sludge processes, very few studies have been made to assess 

directly the effect of shock loading in completely mixed 



activated sludge systems. Komolrit. (46) has studied the 

effect of qualitative-shock loading in a completely mixed 

activated sludge system. He indicated that the continuous 

flow unit is not free from the deleterious effects of this 

type of shbck load. The ability to respond to a shock load 

_was dependent on the system dilution rate, the sludge con

centration in the system, the sludge activity, and the 

quantity as well as.the rJte of inflow of the shock sub

strate. He also indicated that successful response to 

shock loading is dependent on an adequate amount of nitro

gen in the incoming waste. 

~xtreme variations in brewery waste characteristics 

-and_ their effect on the completely mixed activated sludge 

process have been investigated ty 0 1 Rourke and Tomlinson 
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- (47). The COD of the liourly composite samples varied from 

.128 to 8420 mg/i. Their results indicated a definite detri

mental effect on the biological treatment of waste manifest

ed by an increase in the sludge volume index and increase of 

t}1e BOD of the effluent due to soli.ds discharge. 

The effect of sudden discharge of highly concentrated 

milk waste to a treatment plant has been reported by Gault 

(48). The discharged milk waste had a BOD of 37 ,000 mg/1. 

As a 1,"emedial measure the return sludge was increased to 

- 63% and the air supply to 2 cft/gal of sewage. It took five 

days for the BOD of the effluent to return to the normal 

value. 
The data of McNary and Wolford (49) on the treatment 

of citrus waste by the activated sludge process-seem to 

indicate that an increase in BOD of citrus wastes does not 

materially affect the BOD removal. The reason for the same 

BOD removal in spite of increased BOD of the waste could 

be att~ibuted to the provision of a surge tank which served 

to level out wide -;fluctuation·, in BOD o:f the incoming waste. 



Effect of Oxygen Tension in Activated Sludge Process. 

Considerable research has been expended in the study 

of the effect of oxygen tension on the activity of micro

organism. Smith (50) observed that the degree of BOD 

removal was not affected by variation in oxygen concentra

tion provided that a residual existed in the m_ixed liquor 

at all times. Emde (51) showed that oxygen utilization is 

largely independent of oxygen tension. However, he con

cluded that·"the oxygen content in the aeration tank should 

be at least 2 ppm, since below.this value the purification 

effect will decrease." ·His conclusion seems to contradict 

bis own finding, and probably is iriflu~nced by Pasveer 1 s 

(52) work which indicates that oxygei transfer is the 

limiting factor in biologfcal purification. Wuhrmann (53) 

has reported that at iow: or medium mixed liquor solids con

centrations an increase of oxidation occurs with increa~ing 

oxygen tension, while at high sludge concentrations this 

effect di,s·appears. He· also indicated that complete anaero

biosis for a period of 0-270 min caused no significant 

change in the respiration rate of the sludge. Westgarth, 

et al •. (&4) have also observed that prolong~d anaerdbi~sis 

in the clarifier of tp.e activated.sludge process.is not 

detrimental to the process. The importance of increasing 

oxygenation capacity in the activated ~ludge process is 

indicated by the work of Pasveer · (52). His results :ind:i.

cate that.it is possible to treat a loaoi.ng of up to 3750 

lbs. BOD/1000 cft aerator volume/day with an ef°ficiency of 

93%. The capacity of the activated sludge process to 

· handle such.high-load could very well be due to the main

tenance.of a high sblids concentration of about 12,000 ppm 

in the aerator. Gaudy (55), in studying the effect of air 

·flow rate on.the response of activ.ated sludge to quantita

tive·shock loading, indicated th~t the value of oxygen 

tension which affects metabolic rates lies below.0.5 mg/1 
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of dissolved oxygen and that short term absence of dissolved 



oxygen will not seriously affect the substrate removal rate 

of the process. 

Although most of the studies have attempted to find 

the limits of oxygen concentration for successful operation 

of activated sludge, the drop in oxygen concentration in 

the aerator that accompanies a shock load is more important 

from the operational point of view. Kraus (11) has shown 

that loss of clarifying ability corresponds to a period of 

low. dissolved oxygen concentration in the aerator. Gault 

(48) observed that dissolved oxygen in the final clarifier 

dropped from a value of 2.6 mg/1 to 0.3 mg/1 due to a 
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sudden discharge of milk wastes. It took five days for the 

dissolved oxygen to return to the normal value of 2.2 mg/1 

which corresponded to the recovery of BOD removal efficiency 

during-the same period. 

Nutritional Aspects in Waste Treatment. 

The nutritional aspects were generally overlooked until 

the recent increase in industrial expension and the required 

tre~tment of- industrial wastes either separately or jointly 

with the ·municipal sewage. Most of the industrial wastes 

are deficient in nitrogen and phosphorus which are essential 

for their-successful treatment by biological processe~ . 

. Many nutritional studies have centered around determination 
:,,· 

of optimum nitrogen and phosphorus in relation to the 

strength of the waste measured in terms of BOD. Sawyer (56) 

suggested that where it was desirable to produce a biologi~ 

cal growth with maximum ni t"rogen and phosphorus content, · the 

ratio of 5-day BOD to nitrogen and phosphorus should be 

maintained at 17 to 1 and 90 to 1, respectively. Value of 

BOD:N and BOD:P r_atio -of 19:1 and 81:1 respectively have 

been reported by Hatting~ (57) for maximum nitrogen and 

phosphorus-content in the sludge. Helmers, et al. (58) 

have indicated that percent nitrogen content of activated 

sludge based on volatile matter is a good index of nitro-



gen deficienci. A value ot less than 7.5 pe~ cent is indi-
.,. 

cative of nitrogen-deficiency. 
In • addi ti.:>n to these· studi~s, ·· a . considerable amount 

of work has been accomplished in.delineating.the basic dif
ferences· iri substrate removal capacity of activated sludge 
devoid of nitrogen·or supplied with inadequate· amounts of 

nitrogen. Gaudy and Engelbrecht (59) showed that.substrate 
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removal rate in a respiring (or non~proliferating) system 
was comparable with that in a growth system. The major 
difference in the biochemical composition of the two sludges 
was that under non-proliferating conditions carbohydrate was 
the major constituent synthesized while under growing con-· 
di tions · the m.ajor· synthetic product was protein. Similar 
con~lusions were reached by Van Gils (60). ·Ina study by 
Symons and McKin·ne. y (61) regarding the biochemistry of 
nitrogen. in the activated sludge process in which sodium \ 
acetate wa-s used as substrate,· it was found that a decrease 'lii· 

in the nitrogen in the system was usually accompanied by a 
buildup.of biological solids. They found that_these solids 
·were not metabolic~lly. degradable during a long period of 
endogenous rfspiration. ·Microscopic examination of sludge 

with Alcian blue·•tain indicated a high content of extra
cellular polysaccharide. 

The effect.of nitrogen deficiency on the behavior of 
complete mixing activated sludge systems-was investigated 
by Bechir and Symons. (62). They indicated the following 
relationship on the basis of their results: (% organic . 1 
nitrogen in volatile sludge) (% soluble COD remaining) 2 

k. Where k is a constant dependent only_ on the form of 
nitrogen used for supplementation. The value of k was 
found.to be relatively independent of the sub$trate form 
and was also, not affected by a change of· solids· retention 
time. They also reported an. increase of solids in the 
unit with low amounts of nitrogen as compared with the 
system with high amounts of nitrogen. 



The amount of nutrients that must be'added will also 

vary with the degree of endogenous respiration adopted in 

the system. Simpson (63) has indicated that in the 

extended aeration. plant the add_i tion of nitrogen and phos-

· phorus -could be limited to one-third of the amount normally 

required: (L.e., 1/3 of BOD:N-= 17:1 and BOD:P·= 90:1). 

Eckenfelder and McCabe· (64) have shown that the addition of 

nitrogen. as a supplementary nutrient was elimin.ated in the 

treatment of pulp and paper· m.ill waste in an aera_ted lagoon 

where a long aeration period permitted the re-use of nitro-

gen after autooxidation. 

A modification of the conventional activated sludge 

process-for the treatment of nitrogen deficient waste-was 

proposed by Raka· Rao,. Speece·andEngelbrecht-(65). The 

modification consists-of _channelling the effluent from the 

primary settling tank·to activated sludge plants:operated 

.in parallel. It-was proposed that one of the activated 

sludge units ,could be supplemented with nitrogen-and treated 

in the conventional manner. A porti.on of the sludge from 

the settling tank of this unit could then l:>e used as return 

-sludge for-the aerator, while the remainder was mixed with 

-the waste to which no nitrogen was added and treated in.the 

second aerator.· The sludge from this unit would be wasted. 

Nitrogen savings of 30-50% were predicted for this modifi

cation. Another mod.ification was proposed by Komolri t, 

Goel, and Gaudy (66). In this modification the- nitrogen 

deficient wast~ was treated in the aerator in the usual 

manner without rd trogen -supplementation. . Under this: con

dition· the main·synthesis product of the sludge will be 

-carbohydrate. The sludge is separated and aerated with'.the 

-addition of nitrogen in a second aerator. In thisiaerator 

the carbohydrate content of the sludge is converted to 

protein during endogenous oxidation. The sludge from this 

aerator is recycled to the first ,aerator to continue the 

purification process. The main advantage of this system 
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is that no nitrogen is lost.from the system. In addition, 

it eliminates the °')eedfor a second ·activated 13ludge·unit 

as proposed.by Rama Rao, et al .. (65). The authors cau

tioned.against.indiscriminate use of such a system and 

indicated that it should apply to carbohydrate wastes such 

as those for pulp and paper manufacture and sugar beet 

processing • . . 
It is clear from a review of the literature that:not 

much information. is available regarding the effect of n·i

trogen deficiency_ in the. completely mixed activated sludge 

·process. 

Sludge Bulking. 

One of the most-difficult operating proplems·encounter

ed with the activated sludge process is the bulking of 

sludge. (7). It can rightfully be said that.the success of 

any"biological treatment plant depends on the efficiency 

with which the solids are·separated in the final clarifier. 

Overloading, la~k of nutrients,,waste predominantly carbo

hydrate in nature, and insuffi6ient·aeration are some of 

the causes of sludge bulking. Smit.(67) has indicated that 

.overloading with carbohydrate waste causes bulking. The · 

possible reason fpr this-iis that overloading could reduce 

the 9issolved· oxygen concentrat-ion•in.the aerator or may 

cause a pH drop, creating donditions:favorable for the pre

dominance of filamentous organism. ·The growth Of f ilamen

tous organism.could cause·sludge bulking. However, Logan 

~~d Budd .(68)· have-indicated that bulking.could be caused 

not only by overloading,. but also by underloading. The 

influence of chemical composition of waste as a factor in 

causing.bulk:i,ng is indicated by the work of Genetelli and 

Heukelekian.(69) and .Skrinde and Dustan (70). The impor

tance of tii'trogen and phosphorus deficiency as-a factor 

which coulcJ contribute to bulking is indicated by H.attin~h 

·. (71). He obiserved that bulking w~s severe ·when the BOD: N 
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and BOD:P of the waste were greater than 37:1 and 420:1, 

. respectively. The deficiency of phosphorus:in relation to 

waste...;.strength in caui;ing bulking is indicated by Greenberg, 

et al. (72). The role df filamentous organisms in acti

vated ~ludge processes was reviewed by Pipes (73). He 

·surmised.that filamentous organisms probably grow as uni

cellular form in normal activated sludge, but if the 

· slud~e is not given the opportunity to oxidize, most of 

the organic matter which it removes from the waste,. or. if 

nitrogen and phosphorus are deficient, the filamentous 

·organisms accumulate large a,mounts,of lipid which reduces 

the density of sludge and causes bulking. All of. the 

studies mentioned above are primarily concerned with.deter

mLning the causes of sludge bulking, but they do not offer. 

any solution to correct it. The development of the Kraus 

process· was aimed primarily at controlling.· the bulking of 

sludge~ This process has been successfµlly applied at 

.Illin<;>is and Belleville treatment plants (11)(74). Since 

overloading and nitrogen deficiency have been cited as 

causes of sludge bulking, it.is of interest to find out 

whether balking occurs under:shock loading conditions. 

Release of Metabolic Intermediates. 

The.r-e.;I.ease of metabolic intermediates-and/or end ... 

produrits·dririn~ the utili~ation of substrates has ,not 

received much.attention·in the Sanitary Engineering field. 

One of the possible reasobs is that the release of such 

.intermediates-was not anticipated, and th.at.special tests 

· and instruments are required .. for their · identification. 

Another factor th~t contribut~d to the lack ot information 

in this.area.is the almost total reliance ·on.the BOD test 

to assess the performance of biological tre•tment units. 

It is assumed that.the materials present· in the effluent 

are those which.were refractory to biological.treatment • 

. Krishnan and G~udy (75) indicated that some of the so-
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called "refractory" compounds in effluents·from biological 

treatment plants may be compounds not originally present 

in the w'aste, but compounds produced by the cells :from a 

portion of the original carbon source. 

In studying the oxidation of radioactive glucose bj' 

activated sludge, Porges, et al. (76) found that at the end 

of five hours of aeration 23% of the radioactivity still 

remained in the supernatant when carbon-1 was labeled, and 

40% when carbon-6 was labeled, even though no glucose was 

detected by reducing test. Similar data were obtained by 

Clifton (77) during oxidative assimilation of glucose by 

Bacillus subtilis. 

Brown (78). investigated the effect of trade wastes on 

residual impurities·as compared with sewage alone. All of 

the wastes studied had a high residual permanganate value 

and BOD as compared with the sewage control. 

Krishnan and Gaudy· (75) observed the release of inter

mediates· during glucose metabolism by glycerol..;.,acclimated 

yopng cells. Studies w~re conducted under growing and 

non-proliferating conditions. Under growth conditions at 

the completion of glucose removal, 250 mg/1 of intermediates 

(50% of the initial concentrations of glucose) were present 

in the supernatant, while under non-pr~liferating condi

tions ~50 mg/1 of intermediates (70% of the initial concen

tration of glucose) were present in the supernatant. These 

· intermediates were metabolized after dissimilation of glu

cose in~the growth system. In resting cell suspensions, the 

metabolic intermediates were not subsequently removed. 

Bhatla (79) observed a plateau in the oxygen uptake 

curve using a pure culture of~- intermedia. The plateau 

was·found to be due to the release of volatile acids dur-
' ing glucose metabolism. The second phase of oxygen uptake 

corresponded to the utilization of volatile acids. The 

p•use in o2 uptake was due to·the need for acclimation be

fore t~e cells could utilize the volatile acids. 
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Acidic components·of sewage effluents·were investigated 

by-Murtaugh and Bunch (80). Effluents 1rom four aerobic 

treatment plants-were studied. The individual volatile acids 

were-analyzed by gas chro~atography. All of the effluents con

tained volatile acids from c1 to c6 . Acetic and formic acid 

were predominant in normally operating plants, while longer 

chain fatty acids were characteristic of overloaded plants. 

Pirt (81) has related the production of acetic acid in 

continuous culture of Aerobacter aerogenes to growth rate. 

Glucose was converted to acetic acid only when the growth 

rate was very close to the maximuni growth rate. The produc

tion of acetic · acid was not due to the·. lack of oxygen supply 

since acetic acid was also produced in an oxygen limited sys

tem. However, in an oxygen limited system the acetic acid 

was released at a lower percentage of the maximum growth rate 

as compared with the system supplied with excess oxygen . 

. Oxygen limitation was detected by production of such fermen

tation products as acetoin. The release of acetic acid dur

ing.oxidation·of glucose by Aerobacter aerogenes·was also 

observed by Hadjipetrou, et al. (82). 

The release of L-keto glutaric acid during the oxida

tion of glucose by a respiring cell suspension of Ps. 

aeruginosa was reported by Duncan and Campbell. (83). ·The 

L -keto glutaric ·acid. which· accumulated dur:i:ng glucose oxi

dation was utilized as ammonia became available from 

enpogenous respiration. The release of c;(-keto glutaric 

acid during glucose oxidation was also observed with Ps. 

fluorescens (84). 

It is apparent from this review of the literature that 

only very little information is available regarding the 

effect of shock loads·on the activated sludge·process. The 

purpose of this study is to investigate in detail the effect 

of quantitative shock loadings on completely mixed systems. 



CHAPTER III 

THEORETICAL·ASPECT~ OF COMPLETE MIXING SYSTEM 

Since all of the experiments were conducted in\a steady 
~ 

state completely mixed system, it is pertinent .. to review, the 

theoretical kinetic concepts and the relationships between 

various parameters-which can.affect operation of such systems. 

The steady state condition can be achieved by either inter-

nal control employing devices which measµre cell density in 

the aerator, or by external control through the r~gulation 

of the flow rate and the concentration of limiting nutrient. 

The externally controlled .device has been widely. accepted in 

practice, due to its greater convenience of operation and 

less complex instrumentation. 

A. Steady State Kinetics Without Recirculation. 

Bacterial growth can be expressed by the f0llowing·re-
. ._ dx ( ) 

la tionship: dt -- = px · .. 1 
. where xis the concentr~tion of organisms at.time t, and p 
is the exponential growth rate. According to Monad,. as 

indicated by Herbert {85), pis approximately, proportional 

to the substrate concentration when this is low, but approacb

es a maximum value u as the substrate concentration increases. 
· Im 

This relationship.can be expressed as: 

J1 = f m · k + · s 
s 

s (2) 

where Jlm is:the maximum growth.rate. ks·i$ the saturation 

constant numerically equal to the substrate concentration,at 

which. the growth rl;lte p. is one-half of Pm'. and s -is the, con

centration .of substrate in.the reactor. 
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In the c0ntinuous flow unit, the mas::;;·balance·equation 

for the concentration of cells (solids concentratiod is 

given by 

increase= growth - output, or 

dx ·n dt = px -- x (3) 

where Dis the dilution rate which is the reciprocal of the 

detention time t. 

Under steady state conditions there is theoretically 

no net change in cell concentration in the reactor; i.e., 

. d.x = 0 • 
ot Therefore )IX -= Dx, or p = D (4) 

i.e. 1 growth rate is equal to the dilution rate (D). Since 

the dilut~on rate is also equal to the· inflow rate (f) 

divided by the volume of the reaction vessel (v), which is 

constant for any unit, it can be seen that under steady 

state conditions the growth rate is controlled mainly. by 

the feed inflow rate (f). 

The mass balance equation for the substrate is given 

by increase= input - output - consumption,.or 

ds 
dt DSR. - Ds - J1 x/y (5) 

where S is the substrate concentration in the inflow; sis 
R 

· the substrate concentration.in the effluent which-is, under ,. 

conditions Of complete mixing, also equal to. the concentra

tion in the ae'.r,a--tor,. and y is the cell yield, which may· be 

· expressed as x/SR - s. Since at the steady state ds/dt = 0, 

the substrate concentration may be written: 

s (6) 

It is s;een that in a completely mixed system un,der 

~teady state conditions the substrate concentration in the 

effluent is independent of the substrate concentration in 
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the inflow. It should be noted that substrate concentra

tion (s) and yield (y) as indicated by the equation are 

afplicable only to a system operating under steady state 

conditions. It is to be realized that the growth rate 

equation· proposed by Mo:nod (Equat:i.on 2) is not 1:imited 

only to a steady state condition. When the steady state 

condition is disrupted due to shock loads, as in the case 

of this study~. the system growth rate is no longer con

trolled by the dilution rate and may follow the growth 

rate equation of Monod, in whichp is dependent upon the 

substrate concentration level present .in the system until 

a new steady state is reached. 

The critic?l dilution rate (Dc) which represents the 

maximum dilution rate above which the microorganisms will 

be completely washed out of the system, can be derived 

from Equation 6 by substituting: s = SR and D = Dc. Sub

stituting these values, Equation 6 becomes: 

( D .) 
S = k ~.-~c~~-
. R s )1 - D m c 

Rearranging this equation 

D c - )'m ( k/! 5it) (7) 

B. Steady State Kinetics With Recirculatio~. 

Mathematical formulae for the kinetics of the steady 

state with cell feedback is similar to that derived for 

no recirculation. In this type of system a concentrated 

suspension of cells is recirculated to the aerator at a 

. predetermined concentration and rate of flow. Settled 

sludge is recirculated from the final settling tank at 

cell concentration ~x1 , where c is a concentration factor 

equal to the ratio of the cell concentration in the return 

flow to that in the reactor effluent x 1 . The flow rate of 

the return sludge is determined by the selected recircu-
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lation rate (r) which is the ratio between return flow (R) 

and incoming flow (f); i.e., r = R/f; hence, the total 

flow. to the reactor.is f(l+r). 

The cell concentration that enters th~ settling tank 

is (l+r)fx1 and the cell concentration th~t is returned to 

the reactor is rfcx1 . Therefore the cell poncentration in 

the effluent from the clarifier is 

x2 = (l+r-rc) x1 , or 

= (l+r-rc) = A (8) 

Since x2 should always be less than x1 in a normally 

functioning recycle system, then A should have a positive 

value smaller than unity. 

The dilution rate for the reactor with respect to the 

total flow is 

(l+r)f 
v 

but the overall dilution rate related to the incoming flow 

is D = f/v 

The mass balance equation for the cell concentration 

in the aeration tank is given by: 

rate of change = rate of growth + rate of feed

back - washout; i.e, 

dx ,_ dt - )1x1 + rDcx1 - Dx1 (l+r) 

At steady state 

dx/dt O 

... p (l+r-rc)D AD 

(9) 

(10) 
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In this case, unlike the system without feedback, the 

steady state growth rate·is less than the dilution rate. 

This in<:Jicates that. for equal p values, systems· with feed

back will handle higher flow rates; that.is, systems with 

feedbac~ ctan be operated at.a greater dilution rate. The 

mass.balance equation fbr the substrate concentration is: 

Rate of change input+ feedback rate - output 

- consumption, or 

ds 
dt DSR + rDs 

xl s 
(l+r)Ds · - u. ·- ·-rm y k 8 +s 

At steady state ds/dt o, therefore 

s 

Cell concentration leaving the aerator is 

x ( ) 
1 s D(S -· s) ' or Pm . y. k + s R . s 

xl 
D(SR - s). Since )1 = )1 }1 ·- k y . . . . m 

s 

x = D (SR· - s) X. 
1 }1 

SR - s 
= y ·-A---· Since )1 = AD 

given 

s 
+ s 

(11) 

(12) 

by 

(13) 

In the present study a value for c of 2.5 and an r 

value of 0.33. was selected. These vaiues were chosen in 

order that the solids. concentration in the aerator with 

feedback would be approximately twice that of the system 

without feedback. However, for one experiment total re~ 

circulation was employed; O..e., 100% sludge recycling) as 

shown in Figure 48. 

In order to demonstrate graphicallythese relation

ships between the system parameter values of y, ks and Pm 
were assumed usiµg values which were previously found from 
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batcq · studie$. The followi.ng values· were selected for 

~emon~tration purposes: 

y o. 50,. Pm -1 0.51 hr·, k8 ·= 50 mg/1 

c = 2.5, and r = 0~3~. 

In Figure 1 is shown the relationship bdtwe,n s·~nd x1 
for various values of dilution rate with and without recir

culation of sludge. It can be seen from.th€ figure that 

_the dilution rate does not significantly •tf,ct the system 
-1 · ·-1 until its value exceeds· 0.35 hr and 0 0 75 Hr···., respect-

ively) with and without recirculation. Beyond this·value 

,the solids drop down considerably.with a concomitant 

increase in the residual concentrations of the substrate, 

· and finally a d_il.ution rate is reached at which no solids 

can be maintafned in·the aerator. This is due to the fact 

that higher flow rates or lowe~ detention times exceed the 

rate at.which the organisms can multiply. As a consequence 

of this,. the solids ·in .. the aerator are merely displaced, 

and. the s.ystem fails. This. is known· as "washout." It can 
-1 be seen:from Figure 1 that washout occurs at 0.486 hr 

without recirculation, and 0.97 h~-l with recirculation. 

The obvious advantage of increased solids concentra

tion in the recirculation system is its ability to handle 

higher organic loading. The recirculation·system also 

-reduces the aerator size, since·it can handle higher flow 

rates. 

C •. Kinetics.of .Increase and Decrease of Glucose Concentra

tion due to a Shock·Load in the S.teady Stat~ System. 

In the present-study two'types.of shock loading were 

used. Gradual shock loadings·were administered.by changing 

·the glucose concentration ·.in the feed to a value greater 

than that employed under the prev~ous.steaqy state condi

tion. Slug loading·was accomplished by injecting·a con
centrated solution of glucose directly into the aerator to 
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bring its concentr~tion to a specific value. Both types 

of shock loadini wer& administered without changing:the 

flow rate. The only change was due to the increased con

centration of glucose. 
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lhe rate of incr~ase in the glucose concentration in 

the aerator due to·agradual shock·loading.can be expressed 

as: 

ds 
dt SD - sD R {14) 

. where ds/dt is the rate of change of glucose concentration 

with. time. .sR is the concentration of g1.ucose in. the 

inflow, sis the concentration of glucose in the outflow, 

. and Dis the dilution rate. Integration of this equation 

.yields: 

S ·= S (1 - e-Dt) . R . ·. (15) 

This equation was also used to check whether complete 

mixing occurred in the aerator using methyl red as indi

·cator •. Results.of such an experiment are shown·inFigure 

2. The application of Equation 15 to completely, mixed 

systems have .been discussed more fully by Komolri t and 

Gaudy (8'5). From the result.it can be·seen that essen

tially complete mixing was achieved in the aerator. 

The kinetics-of decreasing glucose concentration in 

.the aerator due to diluting out of a slug loading is 

given by: 

ds/dt-= DSR - Ds. At zero.time 

SR O. Therefore 

ds/dt = - sD 

•Upon. integration. this equation .yields: 

-Dt · · ···-s =· s · e ·o 

(16) 

.(17) 

wheres ·is th~ concentration of glucose in tp.e aerator. 
0 
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Equations 15 and 17 were reveloped to show the in,

crease of glucose concentration in the aerator due to 

gradual shock loads and decrease of glucose concentration 

in the aerator after it had received a slug dose of glu

cose. These equations are useful in predicting the 

theoretical concentration of glucose at any time during 

shock loads. Comparison of this value with the actual 

concentration in the aerator provide a convenient method 

of evaluating the response to shock loadings. The use of 

these equations will be discussed more fully in a subse

quent section of this report. 
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CHAPTER IV 

MATERIALS AND METHODS 

A. Descri9~ion of Apparatus and Standard Synthetic Wastes: 

1. !\-ppara tus. 

A photograph of the experimental activated sludge unit 

employed in this ·study is shown in Figure·3o The volume of 

the glass aerators was 2.5 liters, but the effective volume 

of mixed liquor under aeration was approximately 2.4 liters 

due to the displacement of mixed liquor by the diffused air. 

The air flow rate used was 4000 ml/min when sludge recircu

lation was not used. When recirculation was employed, it 

was found that this flow rate was insufficient to keep the 

solids completely mixed. Therefore, air flow rate was 

maintained in excess of 5000 ml/min and due to this :i.n.creased 

air flow rate, the volume of mixed liquor was reduced to 2.2 

liters. Tht:JY was supplied to the aerator through porous 

glass diffusers. With recirculation of sludge, air was sup·-· 

plied at two different levels of mixed liquor, one diffuser 

was placed at the bottom of the aerator, and the other was 

located six inches from the bottom. Th:i.s was found necessary 

due to the increased solids concentration in the aerator. 

The inflow of the synthetic waste to the aerator was 

regulated by a pump (Milton Roy Co., Philadelphia, Pa. 

Model No. 4-c-48-R), which was previously calibra,ted to give 

the desired flow rate to maintain a particular detention 

time or dilution rate. The mixed liquor from the aerator 

was collected in a glass jug and periodically wasted. When 

recirculation was used, the effluent from the aerator was 

discharged directly into a settling tanko The settling 
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Fig. 3 - PHOTOGRAPH OF BENCH- SCALE COMPLETELY MI XED 
ACTIVATED SLUDGE SYSTEM 
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tanks are located behind the aerator in Figure 3. The set

tled sltidge was c~llected and aerated. The solids concen

tration in the returned sludge was maintained at 2000 ± 100 

mg/1 except in two experiments where the average solids 

concentration in the return sludge was 1820 and 2290 mg/1, 

respectively. The ~re of the system was maintained 

constant throughout the experiment, and the variation in 
· 0 + 0 temperature for all of the experi.ment was 25 C. - O. 5 C. 

The tempera.ture for two experiments was not controlled. 

2. Standard Synthetic Waste~. 

The synthetic waste used in the present study cons~st

ed of glucose and essential inorganic salts. The inorganic 

salts were added to provide a nutritionally balanced syn

thetic waste. The amounts of·inorgani.c salt used per·lOOO 

mg/1 of glucose were: 

(NH4) 2 S04 , 500 mg/1;· MgS04 . 7H20, 100 mg/1; MnS04 . 
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H20, 10 mg/1; Fecl3 . 6H20, 0.5 mg/1; Cacl2 . 2H20, 7.5 mg/1; 

tap water, 100 ml/1, and 1.0 M potassium phosphate buffer 

at pH 7.0, 10 ml/1. The volume of synthetic waste was made 

to one liter with distilled water. Whenever the glticose 

concentration·. used was more than 1000 mg/1, the i.norganic 

salts and buffer wer~ proportionally increased to fuaintain 

the same amount of inorganic nutrients with respect to 

glucose. The ratio·of COD to N and COD to P of the syn= 

thetic waste-were 10:1 and 2.93:1, respectively. These 

ratios were much higher than the v.alues · reported in the 

Sanitary Engineering literature. The reason for maintain

ing such high ratios·was to insure that the carbon source 

was the only limiting nutrient. When nitrogen=limi.ting 

conditions were studied, the amount of (NH4) 2so4 was 

reduced to give the desired carbon to nitrogen ratio. 

B. Experimental Protocol. 

Initially, two li.ters·of standard waste were made at a 

glucose concentration of 1000 mg/1 and transferred to the 
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aerator. The synthetic waste was seeded with 50 ml of pri

mary effluent from the Stillwater municipal treatment plant, 

and then operated as a batch unit for 24 hours. This was 

done in order to develop sufficient solids concen~ration in 

the aerator. After 24 hours the unit was operated under con~ 

tinuous flow conditions at the desired detention time. Three 

detention times, 4, 8, and 12 hours, were employed in the 

present study. Prior to any particular shock loading experi

ment, the unit was oper,ted at least three days to insure 

steady state conditions. When recirculation was adopted 

normally three weeks were required before flocculated cells 

were developed which would settle well. 

Normally during the period of equilibration samples of 

effluents were periodically analyzed to ensure that steady 

state condi.tions had been reached. Shock loading experiments 

were conducted only when the unit had reached steady state. 

Normally two units were operated simultaneously. As an 

extra precaution prior to each experiment the contents of 

both units we~e thoroughly mixed and placed back into the sys

tem. This was done in order to ensure that conditions in both 

units were identical prior to a shock loading experiment. 

Gradual shock loadings were administered by changing 

the influent feed to a new synthetic feed of desired glucose 
. ~ 

concentration. Slug doses were administered by directly 

injecting glucose solution into the aerator to bring the glu

cose concentration to the desired value. Prior to the in

jection of glucose, a portion of the mixed liquor equivalent 

to the volume 0£ glucose to be added was removed. This was 

done in order to maintain a constant aeration volume. The 

volume of mixed liquo:r that was removed prior to the injec~ 

tion of glucose were 48 and 72 ml for 2000 and 3000 mg/1 

glucose slug doses, respectively. 

C. Analytical Technique. 

The chemical oxygen demand of the samples was determin

ed in accordance with the procedure given in Standard Methods 
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(87). -Potassium dichromate (0.25N) and concentrated sulfuriri 

acid were used. Silver sul£ate was always added as catalyst. 

The glucose concentration in.the samples was determined 

by the anthrone~est using the procedure outlined by Gatidj. 

(88). A modification with respect to the quantity of an

th.rone later proposed by· Gaudy, Komolri t, and. Bha tla (89) · 

was incorporated. In addition to the anthrone test, glu~ 

case was determined by the glucostat test for some of the 

experiments. l This tesit was performed. in accordance with 
. ' . . . 

the procedure outlined in the Worthington Biochemical Cor

pdration manual.(90). 

Biological solids concentration waa determined by the 

membr_ane filter technique (Millipore Filter Co., Bedford, 

Mass., HA 0.45 p) . . _Very light aluminum dishes (weighing 

approximately 0.2 to 0.3 gms) were used to hold the Milli~ 

pore filters. Filters were dried for two hours at l03°C. 

and equilibrated in a dessicator overnight prior to ob

taini'.ng the tare weight. Before final weighing 1 the same 

heating and cooling procedure was followed. 

The protein and .carbohyd~ate.content of the sludges 

were determined by th& procedure outlined by Gaudy (88). 

The amount of anthrone reagent added to the sample was 
. ., 

increased, as indicated under the test for glucose by the 

anthrone method. 

Lipid content of the sludges .was determined for only 

t-o experiments. Extraction of lipids from a filtered 25 

.ml sample of sludge was carried out using 60 ml of 3:1 

ethanol:ether (Skelly, B~~30-60) mixture (91). Lipids 

were extracted for six hours on a shaker at 25°C. After 

extra6tion, the flask contents were filtered through a 

. ·;;. o. 45 p Millipore filter. The filtrate was poured into a 

COD flask, and the ethanol-ether mixture was evaporated at 

10°c~ The flask was then flushed with a gentle stream of 

air. Blanks and standards were prepared by similarly 

evaporating 60 ml of the ethanol~ether mixture alone and 



60 ml o:f the mixture containing known amounts of stearic 

acid. After evaporation the standard procedure for COD 

analysis was followed. The lipid content of the sludge 

sample was calculated by comparing the COD values of the 

sample with the COD values of the standard stearic acid 

sample. 

The carbon, hydrogen, and nitrogen contents of the 

sludge were determined for only two experiments. T~e car

bon~ hydrogen, and nitrogen contents of the samples were 

determined using a model 180 C.H.N. analyzer (F&M Scien

tific Company, Avondale, Pennsylvania). This instrument 

operates on the :following principle: . Any sample containing 

carbon, hydrogen, and n:i.trogen, when combusted :in the pres

ence of s:ilver oxide as catalyst, :is converted to co2 ,. H20 

and nitrates or nitrites. The nitrates and nitrites are 

reduced to nitrogen as they pass through reduced copper in 

the combustion tube. The combusted sample is analyzed for 

C, H, and N by gas chromatography. 

Volati.le acids in. the f:i.l tered · sample were determined 

using the steam distillation method (87) and gas chroma

tography. An. aliquot of the f:i.ltered sample (usually .25 

38 

ml) was made up to 50 ml with distilled water and then acid

ified with 2 ml o:f l.ON sulfuric acid. Approximately 35 

gm of MgS04 • 7H20 was added and the solution was then 

steam distilled. Similarly, 50 ml of distilled water was 

also steam distilled, and this served as a blank. A volume 

of 450 ml of the distillate was collected and titrated 

against 0.05N NaOH using phenolphthalein as indicator. The 

amount of distillate to be collected was based on. the dis

tillation of a standard solution of sodium acetate. The 

procedure used was in accordance with Standard Methods (87) 

except that O. 05N NaOH was used instead o:f O .10 N. NaOH. 

This modification was adopted because of the low volatile 

acids conc.entratipn present in the sample. It was found 

that distillation of 50 ml di.sti.lled water consumed O. 6 ml 

.·• 
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0.05N NaOH. Therefore all of the samples were corrected for 

this blank titration. 

The individual volatile acids in the sample were deter

mined by gas chromatography. A Model 810 gas chromatograph 

(F&M Sc:ientifi.c Company) equipped w:i th a 1/ 4" glass column 

packed with 20% (weight) diethylene glycol adipate poly

ester and 2% phosphoric acid on 60 to 80 mesh chromosorb W 

adsorbent was employed. Helium was used as the carrier gas. 

Several trial runs were carried out to determine optimum 

conditions for the separation of individual volatile acids. 

The main object of these runs was the separation of all acids 
I 

within a reasonable time. Based on the trial runs 1 the fol

lowing conditions were adopted for the analysis of fatty 

acids. Helium was supplied at the rate of 140 ml/min at 60 

psi pressure. Hydrogen and air were supplied at 30 psi and 

33 psi, respectively. The column temperature was mai.ntained 

at 120 °c. The detector and :injector tempera tu.re were main-" 

tained at 270°C. and 29o 0 c., respectively. Dual flame de

tection was adopted for the analysis. When a mixture of 

volatile acids is injected into the column, each individual 

acid is retained in the column for a specific period of time 

before it is eluted. The acids are eluted on the basis of 

number of carbon a tom (Le. , the higher the number of carbon 

atoms, the greater the time an acid is retained on the 

column). Retention time is the basis for the qualitative 

identification of volatile acids. The retention times o:f 

various volatile acids are shown in Table I. It was found 

that after the column had been in use for a month, the re

tention time was considerably shortened, as indicated i.n 

Table I. It was thought that the calibration of the rota

meter which controls the helium flow might have been 

changed in such a way as to result in greater carrier gas 

flow, and hence reduced retention.time. In order to check 

the helium flow at vartous rotameter setting$, flows were 

measured with a gas flowmeter; the results are shown in Fig-



TABLE I 

RETENTION OF VOLATILE ACIDS IN GAS 
CHROMATOGRAM COLUMN 

,, .. - ........ JI ......... ,._~·-- . ____,,..._.._._.._.._ .............. _~,, ... _~ .. -· ...... --<·-~~ . .., 

Acetic 
Prop ionic 
Isobutyric 
Butyric 
lsovaleric 
Valer:ic 
He:xanoic 

Retention Time in 
Min.ute:s 

5.65 
8.15 
9.15 

12 .10 
14.75 
2d.3o 
33.25 

2. 40 
3. 50 
3.80 
5.10 
6.10 
8. 40 

13.75 

-- 1 Re-;ention times fo:r new colu~n after 
break-in period 

2Retention times for same column 
. __ after 30~s. -·-··----~···--------·--, 

ure 4. It can be seen from the figure that helium flow 

was higher for all rotameter settings than the flow sug-· 

gested by the manufacturer. However, when the airflow 

was maintained at 140 ml/min and a chromatogram was run 

with the standard volatile acids, it was found that reten

ti.on time obtained during the break~ in period (i:nd icated 

under column 1 of Table I) could not be repeated. A pos~ 

sible reason for this might be that the column hatj not 

been fully conditioned during the early retention time 

study. A mixture of standard volatile acids at different 

concentrations (50, 100, 150, 200 mg/1) were run through 

the column to determine their retention time and peak area. 

In all the analyses the volume of sample was kept constant 

at 5 pl. 'The areas under the peaks were measured by a 

planimeter and calibration curves between concentration and 

and peak area were plotted and are shown in Figures 5 and 
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7. The standard gas chromatogram of 50 mg/1 concentration 

·of each.acid are shown in·Figures 6 and 8. The areas 

plotted. for 50 mg/1 of volatile acids in Figure 5 were ob

tained from Figure 6, and the areas shown·in Figure 7 for 

50 mg/1 of volatile acids were obtained from Figure 8. 
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When.the retention time,was changed. the peak area was also 

increased, as shown in Figures 6 and 8. These variations 

do not affect.the results, since standard samples were run 

with each.determination. It was found that formic acid 

.could not be detected with.the flame detector, although it 

was detected with thermal conductivity. The thermal con

ductivity was not used on account of its insensitivity to 

the low concentr~tions of volatile acids-that were normally 

. encountered in the sample. Hence, formic acid was not 

identified in the samples. 

Dissolved oxygen in the mixed liquor was measured with 

the Jarrel Ash dissolved oxygen analyzer. The dissolved / 

oxygen in mixed liquor was measured as percentage of sat- /' 

uration value. The percent saturation was converted to 

dissolved oxygen in mg/1 using the saturation value of 

oxygen at the measured temperature. The measurement of dis

solved o~ygen was done in accordance with th1 procedure 

given in.the Jarrel Ash manual (92). 
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CHAPTER V 

. RESULTS 

The results are presented in the following four 

sections: · (1) . response to gra·d n a 1 shock loading; (2) 

response to slug shock loading; · (3) response to shock 

loa~ing under nitrogen deficient c9nditibns; and (4) ~e-: 
. . 

lease of intermediates during shock loading. All experi-
, 

ments under sections (1) through (3) were conducted with 

and without recirculation of sludg·e. In the experiments 

employing sludge recirculation, the concentration.of glu

cose in the influent was·maintained at the same value as 

that employed for experiments without sludge recirculation. 

This was done to simulate the condition.existing in any 

.. treatment plant. Studies on the release of intermediates 

·were accomplished without solids·recircul~tion at a 4-hour 

detention time. 

1. .Response to· Gradual Shock·. Loads. 

a. 4-Hour Detention.Time. The steady state behavior 

of the continuous flow unit at 1000 mg/1 glucose is shown 

,in Figure 9. It can be seen that"the solids level fluc

tuated somewhat although other parameters remained fairly 

constant. The anthrone COD in both of.the systems.remained 

at a very.low level during the entire period of the experi

ment; however, the total COD was considerabljt·higher·in 

both systems, indicating the possible release of inter
mediates or residual compounds resistant to metabolism. 

The difference between the total COD and anthrone COD 

could not be attributed to the interference of inorganic 
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salts in.the influent feed which had a COD of only 16 

mg/1. 
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The shock load response when the influent £eed was 

changed from 1000 mg/1 to 2000 mg/1 glucose is shown in 

Figure 10. The shock load increased the total COD in the 

effluent from 75 mg/1 to 340 mg/1 in four hours. It can 

also be seen that there is considerable difference between 

total COD and anthrone COD of the effluent. The dotted 

line in FigureW represents the theoretical glucose concen

tration in the aerator due to the shock load if it were not 
l 

removed by the activated sludge. It can be seen that the 

system is capable of handling a shock load of 2000 mg/1 

glucose; however, eight hours elapsed before the total COD 

valqe returned to the previous steady state value. It can 

also be seen·that more COD is present in the effluent than 

can be accounted for by the flnthrone COD. 

In Figures 11 and 12 are shown the response in the 

continuous flow unit when the system was subjected to 3000 

mg/1 glucose~ This represent~ a three~fold increase in the 

glucose conc~ntration of the feed. It is obvious from 

Figure 11 that the biochemical efficiency of the system was 

seriously affected and that it could not handle this shock 

load successfully. The total COD of the effluent increas

ed to a m~ximum of 900 mg/1. · Sixteen hours were required 

before the COD of the effluent reached a fairly constant 

value. It is also interesting to note th~t the biological 

solids concentration nearly attained a steady state value 

at sixteen hours. The COD of the effluent was, however, 

higher than the previous steady state value of 50 mg/1 . 

. The anthrone C® did not increase as much as the total 

COD and was very low after six hours. When recirculation 

of solids was employed (see Figure 12), the system was not 

at all affected by this shock load. There was only a very 

slight increase in total COD over the previous steady 

state value of 65 mg/1. 
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The shock load responses when the influent glucose 

concentration was changed from 1000 mg/1 to 5000 mg/1 are 

shown in Figures 13 and 14. It is apparent from Figures 

13 and 14 that neither system was capable of handling a 

5000 mg/1 glucose shqck loading. In both systems there 
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was a rapid in.crease of total COD. It is interesting to 

note that approximately 50% of the theoretical gluGose 

concentration at four hours was present in the effluent as 

total COD in either system. In·the unit with no recircu

lation of solids the glucose concentration was very low 

after six hours. In contrast to this system, in the unit 

in which solids were recirculated the glucose (anthrone) 

COD was very high. This result indicates that release of 

intermediates·did not occur to any great extent when solids 

were recirculated. It can also be seen from Figures 13 

and 14 that the COD concentration reached a steady value 

when the solids concentration approximated a constant 

value. The increase in solids concentration was also 

accompanied by an increase in protein and carbohydrate 

content of the solids. The residual COD was quite high in 

both systems and did not return to the previous level dur

ing the entire period of the experiment. It can be seen 

that recirculation of solids does not seem to improve the 

performance at a shock loading level of 5000 mg/1 glu

cose. Although the solids increased rapidly in both 

systems, the response was not rapid enough in comparison 

with the rapid increase in glucose concentration as shown· 

by the dotted lines in Figures 13 and 14. Almost sixteen 

hours were required. before total COD in the effluent 

reached a steady state value. 

b. 8-Hour Detention Time. The steady state behav

ior of the continuous flow unit at 1000 mg/1 glucose is 

shown in Figure 15. As with the 4-hour detention time, 

there was considerable variation in the level of biolog

ical solids although other parameters remained fairly 
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constant. The anthrone COD was very low in both systems 

in comparison with the total COD. 
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In Figure 16 is shown the response in the continuous 

flow unit when the influent glucose concentration was 

changed from 1000 mg/1 to 2000 mg/1, representing a two

fold increase in glucose concentration in the incoming 

feed. There was an increase of approximately 50 mg/1 of 

total COD over the steady state value; however, the total 

COD was reduced to a value close to the previous steady 

state value after six hours. Although there was a.slight 

increase in total COD, the anthrone COD remained constant 

throughout the experimental period. Solids concentration 

increased to only 835 mg/1, which is considerably less than 

twice the steady state solids concentration of 495 mg/1, 

thus indicating that doubling the substrate concentration 

did not double the cell yield. It can be seen from 

Figure 16 that the system was capable of handling a shock 

load of 2000 mg/1 glucose. 

The shock load responses when the influent glucose 

concentration is increased from 1000 mg/1 to 3000 mg/1 

are shown in Figures 17 and 18. There was only a slight 

increase in the total COD although the data do exhibit 

some fluctuation. The total COD reached a fairly constant 

value of 200 mg/1, which was higher than the 105 mg/1 

obtained with 1000 mg/1 glucose feed. There was also a 

slight increase in glucose (anthrone) COD over the 

steady state value. There was also a peak in solids con

centration which was finally reduced to a constant value 

of 1260 mg/1. On the other hand, when recirculation was 

adopted (Figure 18) there was very little increase in the 

total COD and the previous steady state value was attained 

in nine hours. It can be seen from Figure 18 that.there 

was not much increase in the carbohydrate content of the 

solids as compared with the protein content. Comparison 

of Figures 17 and 11 shows that a shock loading of 
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3000 mg/1 glucose does not affect a system operating with 

an 8-hour detention time as seriously as one operating at 

a 4-hour detention time. When recirculation of solids 

61 

was practiced, both the 8-hour and 4-hour detention systems 

successfully responded to glucose shock loading at the 

3000 mg/1 level as shown in Figures 12 and 18. 

The shock load responses to 5000 mg/1 glucose are 

shown in Figures 19 and 20. In Figure 19 it is seen that 

the total COD increased to 645 mg/ 1 in two hours and was 

gradually reduced to a value of approximatly 270 mg/1. 

This value is much higher than the previous steady state 

value of 105 mg/1. Although there was considerable in

crease in total COD, there was very little increase in 

anthrone COD. However, as seen in Figure 20, when recir

culation was used the total COD increased to a maximum of 

700 mg/1. in two hours and was finally reduced to a 

constant value in twelve hours. It can be seen from 

Figure 20 that the total COD returned to the steady state 

value existing prior to the shock. In this system the 

anthrone COD increased to a maximum of 415 mg/ 1 and was 

gradually reduced to a value of 50 mg/ 1. As with the 4-

hour detention, the release of intermediates was restrict

ed when recirculation was employed . It can also be seen 

that the severity of the 5000 mg/ 1 glucose shock load was 

much lessened at the 8-hour detent i on time compared with 

t he 4-hour detention time (Figures 13 and 14). 

c. 12-Hour Detention Time. The steady state behav

ior of the continuous flow unit under condition of solids 

recirculation at a 12-hour detention time is shown in 

Figure 21. There appeared to be a slowly-occurring fluc

tuation of the biological solids although other parameters 

exhibited fairly constant values. The residual total COD 

was approximately 90 mg/ 1, and the anthrone COD Was ~eg

ligible. It can be seen from Figures 9 , 15, and 21 that 

the solids concentr~~ion shows considerably more varia-
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tion than any other parameter. This may indicate varia

tions in cell yield, which are possibly due to changes in 

predominating bacterial species. Studies on the steady 

state response without recirculation of solids were not 

conducted. 

The shock load re~ponse to an influent feed of glu

cose at 2000 mg/1 is shown in Figure 22. The total COD 

increased to 200 mg/1 durini' the first two hours and was 

gradually reduced to 80 mg/1 in eight hours . Thereafter 

the total COD increased and finally reached a value of 
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155 mg/ 1. The final total COD was higher than the p r evious 

steady state value. The anthrone COD also increased 

throughout the experimental period. The response of the 

continuous flow unit to a glucose shock load of 2000 mg/1 

was not similar to that obtained with 4 and 8-hour 

detention times (Figures 10 and 16). It can also be seen 

from Figuresro, 16, and 22 that the release of inter

mediates is much less and anthrone COD is higher at 12-

hour detention time. As shown in Figure 22, the solids 

concentration increased to 685 mg/ 1 1 which is less th~n 

double the steady state value of 400 mg/1; i.e., the cell 

yield did not appear to be directly proportional to sub

strate concentration. 

The shock load response to 3000 mg/ 1 glucose is 

shown in Figures 23 and 24. Without cell feedback (Fig

ure 23) there was a gradual increase in total COD to 275 

mg/ 1 during the first eight hours. - The COD was gradually 

reduced to 135 mg/1 in twelve hours. As with the 2000 

mg/ 1 glucose shock load, the total COD increased after 

twelve hours and reached a value of 285 mg/ 1 at the end 

of twenty-eight hours. The anthrone COD also showed a 

similar trend and reached a final value of 150 mg/1 at 

the end of the experiment. However, when sludge recircu

lation was used (Figure 24), there was very little in

crease in total COD and anthrone COD. This result 
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indicates that a system employing solids recirculation a t 

the ratio herein employed can handle a shock loading of 

3000 mg/1 glucose very successfully. 

6 9 

The shock load response to 5000 mg/1 glucose is shown 

in Figures 25 and 26. The total COD increased to a max

imum value of 580 mg/ 1 and was gradually reduced to 125 

mg/1 by_ fourteen hours. After fourteen hours the total 

COD again increased and reached a fairly steady value of 

250 mg/1. It can be seen from Figure 25 that the final 
COD is approximatly four times the steady state value 

o)::>tained with 1000 mg/1 glucose. The anthrone COD increas

ed to a maximum of 275 mg/1 in two hours, and rapidly 

decreased, However, as with the total COD, it increased 

after four hours, and reached a final value of 140 mg/1 

in thirty-four hours. When recirculation was employed, 

the total COD increased to a maximum of 450 mg/1 and was 

gradually reduced to the previous steady state value in 

twelve hours (Figure 26). The anthrone COD value also 

increased, and was reduced to a very low value after eight 

hours. It can be seen from Figures 25 and 26 that the 

response to a glucose shock load of 5000 mg/1 is much 

more successful when solids recirculation is employed. 

It can also be seen by comparing Figures 13, 19, a nd 25 

t hat the severity of disruption of the steady state a t 

t he 5000 mg/1 level decreases with increasing detention 

time. A similar trend was also observed when solids 

r ecirculation was used, as shown by comparison of Fig-

ures 14, 20 and 26. It can also be seen that manifes t a

tion of the release of intermediates decreases with 

increasing detention time. 

In most of }he experiments the solids increase was 
accompanied by a considerable increase in protein con

tent without much increase in carbohydrate content of 

t he cells. This indicates that the response to gradual 

shock loading is one of true growth response rather than 
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accumulation of storage :productS·like carbohydrate. In 

only two experiments (Figures 20 and 25) was consider

able carbohydrate synthesis noted. Further, the solids 

increase was not accompanied. by a p-roportional increase 

in protein and carbohydrate content of the sludge, indi-

cating the synthesis of other materials. possibly 

ribonucleic acid (e.g., -Figures. 11 and 12). Rapid syn

thesis of ribonucleic acid.content of cells during growth 

was indicated by Herbert (93) for several pure cultures 

of bacteria. 

2. ~esponses to Slug.Shock·Loads. 

a. 4-Hour Detention Time. The responses to a 

shock loading of 2000 mg/1 glucose are shown in Figures 

27 and 28. The influent feed was maintained at 1000 mg/1 

gl~cose and enough glucose was added to bring its concen

tration.in the aerator to 2000 mg/1 glucose. It can be 

seen from.Figure 27 that.the total GOD concentr~tion in 

the effluent was returned to a fairly steady state after 

ten hours. There was a considerable difference between 

total COD and the an.throne COD. The dotted li.ne shown in 

Figures 27 and 28 represents the washout of the applied 

glucose if it were not used b~ the activated sludge. It 

can be seen from Figure .27 that there is not much. removal 

of COD due to the 13hock which can be attributed to metah

olism-. The solids concentration increased. to a maxi:qmm 
. I 

of 540 mg/1, and when . glucose WijS exhaµsted', it dropped 

to a cons~ant value of 350 mg/1. It can also be seen 1 

,: 

that the increase in solids concentration wa~ accompanied 
' by a rapid increas~ in'protein content of the sludge 

without much carbohydrate increase. When recirculat.ion 

wa1;:1 used (Figure 28), the total COD reacheda.ste,dy 

. state value in six hours. The an.throne COD and total 

COP removal curves were nearly identical. From comp~ri

son of Figures 27 and 28, cell feedback appears-to 

72 



2doo· 

1750 
,.:..t 
......... 
bl) 
s 
Q-1500 
0 
0 

l'"4 
ro 

. bl250 
f:-1 

~ 

§ 
Oiooo 
Q) 

= 0 
H 
..c: 
+-1 . 

. ,~ 750 

500 

250 

0 

Steady State Values: 
COD ~ 150 mg/1 
Solids - 368 mg 
Anthrone COD - 31 mg!L. 

Total COD· 

of Applied Glucose 

Biological 
Solids 

Cell 
Carbohydrate 

A 

l'"4 

500' bl) 
s 

"" 
Q) 
+-1 

400 ~ 
"O 
l>, 

..c: 
0 

,.Q 
~ 
ro 

300 o 

.. 
rn 
"O 
·r-i 

100 3 
U) 

5 10 15 20 25 30 

Time, Hours 

Fig. 27 - SHOCK LOAD RESPONSE OF THE STEADY STATE 
CONTINUOUS FLOW,UNlTAT 4-HOUR DETENTION 
TIME CONTINUOUSLY FED AT 1000 mg/1 GI.U
COlj,E AND SHOCKED WITH A SLUG DOSE OF 
2000 m.g/1 GLUCOSE (NO RECIRCULATION), 

73 



2000 

1750 

~-

~1500 

... 
"C 
(!) 
~ 
ca i:)1250 

·1"1 . 
"C 
r: 

i-,t 

. 500 

250 

\ ' 
\ 
\ 

\ 
1 

Ste~-y -S:ta-te Va.J.-ues-: 
· COD·'~ · . . . .- 144· mg/1 
· ·An.thron.e· -COD - 50 mg/1 
:s61ids . 700 mg/1 

•• 

\ 
~Wasnout of 
.\ 0 ,-Total CD 

---~~Anthrone COD \ . 

' ' ' 
Carbohydrates 

/ L· ------L==~:=t:::::::::::::::::!::~~-==-~~=:ilt.::::i=:::::5!...._....;.J 
12-·:,+•·, 18, 24 6 30 36 

Time,. Hours 

SHOCJ{ l,OAD RESPONSE OF THE STEADY.STATE CON
TINUOUS.FLOW UNIT AT 4-HOUR DETENT:ION TIME 
CONTINUOUSLY. FED AT 1000 mg/1 GLUCOSE' AND 
SHOCKED \Y;ITH.A SLUG DOSE OF 2000 mg/I GLU""' 
COSE {:tµ:C~RCULATIO:rf) .. 

74 



75 

. enhance. a·. more successful response t·o a 2000 mg/1 glucose 

slug load. It can also be seen from Figure 28 that the 

increase in solids concentration was accompanied by an 

increase in protein synthesis and no increase in the car

bohydrate content. 

The response to a glucose·slug-shock loading of 3000 

mg/1 is shown in Figure 29. It can be seen that.the total 

COD reached a steady state value after ten hours. The. 

total COD curve follows closely the-theoretical washout 

curve. There is considerable difference between anthrone 

COD and totafl COD after two hours. The biological solids 

concentration reached a maximum of 560 mg/1 and finally 

was reduced t6 a fairly constant value of 450 mg/1; i.e., 
returned to the previous steady state value. The increase 

in solids concentration was not very high considering the 

fact that the glucose concentration in the aerator was 

3000 mg/1. This would indicate that most of the applied 

glucose was diluted out of the system. As with the pre

vious experiments, protein synthesis was greater than 

carbohydrate synthesis. Since the response at 2000 mg/1 

glucose slug with solids recirculation improved only 

slightly, it was expected that the response at 3000 mg/1 

glucose slug would be similar and hence no experiment was 

performed with the solids recirculation at this concen

tration. It was of interest to find whether an improved 

performance could be obtai:µed when the glucose slug was 

also accompanied by a gradual shock o:f glucose. Since 

the response to gradu~l shock loading was· accompanied by 

an increase of solids, it was felt that increasing the 

solids concentration in the aerator:would improve the 

response to a glucose slug shock loading. 

The shock load responses when.the influent was 

changed from 1000 mg/1 to 2000 mg/1 glucose and also 

shock loaded with a slug dose of 2000 mg/1 glucose are 

shown in Fifures.30 and 31 .. In these experiments the 
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the units were subjected to a gradual shock loading in 

addition to a slug.dose. The total COD concentration in 

the effluent.was reduced to an approximate steady state 

value in twelve hours. However, there was a considerable 

difference between total COD and anthrone COD. The. total 

COD reached a steady state value of 200 mg/1, which was 

slightly higher than the ptevious steady state value of 

150 mg/1. It cah also be seen that the total COI> curve 

falls outside of the theoretical glucose washout curve. 

The b1ological solids concentration reached .a maximum of 

915 mg/1 and was then reduced to 690 mg/1 at the end of 

the experiment. ~he horizontal dotted line in Figure 30 

represents the theoretical glucose concentration in the 

aerator, due to gradual and slug loads if the glucose 

were not metabolized by the activated sludge. It can 

also be seen that correspondingly more protein than 

carbohydrate was synthesized. Figure 31 shows the 

response to a similar shock load when solids recircula

tion was employed. The total COD was reduced to a 

constant value of 125 mg/1 in six hours. It can be 

seen that.there was no excess solids synthesis, which 

seems to indicate that most of the glucose slug was 

diluted out. The dotted curved line represents the 

theoretical glucose concentration in the aerator due to 

gradual and slug·loads if it were not metabolized by 

the activated sludge. The resultant glucose concentra

tion appears as a curved line because the washout of 

the glucose slug is greater th&n the increase of glu

cose concentration due to the gradual shock load when 

sludge is recycled. 

The system responses to a slug dose of 3000 mg/1 

glucose plus a 3000 mg/1 glucose gradual shock load are 

shown in Figures 32 and 33. It can be seen that.the 

total COD was reduced to a steady state value of 210 

mg/1 in sixteen hours. It can also be seen that there 
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·was considerable difference between total COD and anthrone 

COD, indicating the release of intermediates. As com

pared with the theoretical glucose washout curve, the 

total COD is higher·at all times, and this would appear 

to be due to the effect of r!lease of intermediates 

produced due to the combination of gradual and slug shock 

load. As in the previous experiment, there was no. large 

increase in solids concentration, and the· increase which 

was registered was probably due to the gradual shock. 

It can also be seen from Figure 32 that protein synthesis 

was considerably greater than carbohydrate production. 

It can be seen from Figure 33 that the total COD was re

duced to a steady state value of 120 mg/1 in twelve hours. 

Comparison.of Figures 32·and 33 indicates that the 

response is much better when recirculation of solids is 

used; also less intermediates are detected in this sys

tem. There was very little excess solids synthesis as 

can be ~een from Figure 33, which seems to indicate that 

most of the applied glucose slug dose was diluted out 

since this system is known to be capable of accepting a 

gradual shock of 3000 mg/1 glucose (Figure 12). 

b. 8-Hour Detention Time. The shock load responses 

to a slug dose of 2000 mg/1 glucose are shown in Figures 

34 and 35. The influent feed was maintained at.1000 mg/1 

glucose. It can be seen from Figure 34 that the total 

COD was reduced to a steady state value of 65 mg/1 in 

twelve hours;. the anthrone COD ·was almost. equal to total 

COD at all times. Comparison of Figures27 and 34 indi

cates that it takes ·a slightly longer time to reduce the 

total COD to a steady state value for the 8-hour deten

tion.time. However, when compared with the theoretical 

washout curve, the response at the 8-hour detention 

time seems.to be better. It can also by seen that there 

is not much solids increase in the system. The response 

to a similar shock load with sludge recirculation is 
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shown in Figure 35. The total COD was gradually reduced 

to a steady state value of 120 mg/1 in sixteen hours; 

however, the an.throne COD reached a steady state value 

in n.ine·hours. · The solids.increased to a maximµm of 

1150 mg/1 and was then reduced to a steady state value 

of 770 mg/1 at the end of thirty hours. It can. be seen 

85 

from Figures 28 and 35 that.a system operated at 8-hour 

detention.time requires·a longer time to remove the 

applied slug load. However, when. compared with the theo

retical glucose washout curve, the response at the 8-hour 

detention time was slightly better than at the 4-hour 
detention time. 

The shock load response to a slug loading of 3000 

mg/1 glucose is shown. in Figure 36. The total COD was 

reduced to a steady state value of 60 mg/1 in sixteen 

hours. There is, however, a considerable difference 

between the values for an.throne COD and total COD. The 

solids level showed considerable variation. during the 

first twelve hours, and rose to a maximum.of 680 mg/1 at 

nineteen :h.ours. The solids concentration was then 

gradually reduced to 410 mg/1 at.the end of thirty-three 

hours. Comparison. of Figures 29 and 36. indicates that 

a system operated at 8-hour detentiE>n_time takes longer 

to remove the ~pplied glucose ioad.• It can also be 

seen that. in both systems the total·COD curve follows 

the theoretical glucose washout curve. 

The shock load responses when ~he influent was 

changed from 1000 mg/1 to 2000 mg/1: ~lucose and the 
unit was shock loaded with a slug dose of 2000 mg/1 

glucose are shown in Figures:37 and.38. It can be seen 
from Figure 37 that.the total COD reached an approx

imate st~ady state v~lue in twelve hours. The an.throne 
· COD was slightly lower than the total COD at all times. 

The solids concentration reached a maximum of 875 mg/1 

and was then reduced.to an approximate steady state 
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value of slightly over 750 mg/1 at the end of thirty

three hours. It can also be seen from Figure 37 that 

there was considerably greater synthesis of protein 

than carbohydrate occurring in the system. The shock 

load response to a similar shock load with solids recir-

culation is shown in Figure 38. The total COD was 

reduced to a steady state value of approximately 65 mg/1 

.in sixteen hours. There was a considerable difference 

between total.COD and an.throne COD after four Jiours. 

The solids concentration reached a maximum of 1340 mg/1 

and was then reduced to 1250 mg/1 at the end of the 

experiment. It can also b~ seen that.there was a pro-

portionally greater synthesis of protein than carbohy

drates in response to the shock load. 

The shock load responses when the influent was 

changed from .1000 mg/1 to 3000 mg/1 glucose and the unit 

was shocked with a slug dose.of 3000 mg/1 glucose are 

· shown in Figures 39 and 40. It can b1e seen. from Figure 

39 that the total COD reached a steady state value of 

100 mg/1 after nineteen hours; however, there is con

siderable difference between the anthron.e COD and total 

COD 1 indicating the release of intermediates. The 

solids concentration reached a maximum of 1760 mg/1 and 

was reduced to a steady state value of 1380 mg/1 at the 

end of twenty-eight hours. Comparison of Figures 32 

and 39 indicates that the system operated at an 8-hour 

detention time requires slightly longer to reduce the 

total COD to a steady state value than one operated 

with 4-hour detention. ln both cases there is consider

able release of intermediates. The response to a 

similar shock load with solids recirculation is shown 

in Figure 40. It can be seen that the total COD 

reached asteady state value of approximatelyl20 mg/1 

in sixteen hours. Again, there is a considerable dif

ference between anthrone COD and total COD. The solids 
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concentration·. reached a maximum of 1800 mg/1 in twelve 

·hours, and there was·only a: slight reduction in solids 

·concentration.thereafter. It can be seen that.the t;otal 
COD curve nearly·follows the theoretical glucose washout 

curve, indicating that most of the total COD in.the sys
tem was diluted out since it is known from Figure 18 
that.this system is capaole of handling·3ooo mg/1 glu
cose as a gradual shock load. This·surmise is also 

,indicated by the solids concentration curve which does 
·not show any sol~ds·synthesis in excess·of the final 
steady state value. Comparison of Figures 40 and 33 
indicates that a system operated at·an 8~hour ·~etention 

·time takes longer·to bring the ,total COD and anthrone 

COD to the new steady state values. It can also be seen 
that the general response to this shock load is similar 
in both systems: (Figures·33 and 40). 

c •. 12-Hour Detention Time. The shock·load 
respon.ses. to a slug dose of 2000 mg/1 glucose while the 

influent was maintained constant at 1000 mg/1 glucose 

are $hown in Figures 41 and 42. It can be seen fro~ 
· Figure 41 that the total COD reached. a. steady state. value 

of 125 mg/1 in fourteen hours. However, a considerable 
amount of intermediates was present·in the system, as 
shown. by comparison. of the an.throne· COD and total COD 
curves. Since the total COD was always·less than the 

dilute-out curve for the g~ucose, there is indication 
that.the applied.slug dose of glucose was utilized. How
ever, no additional growth was reflected in the solids 
concentration.curve. The response to·a similar shock 
loading with solids recirculation is shown in Figure 42. 
The total·COD reached .a steady state value.of approx
imately 60 mg/1 in sixteen hours •. It can 5~ seen that 
very little release of intermediates occurred in com
parison with the results shown in. Figure 41. The 
solids concep.tration. rapidly·increased to a maximum of 
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1250 and was finally reduced to 790 mg/1 at.the end of 

thirty-five hours. Comparison of Figures 41 and 42 in

dicates-a much better response to 2000 mg/1 glucose 

slug load when sludge recirculation. was employed. 

95 

The shock load response to a slug dose of 3000 mg/1 

glucose while the influent was ~aintained constant at 

1000 mg/1 glucose is shown in Figure 43. It can be seen 

that the total COD was·gradually reduced to a steady 

state value of 80 mg/1 -after eighteen hours. The an

throne COD value was close to the total COD value at 

all times. The solids concentration increased.to a 

-maximum of 62.0 mg/1 and was finally reduced to an. ap

proximate steady state value of 360 mg/1 within twenty

.four hours. Comparison.of Figures 43 and 36 indicates 

that a system operated at a 12-hour detention time takes 

longer to reduce the total COD to a constant value than 

one operated at an 8-hour detention time; however,_ the 

release of intermediates is not apparent at the 12-hour 

detention.time. If the response is compared with the 

theoretical glucose washout curve, ·the performance of 

the system ajerated with a 12-hour detention time appears 

to be much better than the response at detention.time 

of four hours.. It can also be seen -from Figure 43 that 

the increase in solids concentration was accompanied by 

a rapid increase in protein syn-thesi-s. 

The shock load responses-when the influent was 

changed from.1000 mg/1 to 2000 mg/1 glucose and the unit 

- was -also shock loaded with a slug_ dose of 2000 mg/1 glu

cose a~e shown in Figures_ 44 and 45. It can be seen 

from Figure 44 that the totalCOD reached a steady 

state value of 120 mg/1 in twen~y-f:ive hours; however, 

there was a considerable difference between an.throne 

COD and total COD. There was very little increase in 

the solids concentration during the initial nine hours; 

thereafter there was a ;fairly rapid rise and a maximum 
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of 920 mg/1 was reached at twemty--five hours. The solids 

concentration attained a steady state value of 815 mg/1 at 

the end of twenty-eight hours. It can also be seen that 

protein synthesis was much greater than carbohyqrate syn

thesis. The response to a.similar shock load with solids 

recirculation.is $hown in Figure 45. The t:ot1:1l COD was 

reduced. to a steady state value of 65 mg/1 in fifteen hours. 

The anthron.e COD was less. than the total COD at all times 

although there was not as much release of intermediates as 

compared.with Figure 44. The solids reac~ed a maximum of 

1350 •g/1 at.twelve hours and was gradually reduced to a 

steady stat~ value of 1200 mg/1. It can also be seen from 

Figure 45 that.the solids increase·w-as accompanied by a 

proportionately greater protein than carbohydrate synthesis. 

Comparison of Figures 44 and 45 indicates a much better 

response when solids recirculation·is employed. It can be 

seen from Figures 37, 38, 44, and 45 that the response of 

the ·system at the 12-hour detention time appeared to be much 

better as compared.with 8-hour detention time. 

Th~ shock load responses -h~n ~he influent feed was 

changed from 1000 mg/1 to 3000 mg/1 glucose and the unit was 

aiso shocked with a·slug dose of 3000 mg/1 glucose are shown 

in Figures 46 and 47. The total COD· reached.a steady state 

value of 160 mg/1 after eighteen hours. It can also be seen 

from Figure 46.that there was not much release of inter

mediates as indicated by c~mparison of the anthrone and 

total COD curves. Tl).e solids increased rapidly during the 
I 

first nine hours anc:1 thereafter increased more gradually. 

An approximate steady state value of 1160 mg/1 was attained 

at.the end of twenty-six hours. It can also be seen from 

Figure 46 that there was a rapid ·increase in the protein 

content of. the sludge as compared with the carbohydrate 

content. Comparison of Figures·39 and 46 indicates a much 

better response at.the 1,2-hour detention.time for the same 

shock load. The response to a similar shock load with 
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solids recirculation is shown in Figur e 47. The total COD 

was reduced to a steady state value of 50 mg/1 in fifteen 

hours. It can also be se.en that there was a difference 

between anthrone COD and total COD at all times. The solids 

concentration increased rapidly, reached a maximum of 2040 

mg/1 and was finally reduced to a steady state value of 1900 

mg/1. Comparison of Figures 40 and 47 indicates a much 

better response to this shock load when the system is oper

ated at 12-hour detention time. 

In order to evaluate the effect of solids concentra

tion on the response to slug shock loading, an experiment 

was conducted in a continuous flow system employing total 

recirculation (i.e., recirculation ratio; 1). The solids· 

concentration in the system was i .n excess of 3000 mg/1. 

The result of a 3000 mg/1 glucose slug to such a system is

shown in Figure 48. There was a rapid utilization of the 

glucose slug, indicating a successful response to such a 

shock load. This is also clearly indicated by the differ

ence between the total COD and washout curve. The applied 

glucose slug was completely removed in five hours. The 

utilization of the glucose slug is also indicated by the 

increase in the solids concentration. The increase in 

solids concentration was also accompanied by a similar in

crease in protein and carbohyd~aie content of the cells. 

3 . Res_ponse to Shock Loads under Ni tr~en_ Deficient Co~

d itions. 

a. 4-Hour Detention Time. In this portion of the 

study, experiments were conducted to determine the modes of 

response of continuous flow steady state systems under 

nitrogen- deficient conditions. - I n all of the experiments 

the amount of (NH4) 2 so4 added is expressed in terms of 

BOD/N ratio. In order to convert t-he substrate concentra

to corresponding BOD values , the BOD is calculated at 0 ~7 

of the chemical ox~gen demadd~ The value of 0.7 WfS pre-
.1: 

viously employed by Gaudy , et al. (94). 
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The response to a change in nitrogen content in the 

influent feed is shown in Figure 49. The influent feed was 

maintained constant at 1000 mg/1 glucose. Originally, the 

BOD/N rati.o was maintained at 7 and the amount of (NH4) 2so 4 
was reduced to yield a BOD/N ratio of 30. It can be seen 

that the total COD increased to a maximum of 520 mg/1 and 

was gradually reduced to 300 mg/1 after thirty-two hours. 

The anthrone COD reached a maximum of 160 mg/1 and was 

reduced to a steady state value of 75 mg/1. The biological 

solids concentration rapidly declined; however, it increased 

again to its previous steady state yalue. It can be seen 

that there was a marked decrease in protein content of the 

sludge and a delayed increase in carbohydrate content. It 

is apparent from Figure 49 that reduction in the nitrogen 

content in the influent feed caused a severe change in ~he 

biochemical efficiency of the system. 

The shock load responses when the influent feed was 

changed from 1000 mg/1 glucose with B~D = 7 to 3000 mg/1 

glucose with B~D = 30 are shown in Figures 50 and 51. It 

can be seen from Figure 50 that there was a rapid increase 

104 

in the total COD during the :first six hours. After this time 

COD rem ova 1 improved, but 1420 mg/1 COD remained in solu-· 

tion at the end of thirty-two hours. There was also a 

r apid increase in anthrone COD. After attaining a peak 

value the anthrone COD was reduced to 190 mg/ 1. It can b e 

seen from these results that a considerable amount of 

me t abolic intermediates and/ or e nd products was released 

into the medium. The biological solids concentra ·~ ion 

reached a maximum value of only 850 mg/ 1 which is less than 

triple the previous steady state value of 350 mg/ 1. It can 

also be seen that protein synthesis was very much retarded 

while the carbohydrate content of the sludge increased con

siderably. The response to a similar shock load with 

recirculation of biological solids is ~hown in Figure 51. 

In this system there was also a rapid increase in the total 
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COD and a steady state value of approximately 930 mg/1 was 

attained. It can be seen that the anthrone COD was very 

similar to total COD. The most · striking difference between 

the systems shown in Figures 50 and 51 is the absence of 

intermediates when solids recirculation is used ; there was 

also a significant difference between the protein and car

bohydrate content of the sludge in both systems. This 

aspect will be discussed in detail in a subsequent section 

of this report. It can also be seen that the removal of 

total COD was more efficient for the system in which soli.ds 

recirculation was practiced ; however, for both modes of 

operation, bio..ch.emical efficiency was severely disrupted. 
Th t h . . · t · t t f BOD e response o a c ange 1n n1 rogen con en rom a ·-i:,r 

ratio of 7 to one of 40 while the influent feed was main

tained constant at 1000 mg/1 glucose is shown in Figure 52. 

There was a gradual increase in the ·total COD concentration 

in the effluent. However, there was not a comparable in

crease in anthrone COD which reached a steady state value 

of 50 mg/1. The solids concentration gradually decreased 

from an initial value of 520 mg/1 and approached a final 

steady state ·value of 385 mg/1 . . A similar decrease was also 

noted in the protein content of the sludge ; however , the 

carbohydrate content remained relatively constant. On a 

percentage basis, the carbohydrate content increased due to 

the reduction in solids concentration. 

The shock load responses when the influent was changed 

from 1000 mg/ 1 glucose with B~D = 7 to 3000 mg/1 with 

BOD/ N = 40 are shown in Figures 53 and 54. It can be seen 

from Figure 53 that the total COD increased r apidly to a 

maximum of 1260 mg/1 a~d remained at a high level. How

ever , the anthrone COD reached a maximum of only 465 mg/ 1. 

It can be noted that the total COD did not increase to as 

high a value as it did when BOD/ N of 30 was employed (Fig

ure 50). This may have been due to the slightly higher 

solids concentration in the s ystem before the shock, but is 
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more IPlrObably due to the fact that for the experimen.t shown 

in Figure 53 the biological·solids responded by an imme

diate growth whereas it can be seen·in Figure 50 that there 

was a lag in sludge production of at least six hours. It 

can be seen in Figure 53 that there·was very little protein 

synthesis in response to the shock load, but there was a 

considerable increase in the carbohydrate content of the 

sludge. The response to a similar shock load with solids 

recirculation is shown in Figure 54~ The total COD in

creased to a maximum of 900 mg/1 and was closely paralleled 

by the anthrone COD. The biological solids concentration 

increased to a maximum of 1580 mg/1 and thereafter declined 

to a steady state value of 1360 mg/1. The values for pro

tein and carbohydrate content of the sludge were almost· the 

·same throughout the experiment, and unlike the system 

shown in Figure 53, there was no excess carbohydrate syn

thesis in response to the shock. It can be seen from Fig

ures 53 and 54 that the biochemical~fficiency of the 

system was severely affected due to inadequate amounts of 

nitrogen in the incoming feed. · 

112 

b. 8-Hour Detention Time. ·The response to a change in 

nitrogen content from a B~Dratio of 7 to one of 30 while the 

influent feed was maintained constant at 1000 mg/1 glucose 

is shown·in Figure 55. The total COD increased to·a max

imum of·· 350 mg/1, and was finally reduced to 250 mg/1 at the 

end of fortyL-eight hours •. The anthrone COD remained rela

tively constant during the initial nine hours, and gradually 

increased to a maximum of 260 mg/1. · Comparison of Figures 

49 and 55 indicates that less total COD appeared in the 

effluent for the system operated at the 8-hour detention 

time. However, the anthrone COD was quite high .. The bio

logical solids concentration fluctuated considerably during 

the first nine hours, then gradually decreased and reached 

a value of 220 mg/1 at forty-eight hours •. It c~n also be 

seen that there was a gradual decrease in protein content, 
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although the carbohydrate remained constant. On a 12.erce.t:L'L

age. basis, the carbohydrate content. increased due to the· 

reduction in solids concentration. 

The shock load responses when the influent feed was 

changed from 1000 mg/1 glucose with a ·~~:Q rat:io of 7 to 

3000 mg/1 glucose with a .B~D ratio of 30 are shown in 

Figures 56 and 57. It can be seen from Figure 56 that the 

total COD reached a maximum of 1050 mg/1 at twenty-seven 

hours and remained relatively constant. However, the 

anthrone COD increased to a maxi.mum of only 510 mg/1 and 

was reduced to 30~ mg/1 at the end of forty-eight hours. 

The solids·concentration reached a maximum of 1015 mg/1 and 

remained approximately steady at this value. The solids 

level in the aerator was considerably less than three times 

the previous steady state value of it35 mg/1. It can also 

be seen that there was only a slight increase in protein 

content although carbohydrate content increased appre

ciably. The response to a similar shock load with solids 

recirculation is shown in Figure 57. The total COD in

creased rapidly to 440 mg/1 six hours after the shock was 

applied. It can be seen that the anthrone COD curve lies 

close to the curve of total COD. More carbohydrate than 

protein was synthesized in response to the shock. It can 

be seen by comparison of Figures 57 and 56 that sludge 

reci.rcula tion improved the response. Also, .it can be seen 

by comparison of Figures 50, 51, 56, and 57 that the sys= 

tems·operated at the 4-hour detention time were more 

seriously affected by the lack of nitrogen than were those 

operated at an 8-hour detention time. 

The response to a change in nitrogen content from a 

B~D ratio of 7 to one of 40 while the feed was maintained 

constant at 1000 mg/1 glucose is shown in Figure 58. The 

total COD decreased during the first six hours and then 

gradually rose to a maximum of·320 mg/1 at the end of 

thirty-three hours. The anthrone.COD remained essentially 
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constant up to twenty-four hours, and thereafter increased 
' to 90 mg/1 at thirty-three hours. The solids decreased 

throughout the experimental period and attained a final 

value of 225 mg/1 at thirty-three hours. The decrease in 

sol:ids concentration was accompanied by a decrease in pro

tein content of the sludge while the carbohydrate content 

remained fairly constant, indicating-an increase in the 

percentage of carbohydrate in the sludge. 
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The shock load responses when the influent was changed 

from 1000 mg/1 glucose with a BOD/N ratio of 7 to 3000 mg/1 

glucose with a·BOD/N ratio of 40 are shown in Figures 59 

and 60 •. It can be seen from Figure 59 that the total COD 

increased to a maximum of 470 mg/1 and was thereafter 

reduced to a steady state value of 360 mg/1. There was 

only a slight increase in the anthrone COD throughout the 

experimental period. It can be seen by comparing Figures 

58 and 59 that the latter system responded in a relatively 

more successful manner. It was observed that the system 

shock loaded with 3000 mg/1 glucose (Figure 59) became 

distinctively reddish in color after six hours although 

both experiments were done on the same.day. This suggests 

that a change in predominant species may have been 

responsible for this improved performance. This indicates 

that recirculation may possibly prevent or delay changes 

in predominance which could really improve the performance 

as shown·in Figure 59. However, this was the only experi.

ment in which a change in predominance of organisms was 

observed under nitrogen deficient gradual shock loading.· 

It can be seen from Figure 59 that the protein content of 

the sludge decreased considerably while there was a rapid 

increase in carbop.ydrates. The respons~ to a similar 

shock load with solids recirculation is shown in Figure 60. 

The total COD increased throughout the experimental period 

and reached an approximate steady state value of 920 mg/1. 

The increase in total con·was accompanied by a similar 
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~ncrease in anthrone COD. Comparison of Figures·57 and 60 

indicates that the response of the system is more seriously 

affected at a B~e ratio of 40 than at 30; it can also be 

seen the solids level was considerably lower than in.the 

system operated at a BOD/N ratio of 30. 

c. .l_g-Ho~r Detention Time. The response to a change 

in the nitrogen content while maintaining the influent feed 

at 1000 mg/1 glucose is shown in Fi.gure 61. The total COD 

fluctuated considerably during the first twelve hours and 

thereafter it remained at approximately 100 mg/1. The 

anthrone COD was fairly low at all t:imes. There was also 

considerable variation in the solids curve .. It can be seen 

that the system was not affected to any appreciable extent 

due to this particular change in nitrogen content. 

The shock load response when the influent was changed 
BOD from 1000 mg/1 glucose with ·-ir- = 7 to 3000 mg/1 glucose 

121 

with :SOD/N.= 21 is shown in Figure 62. It ·can be seen that 

there was·very little increase in total COD or·anthron.e COD 

in the system. The solids increased rapidly and reached an 

approximate steady state value of 1125 mg/1. It can also be 

seen that carbohydrate synthesis was approximately equal to 

protein synthesis. The result seems to indicate that a 

change in nitrogen content from BOD/N = 7 to 21 does not 

severely affect the response of the system to a gradual 

shock load of 3000 mg/1 glucose. 

The response of the system when the influent was 

changed from 1000 mg/1 glucose with BOD/N = 20 to 1000 mg/1 

glucose with·BOD/N = 30 is shown in Figure·63 .. It can be 

seen that anthrone COD and total COD increased slighty after 

eighteen hours. The solids level increased slightly; how

ever, it returned to the previous steady state value. It 

can also be·seen.that more carbohydrate was syntp.esized 

than protein. Comparison of Figures·49, 55, and 63 indi

cates that thE:1 response at aB~D ratio of 30 isde:finitely 

. better at the 12-hour detention time. 
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The shock load response when the influent feed was 

changed from 1000 mg/1 glucose with B~D = 20 to· 3000 mg/1 

glucose with·BOD/N = 30 are shown in Figures 64 and 65. The 

total COD reached a maximum of 450 mg/1 and was then grad

ually reduced to an approximate steady state value of 200 

mg/1. However, the anthrone COD remained fairly constant 

throughout the experiment. It can be seen that there was 

considerably higher solids synthesis in the system. The 

solids level reached a maximum of 1540 mg/1. While the pro

tein content did not increase greatly, there was considerable 

increase in the carbohydrate content of the sludge. Compar

i.son of Figures 50, 56, and 64 indicate a definite improve

ment in system response at the 12-hour detention time. The 

response to a similar shock load with solids recirculation 

is shown in Figure 65. There was very little change in 

total COD and anthrone COD in the effluent. Comparison of 

Figures 51, 57, and 55 indicates that the system which was 

operated at the 12-hour detention time responded much better 

to this shock loading situation. 

The response of the system when the .. ~~~ ratio is 

changed from 20 to 40 while the influent feed is maintained 

at 1000 mg/1 glucose is shown in Figure 66. The total COD 

reached a maximum of 260 mg/1 and was then reduced to its 

p.revious steady state value of 140 mg/1. The an.throne COD 

remained fairly constant for eighteen hours, and then 

increased to a maximum of 45 mg/1 at the end of twenty-eight 

hours. The solids concentration fluctuated considerably, 

an.d reached a steady state value of 230 mg/1. It can. also 

be seen that carbohydrate synthesis was higher than protein 

synthesis. 
The shock load responses when the influent was changed 

. from 1000 mg/1 gluco'se with a .B~ ratio of 20 to 3000 mg/1 
glucose with a .B~D ratio of 40 are·shown in Figures 67 and 

68. It can be seen from Figure 67 that the total COD in
creased rapidly and finally reached a value of 825 mg/1 at 
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the end of tµirty-nihe hours. The anthrone COD reached a 

maximum of 450 mg/1 and was then reduced to 70 mg/1 at the 

end of thirty-nine hours. It can be seen that there was not 

as much increase as expected in the solids concentration. 

It can also be seen that there was a greater synthesis of 

carbohydrate than protein after the peak in the solids con

centration. The response to a similar shock load with 

solids recirculation is shown in Figure 68. It can be seen 

that there was very little change in total COD or anthrone 

COD of the system. It is apparent from Figures 65 and 68 

that solids recirculation greatly improved the response of 

the system to a 3000 mg/1 glucose shock load. 

It is clear from Figures 65 and 68 that with solids 

recirculation the system can successfully handle a gradual 

shock load of 3000 mg/1 glucose at a B~D ratio of either 30 

or 40. It was decided to detemine whether the same response 

could be obtained at another detention time. Hence, similar 

experiments were conducted at a detention time of eight hours. 

The system was previously acclimated to 1000 mg/1 glucose 

with a B~Dratio of 20. The shock load responses are shown 

in Figures 69 and 70. It is clear from Figures 69 and 70 

that the system operated at 8~hour detention time could not 

handle this shock load successfully. It can also be seen 

that the system operated with BOD/N ratio of 40 had more 

total COD and anthrone COD than the system which was oper

ated with a BOD/N ratio of 30. It is interesting to note 

from Figures 57, 60, 69, and 70 that the response to a shock 

load of 3000 mg/1 glucose at·~ ratios of 30 and 40 are 

more severewhen the systems were previoµsly acclimated at 

a BOD/N ratio of 20 than when operated at a ratio of 7 be

fore the shock. 

4. Release of Intermediates Under Shock·Loading.Conditions. 

This portion of the study was conducted using a 4-hour 

detention time without solids recirculation. The shock load 
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response when the influent is changed from .1000 mg/1 to 

·3000 mg/1 glucose is·shown in Figure 71. The total COD 

increased rapidly to a maximum of 950 mg/1 and.was then 

reduced to a steady state value of 180 mg/1; however, there 

was very· little increase i.n anthron.e COD. The glucose was 

also determined by the glucostat test. It can be seen that 

. the glucostat COD was very low at all times. Volatile acids 

increased to·a maximum of 370 mg/1 and were finally reduced 

to an approximate· steady state value of 50 mg/1. . It can 

also be·. seen. that considerably more COD was present in the 

system ·than could be accounted. for by the anthrone and.vol

ati.le ·· acids values. Gas· chromatographic analyses. of the 

samples,for individual volatile acids·are·shown·in Table II. 

It can be seen.that .the predominant·volatile acid in the 

samples• is ..... .acetic al though -small concentrations of other 

.acids:are present. It can also be seen that total volatile 

· acids as determined by distillation was higher than the 

total detected by gas chromatography. A possible reason is 

that formic acid was n~t detected. 

In order to•in.vestigate·the effect of increased organic 

loading on the r¢lease of intermediate~, the unit was ini

tially qperated ~t 500 mg/1 glucose and shock loaded with 

3000 mg/1 glucose, representing a·six-fold increase in the 

glucose concenttation in the influent .. The response to 

such a shock lo-dis shown in Figu~e-72. It can be seen 

:that.the total,COD reached a maximum of 1100 mg/1 and was 

then. reduced t6 140 mg/1 at the end of thirty-five hours. 

The·anthrone COD inc~eased to a maximum of 420 mg/1 and was 

then reduced to ,a'ste•dy state value ot 20 mg/1 at thirty~ 

·five hours. The glucostat COD was·only slightly lower than 

.an.throne GOD. The volatile acids cencentration reached. a 

maximum of 288 mg/1 and was then reduced to an approximate 

ste~dy. state·v~lue of S5 mg/1. It can be seen fro~Fig

ures 71 and 7~ that increased loading did not have-an 

appreciable effect on the release·of intermediates. It 
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TABLE II 

ANALYSIS OF INDIVIDUAL VOLAT1LE ACIDS BY GAS 
CHROMATOGRAPHY DURING SHOCK LOADING 

Iso. 
Iso Val Val Hexa .. Total Vol. Acids 

Time Acetic Propionic Butyric Butyric eric eric noic As Acetic Acid, mg/1 
Hrs mg/I : .1ng/ ... L. .:mg.ll mg/1 mg/L mg/1 _m_g/1 Gas Chro. Distil. 

0 12.5 
2 95 
4 215 
6 285 
9 210 

12 135 
16 20 
19 18 
24 16 
28 10 

· -32·· · · 15·· 

2 
5 

10 

.5 
5 
5 

4 

_ 7 .o 
7.5 
8.0 

20.0 
17.0 

17 . 36 
108 96 
219 246 
289 378 
220 324 
150 204 

22 48 
18 60 
16 36 
10 84 
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can also be seen from Figure 72 that a considerable amoo.'nt 

of organic material is present in the system which was not 

detected by the anthrone and volatile acids-determinations. 

The gas chromatographic analyses-of the samples ·are shown in 

Table III. It can be seen. that acetic acicl is the main. com

ponent present in.the samples. It e-an.also•be seen that a 

higher concentration of acid is detected in the volatile acid 

sample than.in the sample for gas chromatographic analysis. 

The shock load response when. the in.fluent was changed 

from 1000 mg/1 to-5000 mg/1 glucose is-shown in Figure 73. 

The total-COD increased rapidly to a maximum of 1250 mg/1 

and was then. reduced to a steady state valueof·so mg/1. 

There was only a slight in.crease in. an.throne and glucostat 

COD. The volatile-acids concentration reached a-maximum of 

460 mg/1 and was then. reduced to a steady state v a.lue of 60 

mg/1. It can be seen .. that a considerable amount of material 

reactive to the COD test.was present.which was·not detected 

by the an.throne and volatile acids determinations. The gas 

chromatographic analyses for individual volatile acids are 

·shown in Table IV. Again.it can be seen. that the predomi- · 

nant volatile acid is acetic although other acids are present 

in small amounts .. It can be seen.from Figure 73 that there 

·was not much.lipid and carbohydrate·synthesis·although the 

protein concentration of t~e sludge increased considerably. 

Elemental analys~s-of sludge-samples are shown in,TableV. 

The percent carbon, hydrogen, and nitrogen varied only· 

slightly. 
The shock load response when' the influent is changed 

from 1000 mg/1 glucose with BOD/N.=="7 to 3000 mg/1 glucose 

·witha·BOD/N ratio of 40 is shown in:Figure-14. The total 

COD increased rapidly, reached a maximum of 1440 mg/1 and 

was gradually reduced to 950 mg/1 at.the end of thirty-five 

hours. Although there was considerable incr~ase in total 

COD, there w·as not a considerable increase in. an.throne and 

glucostat COD. The volatile acids concentration·re~ched. a 



TABLE III 

ANALYSIS OF INDIVIDUAL VOLATILE ACIDS BY GAS 
CHROMATOGRAPHY DURING SHOCK LOADING 

Iso 
Iso Val Val Hex a Total Vol. Acids 

Time Acetic Propionic Butyric Butyric eric eric noic As Acetic Acid 2 mg/1 
Hrs mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 Gas Chro. Distil. 

0 15 2.5 - -- - - - 17 54 
2 45 10.0 - - - - 12. 5 64 75 
4 75 10.0 - - - - 20.0 93 150 
6 188 7.5 - - - -- 7.5 198 288 
9 205 2.5 - -- - 3.0 17.5 218 270 

12 177.5 5.0 - - - ' 3.0 - 183 246 
16 ,165 2.5 2.0 - 4.0 7.5 173 168 
19 10 2.0 - - - 8.0 - 16 42 

___ 24 8 ___ 2.0 .2 .o - - 10.0 - 16 36 
28 10 - - - - 2.0 - 12 30 -
33 - - 12.5 - .. -. - -- . - - - - - -- -- . -- . -- - - - ---- - - -- -· ·-- ... _- -1-2.5 - 7-2 
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TABL~ IV 

ANALYSIS OF INDIVIDUAL VOLATILE ACIDS BY GAS 
.. CHROMATOGRAPHY DURING SHOCK LOADING 

Iso 
Iso Val Val Hexa 

Time Acetic Propionic Butyric Butyric eric eric noic 
Total Vol. Acids 

As·Acetic Acid, mg/1 
Gas Chro. Distil. Hrs mg/1 mg/1 ~l mg/1 mg/1 mg/1 mg/1 

0 - 30 
2 .·· 27 .5 
4 164 
6 350 

12 - 262. 6 
. 16 300 

_20 22 
25 27.5 
29 25.0 
-33 · · · -25.0 · 

8 
14 

8 
5 

10 
· 10 
-s 

9 
10 

8 ...... - .. 

4 

16 
10 

5 
7 

3 
10 
11 17.5 
13 
30 
17.5 
13.0 
10.0 
10.0 

· -11.0 · ._:..., · 

39.5 
45.5 120 

187.0 262 
362.0 480 
288.0 360 
329.0 340 

43 .o 65 
44.0 60 
44.0 70 

· · :39 .-:o · -· · · · -·Go 

I-' 
.i::,.. 
I-' 



TABLE V 

CHANGES IN ELEMENTAL COMPOSITION OF SLUDGE DURINQ GRADUAL 
SHOCK LOADING OF .5000 mg/1 GLUCOSE 

Time % .. %. .% 
Hrs/··' Carbon.· ·'Nitrogen ··· .. 'llicfro'g'ert 

0 45.6 10.45 7.95 

2 43.2 9.38 7.43 

4 47.0 9.70 8.12 

6 46.4 9.38 8. 40 

10 41.3 7.28 6.80 

12 40.0 7.28 6.60 

16 38.4 6.78 6.50 

20 39.0 7.28 6.45 

25 42.0 8.35 7.02 

29 40 .o 8.35 6.40 

33 45.6 9.38 7. 70 · 
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maximum of 480 mg/1 and was then reduced slowly to,380 mg/1 

at thirty-three hours. It can be seen from Figures 71 artd 

74 that volatile acids in the system remain relatively high 

when the shock load· is not accompanied by an adequate nitro

gen source. The gas chromatographic analyses of the samples 

are shown in Table VI. It can be seen that acetic acid is 

· the predominant acid present in the sample, and that a con

siderably higher concentration of acids is detected by the 

volatile acid test than by gas chromatography. It can be 

observed fro- Figure 74 that there was a very little in

crease in protein and lipid content of the sludge while the 

carbohydrate content showed a considerable increase. Ele

mental analyses·of the sludge samples ·are·shown in Table VII. 
It can be seen that .percent nitrogen content decreased con

siderably while the percent carbon and hydrogen remained 

fairly constant. 

The response to a gradual shock load of 3000 mg/1 glu

cose with a.BOD/N ratio of 40 is shown in Figure 75. The 

shock loading condition employed here is· the same as that for 

Figure 74. The total COD increased rapidly to 1530 mg/1 and 

reached a steady state value of 1450 mg/1; however, there was 

very little increase in anthrone and glucostat COD values. 

It can also be seen that there was very little increase in 

solids concentration. Comparison of Figures 74 and 75 

indicates that there is considerable difference in the 

response of the system to the same shock loading condition. 

It can also be observed that less volatile acids were pro

duced by the cells in the latter ex:periment. ·The gas 

chromotographic analyses of the samples are·shown in Table 

VIII. The acetic acid was again the major volatile acid 

present although~small amounts of isobutyric and hexanoic 

acid were observed. 

The dissolved oxygen concentrations in the aerator dur

ing shock loading fxperiments are shown in Tables IX, X, and 

·i1. The dissolved oxygen concentrations in the aer;itor when 



TABLE VI 

ANALYSIS OF INDIVIDUAL VOLATILE ACIDS BY GAS 
CHROMATOGRAPHY DURING SHOCK LOADING 

,Iso 
Iso Val Val Hex a Total Vol. Acids 

Time Acetic Propionic Butyric Butyric eric eric noic As Acetic Acid, mgLl 
Hrs mg/1 mg/1 mg/_l mg/1 mg/1 mg/1 mg/1 Gas Chro. Distil. 

0 15 5 - 6 - 10 - 32.0 75.0 
2 152.5 - 7.5 - - 10 11.0 169 383.0 
4 125 12.5 - - - 10 35 159 480.0 
6 182.5 20 - 10 - 20 45 241 465.0 

10 195 17.5 - - - 20 35 239 420.0 
12 207 20 - - - 12.5 32.5 247 353 .o 
16 182.5 12.5 - - - 12.5 32.5 216 398.0 

. 19 208 30 - - - 8 25.0 250 375.0 
24 185 17.5 - 10 - 15 30.0 227 315.0 
29 264 22.5 - 13 - 17.5 25.0 314 375.0 

. 33 265 22.5 - - - 17.5 22.0 304 382.0 

t,,-1 
.i::,. 
C.11 



TABLE VII 

CHANGES.IN ELEMENTAL COMPOSITION OF SLUDGE DURING GRADUAL 
. SHOCK LOADING.· OF 3000. mg/1 GLUCOSE WITH BOD/N = 40 

Time % % % 
Hrs. Carbon -Nitrogen Hydrogen 

0 38.3 8.08 6.60 

2 37.8 7.25 6.27 

4 39.5 7.82 6.20 

6 39.3 8.05 6.30 

10 38.7 6.90 6.60 

12 38.0 5.30 6.34 

16 39.0 5.98 6.50 

19 36.8 4.60 5.93 

24 · 38.2 4.60 6.34 

. 29 31.6 3.35 5.05 

33 37.5 4.84 6.18 · 
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TABLE VIII 

ANALYSIS OF-INDIVIDUAL VOLATILE ACIDS BY GAS 
-CHROMA'TOGRAPHY DURING SHOCK LOADING 

Iso 
I-s-0 . Val Val 

Time- Ac-etic Propionic Butyric Butyric eric eric 
Hrs mg/1 mg/1 mg/1 mg/1 mg/1 mg/1 

0 12.5 2.0 - - - 5.0 
2 157 - 12. 5 - - -
4 160 - l-6 - - --
6 232 - 12 - -- -
9 225 - 6 - - --

12 2'50 - 8 - -- -
16 158 - 10 - - -
19 178 - 6 - - -
24 144 - 5 - - -
28 l.6·3-- - 4 - - --
3·2 - - 125· · ·...,· . - -- - -

Hexa Total VoL Acids 
noic As -Aceti'c -Aci.d, .nig/i 
mg/1 Gas Chro. Distil. 

- 17 36.0 
6 168 186.0 

10 176 210.0 
28 255 228.0 
35 247 252.0 
30 271 258.0 
23 177 -216.0 
32 199 282.0 
33 165 180.0 
25 178 220.0 

- 37 - 144 - 204.0 

1--' 
~ 
00 



TABLE IX 

OXYGEN CONCENTRATION IN AERATOR DURING GRADUAL 
SHOCK LOADING EXPRESSED AS mg/1 AT 25°C. 

4-hour detention time 8-hour detention time 12-hour ·detention time 
3000 3000 5000 

3000 5000 mg/1 3000 5000 mg/1 mg/1 2000 3000 5000 
time mg/1 time mg/1 time glucose time mg/1 mg/1 time glucose glucose time mg/1 time mg/1 time mg/1 
hrs glucose hrs glucose hrs (recir) hrs glucose glucose hrs (recir} (recir} hrs glucose hrs glucose hrs glucose 

0 7.35 0 8.35 0 8.05 0 7.80 7.75 0 8.35 8.35 0 8.30 0 7.90 0 8.25 

2 6.75 2 7.05 2 6.85 2 7.70 7.60 2 8.30 8.45 2 7.70 2 7.32 2 7.30 

4 6.70 4 6.72 4 7.00 4 7 .40 6.80 4 8.35 8.35 4 7.45 4 7.22 4 7.05 

6 7.10 6 6.15 6 7.33 6 7.20 6.85 6 8.15 8.15 6 7.80 6 7.05 6 6.20 

9 6.87 10 6.80 10 7.20 8 7.20 6.85 9 8.05 7.80 8 7.55 8 7.22 8 6.80 

12 6. 70 12 6.82 12 7.33 10 7 .50 6.95 12 8.15 7.95 10 7.70 10 6.94 10 7.30 

16 6.42 16 6.15 18 7.60 12 7.68 7.22 16 7.95 8.05 12 7.70 12 6.96 12 7.12 

19 6.90 20 6.15 27 7.33 14 7.92 7.78 20 7.95 7.70 14 7.80 14 7.12 14 7.12 

24 6.35 25 6.15 29 7.33 16 8.40 25 8.30 8.45 18 7.70 18 7.12 18 7.45 

28 6.35 29 6.15 29 8.15 8.25 21 7.70 24.5 6.96 21 7 .05 

32 6.42 33 6.15 33 8.40 26 7.70 28 7.32 26 7.22 

30 7.80 30 7.22 

34 7.90 34 7.12 

Fig. Fig. Fig. Fig. Fig. Fig. Fig. Fig. Fig. Fig. 
71 73 12 17 19 18 20 22 23 25 

..... 
~ 
~ 



2000 
mg/1 + 
2000 mg/1 

time glucose 
hrs slug 

0 8.10 

2 7.85 

4 7 .50. 

6 7.85 

10 6.50 

12 6.75 

16 6.95 

18 6.62 

24.5 6.95 

28 6.95 

Fig. 
30 

TABLE X 

·OXYGEN CONCENTRATION IN AERATOR DURING GRADU~ AND SLUG 
SHOCK LOADING EXPRESSED AS mg/1 AT 25 C. 

-
4-hour de:tention time 8-hour detention time 12-hour detention time 

2000 3000 2000 3000 
3000 mg/1 + mg/1 + mg/1 + mg/1 + 2000 - 3000 
mg/1 + 2000 mg/1 3000 mg/1 2000 mg/1 3000 mg/1 mg/1 +_ mg/1 + 
3000 mg/1 glucose glucose glucose glucose 2000 mg/1 3000 mg/1 

time glucose time slug slug time slug slug time glucose time glucose 
hrs slug hrs (recir) (recir) hrs (recir) (recir) hrs slug hrs slug 

0 _ 7.75 0 8.55 8.55 0 8.25 8.15 0 8.30 0 8.25 

2 7,32 .2 7.60 7.32 2 8.25 8.20 2 7.35 2 8.30 

4 6.70 4 7.25 6.55 4 8.25 8.15 4 7.95 4 ·7.95 

6 6.45 6 7.70 5.95 6 8.50 8.50 6 8.25 6 7.60 

10 6.00 10 7.85 7.10 9 8.15 7.95 . 14 8.40 10. 7.70 

_ 12 5.60 .12 7.80 7.10 12 8.42 8.20 28 8~32 14 7.10 

16 6.00 16 7.95 7 .10 16 8.32 8.15 32 8.15 18 7.45 

19 6.28 .19 - 7 .95 7.05 20 8.32 8.32 25 7.60 

24 5.80 24 7.80 7.10 24 8.50 - 8.50 28 7.80 

28 5.40 28 7.95 6.90 27 8.50 8.50 34 - 7.85 

33 7.95 7.15 30 8.50 8.50 

Fig .. Fig. Fig, Fig. Fig. Fig. Fig. 
32 31 33 38 40 44 46 

..... 
en 
0 



TABLE XI 

OXYGEN CONCENTRATION IN THE AERATOR DURING GRADUAL SHOCK LOADING UNDER 
NITROGEN DEFICIENT CONPITIONS EXPRESSED AS mg/1 AT 25°C. 

4-hour detention time 8-hour detention time 12-hour detention time 
3000 3000 3000 3000 

3000 3000 mg/1 mg/1 3000 mg/1 mg/1 3000 3000 3000 
mg/1 mg/1 glucose glucose mg/1 glucose glucose mg/1 mg/1 mg/1 

time glucose time glucose time (recir) (recir) time glucose time (recir) (recir) time glucose time glucose time glucose 
hrs BOD/N'=~ _hrs BOD/N=40 hrs BOD;N=:JJ BOD/N=40 hrs BOI}'N=3) hrs BOD;N"'30 B0011=40 hrs BO!YN=21 hrs BOI}'N=:JJ hrs BOO'N=40 

0 8.35 0 8.15 0 8. 50 8.50 0 7.75 0 8.50 8.50 0 8.12 0 8.35 0 8.30 

2 8.65 2 7.15 2 8.40 8.40 2 7.30 2 8.50 8.50 2 7.05 2 8.16 2 8.22 

4 8.75 4 7.40 4 8.32 8.33 4 6.90 4 8.42 8.50 4 7.15 4 8.00 4 8.00 

6 8.35 6 7.30 6 8.40 8.33 6 7.12 6 8.50 8.42 6 7. 50 10 7.30 6 7.64 

10 7.60 10 6.80 9 8.32 8.33 12 7.05 9 8.42 8.50 8 7.50 14 7.22 10 7.70 

12 7.50 12 6.45 12 8.40 8.33 16 7.12 12 8.50 8.50 12 7.30 18 7 ,40 14 7.45 

16 6.65 16 6.35 15 8.25 8.25 20 7.05 16 8.50 8.50 16 7.20 28 6.87 18 7.32 

20 5.15 20 6.22 24 8.50 8.48 24 7.20 19 8.50 8.50 20 7.30 31 7.65 28 7.70 

28 6.70 25 5.93 27 8.32 8.33 28 7.15 24 8.70 8.70 25 7.40 31 7.70 

28 5.75 30 8. 50 8.48 34 7.15 27 8.60 8,60 28 7.30 35 7.90 

33 6.05 33 8.50 8. 48 48 7. 40 31 7.50 38 8.00 

52 7.15 35 7.05 

Fig. Fig. Fig. Fig. Fig. Fig. Fig. Fig. Fig. Fig. 
50 53 51 54 56 57 60 62 64 67 

I-' 
CTI 
!-l 
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it was ope~ated at 1000 mg/1 glucose are not included in the 

tables, as they did not vary to any appreciable extent. It 

can be seen from the tables that there was only a slight 

drop.in oxygen concentration during the shock loads, and in 

no case did the oxygen concentration drop to values which 

would int~rfere with the response of the continuous flow 

unit undergoing a shock load. It can be inferred that the 

oxygen content did not restrict the performance of the con

tinuous flow unit. 



CHAPTER VI 

DISCUSS I ON 

Be f o r e t he d iscuss i o n of r e s u lts, it is p e rtinent to 

present some o f the observat i ons made during t he operation 

o f t he continuous flow sys t ems f o r a period of approxi 

ma t ely a year. The mos t common p roble ms e nc ounte red were 

side grow t h o n t he walls o f t he aer a t or, a nd c l ogging of 

d iffuser s . Thes e p r oblems were e s pec i a lly a cute when 

solids recirculation wa s practiced . To over come t h is d iffi- · 

culty, the diffuser s a nd aerator~ wer e 6leaned da i l y . The 

s o lids in t he aer a tor sometimes s howed a t e nde ncy to floc 

cula t e , al t hough most o f the time t hey we r e :in a ct:ispe.t'sed 

s t a t e . Whe never s o lids fl occula t ed , t he s ol i ds we re dis

c a r ded a nd fr e sh units were started . Ma ny times, al t hough 

the sol i ds wer e initia lly in a d ispersed s tate , t hey showed 

a cons i der able t e nde nc y to f loccu la t e in r e s ponse to a shock 

load i ng . A t o t al o f seven e x periments wer e d iscontinued due 

t o cell f loccul a ti.ons wh i ch c a u s e d solids a c cumulation :in 

t he aerat or . With c e ll f eedback , t he solids in the system 

wer e always floccu lent a nd t heir accumu lation in the aera tor 

was prevent ed b y increasing t he a ir supply and prov iding two 

diffusers, a s mentioned u nder Ma teri a ls and Methods. Ano· :heI' 

common p r oblem e ncountered was fo am:i ng. Th is was e specially 

acute when the units were shock loa ded with 3000 a nd 5000 

mg/ 1 glucose . Duri ng the experiments t he side s o f the 

aer a t o r were frequently cleaned t o prevent a c c umulation of 

foam . In two experiments t he f oaming wa s t o o e xce ssive to 

be controlled b y frequent cleaning, he nce t hes e experiments 

were discontinued . However, no f oaming was e ncounte r e d when 
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solids recirculation was adopted. Although anti-foamer 

spra.ys could have been used, they were not employed because 
they could conceivably in.ter:fere w:ith the purif:iq,ation proc
ess. Considerable variation in microbiological population 
was also observed, al though no attempts -we1·e made to identify 

·the organisms: Normally, the mixed 1:iquor was light grey or 

light yellow.in color. In three experiments the units took 

on a distinctly red color-when shock loaded. Of special 

interest was the system which became red.after being shock 

loaded with 5000 mg/1 glucose, since it returned to its 

normal color when the unit was fed. again with 1000 mg/1 glu

cose. Sludge from the aerators-which were operated without 

· cell feedback exhibited no settling ability; as a result 

considerable difficulty was encountered in separating the 

solids from mixed liquor during the experiments. Sludge in 

systems in which cell feedback was practiced exhibited 

excellent settling ability at all times, except in one· 

- instance. When the system was shock loaded wi,_th 500_0 __ ;mg/1 --~ ~- --- . ----·---~-- -'--· ··-~·-•' --· -·· - . 
glucose, the sludge gradually lost its settleability and 

became very bulky. Ten days were required before it exhibit

ed its previous s~ttling characteristics. Considerable 

variat:ion was also observed in the "steady state" biologi.

cal solids concentration in the aerator. Cell yields 

obtained for all experiments are shown in Table XII. It 

can be seen that the yield in a continuous flow unit is not 

constant, and exhibits considerable variation. This obser

vation is also clearly indicated in Figures 9 and 15, in 

which solids·show considerable variation with time when the 

feed was maintained constant at 1000 mg/1 glucose. It is 

important. to point out that this __ finding is in agreement 

with the observation of Gaudy and Rao (95) in batch studies; 

i.e., cell yields can.vary for a single substrate. 



TABLE XII 

CELL YIELD IN. THE "STEADY STA'fE 11 · CONTINUOUS 
.• FLOW.· UNIT OPER.I\TEP AT· 1000 mg/1 Gt,uposE 

Yield 
Detention Total COD. (mg ... of solids/mg 

.time · Solids remaining of total 
(hrs) mg/1 mg/1 COD used .. -=:c=w:.::n ==== 

4.0, 500 70 0.505 
II 450 56 0.445 
II 340 98 0 .353 
I! 520 73 0.530 
fl 368 150 0. 405 
" 452 164 .0. 505 
" 650 20 0.625 
ii 396 110 . 0. 417 
" 500 130 0.538 
fl 240* 90 0.510 

8.0 496 96 0.512 
n 472 105 0.495 
II 436 101 o. 455 
" 500 118 0.530 
I! 412 80 o. 420 
YI 472 80 o. 483 

12.0 400 80 0. 410 
n 476 112 , 0. 50 
II ,400 80 0.41 
n 340 12.4 . 0. 365 
i! 320 98 0.334 
u 320 145 0.350 

" 38,4 90 0.386 
YI 368 120 0.392 

* operated. at.500 mg/1 glucose 
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1. Response to Gradual Shock Loading 
•-.---~-··----...--.~ •• R ... ......._. _____ ·-··---··-=-~-·---..---

From the results shown in Figures 10, 16, and 22, it is 

apparent that the system possessed the capability of accept

ing a shock load concentration of twice the previous 

:influent concentrat:i.ons. However~ at the 4-·hour detention 

time even 2000 mg/1 glucose had some effect, as shown by the 

incre~se in total COD for a period of four hours (Figure 10). 

The effect of a gradual shock load of 2000 mg/1 seems to 

decrease with :increasing detention time, as can be seen from 

Figures 10, 16, and 22. However, the amount of glucose pres

ent in the system is considerably higher at 12-hour detention 

t:ime as compared with.detention times of 4 and 8-hour. The 

· release of metabolic intermediates appears to decrease with 

increasing detention t:ime. The b:iochemical efficiency of 

all of the systems is approximately 90%, based on total COD 

removal, and considerably higher if efficiency is ba~ed on 

glucose removal. Since all of the systems were ~ble to 

handle a gradual shock loading of 2000 mg/1, there was no 

particular Value in studying this level of shock loading 

with sludge recycle, since it ~ight be expected such sys

tems would definitely handle this shock load. 

When the system was subjected ·to a greater shock load

ing, such as tripling of the previous influent concentra

tion, the response appeared to be dependent upon the 

detention tiilie and the solids concentrati.on maintained in 

the aerator. It is very clear from Figures 11, 17, and 23 

that the severity of disruption of the system with a 3000 

mg/1 glucose gradual shock load decreases with increasing 

detention time. It: should be noted that this ·statement is 

true only i:f the comparison is made on the basis of total 

COD removal. It can be seen that the total COD in the 

effluent. was very high at the 4·-hour detention time, and that 

there was very little increase in effluent COD at 8 and 12-

hour detention times. However, the system operated at the 

12-hour detention time showed a considerable degree of 



:f luctua t:ion in total COD, as can be seen from :Fl.gure 23. 

Al though COD was quite hi.gh at the 4-'hour detent:ion time, 

there was very little increase in glucose concentration 

(Figure 11)~ In contrast to systems operated at the 4 and 

8«ahour detent:lon time, the unit operated at the 12-,hour de

tention time exhibited a fairly high residual gluc<)se COD. 
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It is apparent from Figures 17 and 23 that the 3000 mg/1 

glucose shock load could be successfully handled at deten

tion times of 8 and 12 hours. If the response to the 3000 

mg/1 glucose shock load is considered on the basis of glucose 

concentration in the effluent, all three systems are capable 

of handling this shock load. l!_:is __ ~~!?~~.!"~n:t. .. :~.1:om :Figures 12, I 
18 and 24 that when sollcl:::; recir~ula_t:~on was used, the sys-

t_:_~~-'11~~~· .. not affected at all due to the 1:nc!'..e::i.sed glucose 

:;:;~;:~:::::: e~!r:~~:: :~::::::::"::~~::::::~: ~:~;::::E:: \ 
loa~~gs. Systems with solids recirculation are quite stable 

and do not show any variation in their response to the 3000 

mg/1 glucose gradual shock load. This is clearly indicated 

~t the 4-hour detenti.on time (Figures 11 and 12). 

When the systems were subjected to a five-fold increase 

in the steady state concentration of glucose, they could not 

readily respond to such a shock load (Figures 13, 19, and 25). 

In con~rast to the response to the 3000 mg/1 glucose shock 

load, the maintenance of higher solids concentrations in the 

aerator does not offer·any protection against 5000 mg/1 

shock load, as shown in Figures 14, 20 3 and 26. It can also 

be seen that the system which was operated at the 4-hour 

detention time was the most severely affected at 5000 mg/1 

glucose, and the severity of disruption of the steady state 

decreased with increasing detention time (Figures 13, 14, 19f 

20, 25, and 26). It is interesting to note that the response 

at any detention time to 5000 mg/1 glucose was almost iden

tical with respect to total COD removal 9 whether solids were 
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recirculated or not. The major difference in the response 

was the presence of a higher glucose concentration in the 

systems with solids recirculation. The residual COD remain

ing in the system after it had attained a new steady state 

was considerably less :for systems employing sludge recircu

lation than for systems without cell feedback. It can also 

be noted that the systems operated at the 4-hour detenti6n 

time were severely upset and took a considerably longer· time 

to reach the new steady state. The !l!_~ __ !_ri ____ ~_!:~t~:·~-~~-e- ~~J::w_~~-P-) 

~-::es:.;:::::~ ~::~:-o:-:~f :::::~:- ::t::: ~::c:::u~::!·::: ::s I 
metab·;::11~, interm~di;tes · and/~;· ;nd products· which were not l 
ap.pa.re-ni in. ihe re~y~i;··;;;t-~ms. ''ih:is was the case with 

air--"gr°aduaf~ snOck ·:l:oaqihg exp .. er:iments. From the gradual 

shock loading experiments it was observed that the release 

of metabolic intermediates was related to the glucose con

centration in the influent and the detenti.on time of the 

system; i~e., the higher the glucose concentration and the 

shorter the detention time, the greater was the production 

of intermediijtes. This :is true only for systems without 

c~ll feedback. 

The response to the gradual shock loading can be pre

dicted based upon.the principles o.f operation of a com

pletely mixed continuous flow system. In such a system the 

rqte of growth of biological solids is determined by the 

di~ution rate, and the steady state solids level is a func

tion of influent substrate concentration and the cell yield. 

foi the particulrir substrate and bacterial species present. 

This is true only if the growth rate of the system is less 

than the maximum growth .rate. In all the experiments con·

ducted the growth rate was below-the maximum, and was 

controlled only by the dilution rate. Hence, the growth 
=l l .rate of each system would be 0.25 hr·, 0.125 hr-·, and 

0 .. 083 hr- 1 for a 4, 8, and 12-hour detention time, respect

ively. Upon disruption of the steady state by increasing 
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the supply of influent glucose, the system could respond 

quite readily by a rapid_increasein the growth r~te. Under 

-this condition the system may act somewhat like a batch

operatedsystemwith respect.to substrate removal rate, as 

well as biological sludge growth, but after aperiod of time 

the applied organi~ ~ortcentration in the system levelled off 

and once again glucose qecame the limiting nutrient and the 

growth rate was controlled by dilution rate. In all of the 

experiments under graqual 'shock loading it was apparent that 

the response to shock load was-accompanied by an increase in 

the biological solids :concentration until it reached a new 

steady state level. During the transition stage the growth 

.response to a gradual shock load is corttro1led prima~ily by 

_ the rate of increase of glucose concentration in the aerator. 

If the rate of increase of substrate concentration (minus the 

amount of substrate oxidized) cannot be paralleled by the 
___ .__..__.,.,....,_·; -~-·~·-·n;, ... ,_..,.. . ...,.-. ,.,•••••""" •·~ "'~--•d•·" • 

rate of solids production, substrate will continue to be 
---------...----- - . -.-... ~ ....... ~··--<,.• •. . .. - ...... · ••• (.~.-·. · ..•..• ,. · .. •.··. " ..• ,·,, ·--.-. ..-,,,,,·...:··.· 

lost in.the effluen~-~ntil the biological solids~!!~ch a 
lever-·a-t"w1iicii. the substrate removal rate becomes approxi-

- ... . ... .,.,, .,._,_ . -~---,~,.,..., ...... , .. ~,··.----: .... ..,.......,......,,,..--. - -----. _____ ..... --" 
mately equal to its rate of inflow. This was very apparent 

rlfhe· 4..;hour detention time when the systems -were shock 

loaded with 3000 and 5000 mg/1 glucose {Figures 11 and 13). 

Other factors which control the response to gradual shock 

loadings are detention tinieand solids concentration in the 
-~"-···;·····,.,..,.., .... ._.,,..,..- --
ae~ator. The higher solids concentrations (approximately 

·800 mg/Jin the present study) give protection against grad

u~l shock loading up to a certain glucose concentration 

·beyond which. solids do not afford any_ protection; for 

example, up to 3000 mg/1 glucose at 4-hour detention time 

in the present study (Figure 12). It is also evident that 

the ability of a system to accept gradual shock loads will 

increase as its detention time increases. This is apparent 

because the rate of increase of glucose concentration in the 

aerator is greater at the 4-hour detention time as compared 

_ with the 8 and 12-hour detention time for-the same-influent 



glucose concentration. For example, the concentration of 

glucose in the aerator would reach 50% of its influent con

centration within three hours at the 4-hour detention time, 

but would require six hours and nine hours at 8 and 12-hour 

detention times, respectively. Hence it would appear to be 

obvious that the effect due to gradual shock loading will 

160 

be gre~ter for the system with lower detention time. How

ever, it should be emphasized that the response time at the 

higher detention time may not be as fast as with the shorter 

detention time on account of its lower growth rate. In the 

present study it was found that the system operating at the 

4-hour detention time could successfully respond to twice 

the previous influent concentration, whereas systems at 8 

and 12-hour detention times could successfully respond to 

triple the previous steady state concentration. With solids 

recirculation, systems at all three detention times could 

respond to triple the previous steady state concentration. 

Komolrit (46) in studying the effect of qualitative shock 

loadings in similar continuous flow units has indicated that 

a system operated at a 4-hour detention time could success

fully respond to twice the previous influent concentration, 

whereas at a detention time of sixteen hours a system could 

respond to more than triple the previous substrate concen~ 

tration. It is interesting to note that the sludges respond

ed somewhat similarly in respect to COD removal whether sub

jected to quantitative or qualitative shock loads. 

Another factor that is not apparent from the figures 

presented for the gradual shock loads is the effect of load

ing (lbs of glucose/1000 cft aerator volume/day) on the 

response in continuous flow unit to shock loading at various 

detention times. In all of the experiments the shock load 

concentration of glucose was maintained constant at all 

detention times. Although the influent had the same con

centration of glucose, the rate at which it was applied to 

the systems was quite different. Indeed, it was for this 
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reason that the systems operated at longer detention times 

showed a better response to the gradual shock load as com

pared with the 4•hour detention time. The steady state 

influent feed of 1000 mg/1 ~lucose at a 4-hour detention 

time is equivalent.to 380 lbs glucose/1000 cft aerator 

vol/day. Hence, when the system was shock loaded with 2000, 

3000, and 5000 mg/1 glucose, the loading equivalents were 

760, 1140, and 1900 lbs/1000 cft aerator vol/day, respect

ively. The same shock load concentration at the 8-hour 

detention time would represent only one-half the loading at 

t.he 4-hour detention time, and one-third at the 12-hour 

detention time. When recirculation was used, the loading 

would be less, due to the reduced amount of glucose applied 

to the system. It was found that at the 4-hour detention 

time the system could respond to 2000 mg/1 glucose, repre

senting a loading of 760 lbs/1000 cft aerator vol/day. At 

the 8 and 12-hour detention times the system could handle a 

shock loading of 3000 mg/1; i.e., a loading of only 570 and 

340 lbs/1000 cft aerator vol/day, respectively. A loading 

of 760 lbs/1000 cft. aerator vol/day would represent a glu

cose concentration of 4000 mg/1 and 6000 mg/1 at the 8 and 

12-hour detention times, respectively. It may be inferred 

from the results shown in Figutes 19 and 25 that the re

sponse to the above ~entioned ~lucose concentrations at the 

8 and 12-hour detention ti~~s might be more severely dis-

ruptive than the response to 2000 mg/1 glucose at the 4~bour 

detention time (Figure 10). It has been shown that when 

solids recirculation was employed, a successful response was 

evidenced at glucose concentrations up to 3000 mg/1 for all 

three detention times. The corresponding loading would be 

760, 380, and 254 lbs. of glucose/1000 cft aerator vol/day 

at the 4, 8, and 12-hour detention times. The results seem 

to indicate that the loading capacity of the system decreases 

with increasing detention.time. It is the author's opinion 

that this aspect warrants further study before a definite 
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conclusion can be drawn. It is also apparent that the con

tinuous flow systems are capable of handling higher organic 

loading than.the accepted optimum loading of 35 lbs/1000 cft 

aerator vol/day with the conventional activated sludge 

process (7); however, it should be emphasized that the sub

strate removal efficiency in the present study was measured 

as biochemical efficiency; i.e., it did not include sludge 

settleability. 

2. Responses to Slug Loading 

The response of the continuous flow units to slug shock 

loadings was quite unexpected. It was reasoned that when 

the concentration of glucose was brought to a specific value 

in the aerator, the cells would behave somewhat like accli

mated batch grown cells; i.e., they were expected to remove 

substrate rapidly with a concomitant buildup of biological 

solids. However, from the results obtained in this study 

it appears that this was not the case. From the results 

shown in Figures 27, 34, and 41, it is apparent that the 

continuous flow units did not exhibit much flexibility in 

accommodating slug doses. In these experiments the units 

were shocked with a slug dose of 2000 mg/1 glucose while 

maintaining the influent feed at 1000 mg/1, which was the 

previous steady state feed concentration. It can be seen 

that the time taken to reduce the total COD varies with d~ 

tention time; i.e., the longer the detention time, the 

greater·was the time the system needed to reduce the applied 

glucose slug load. This is probably due to the fact that 

it takes a longer time to dilute out the glucose slug dose 

as the detention time is increased. It can also be seen 

from the theoretical washout curve that at a 4-hour deten

tion time the system did not have any ability to respond to 

a slug dose (based on total COD in the effluent), and the 

response seemed to improve with increasing detention time. 

Although the total COD curve followed the theoretical wash-
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out cu~ve, there was considerable utilization of glucose as 

shown by the difference between.total CQD and anthrone COD 

curves (Figures 27 and 41). In three experiments (Figures 

36, 41, and 44)~ although there-was considerdble utilization 

of the applied glucose slug, there was very little increase 

in the solids concentration. This was due to the release of 

considerable amounts of intermediates. The lack of solids 

increase is due to the fact that conversion of glucose to 

intermediates does not involve much energy change needed for 

the cell growth (i.e.~ incomplete oxidation.of glucose), and 

further, the .relea~e of intermediates might change a quanti

tative shock to a qualitative shock. With solids recircu

lation, the system response was only slightly better, as can 

be seen from Figures 28, 35, and 42. Even in these systems 

the time for COD removal increases with detention time; how-a 

ever, with solids recirculation there was an increase in 

solids concentration, indicating the utilization of the 

applied glucose. These results indicate that maintenance 

of higher concentrations of solids in the aerator would 

improve the response to slug shock loadings. When shock 

loaood with a 3000 mg/1 slug of glucose, systems operated at 

4 and a-hour detention times do not respond well (Figures 

· 29 and 36). . However, ·at the 12-hour detention time an 

.improved response to this·slug shock load was evident (Fig

ure 43). The responses to a 2000 mg/1 glucose slug dose 

coupled with a 2000 mg/1 glucose gradual _shock load were . . ' ' 

shown in Figures 30 1 371 and 44. The response pattern was 

nearly the same as that to a 2000 mg/1 glucose slug shock 

load without an accompanying· gradual shock. ·The solids con

centration increased .considerably in all of the systems; this 

was due mostly to th~ gradual shock load. It can also be 

seen.that.there was not a great deal of "excess" solids pro

duced, which strongly points to the failure of the system 

to use the glucose slug effectively. It was shown under con

ditions of gradual shock-loading that systems operated at 8 



164 

and 12-hour detention times·could handle 2000 mg/1 glucose 

as a gradual shock load, which further supports the view 

that the glucose slug do~e is not used to any great extent. 

This statement applies only if the response of the system 

is considered in terms of total COD removal. It can be 

seen that considerable amounts of intermediates were pro

duced (Figures 30 and 44). When the same shock load was 

studied with solids recirculati6n, the systems showed a 

slight improvement in response as compared with the systems 

without. feedback (Figures 31, 38, and 45). With solids 

recirculation, the response was better at the longer deten

tion times· (as compared .. with 4-hour detention time) . When 

the system was shock loaded with a 3000 mg/1 glucose slug 

dose and 3000 mg/1 glucose gradual shock load, the response 

was relatively unsuccessful at ariy detention time (Figures 

32, 3~ and 46). Since systems operated at 8 and 12-hour 

detention times were capable of taking a gradual shock 

loading of 3000 mg/1 glucose, it can be inferred that the 

system could not successfully respond to a 3000 mg/1 glu

cose slug dose. Even with solids recirculation there was 

·not much improvement in the response (Figures·33, 40, and 

47). However, it can be seen that the response to this 

·shock load showed improvement at the 12-hour detention 

time. All three systems were able to handle a 3000 mg/1 

glucose gradual shock load. The results indicate that the 

response is entirely different if a 3000 mg/1 glucose shock 

is applied in the form of a slug instead of a gradual shock 

load. 

It was apparent from all of the experiments with the 

slug shock load that completely mixed systems do not have 

enough flexibility of response to handle this type of 

shock load. The maintenance of higher solids concentra

tions did not have much effect, although slight improvement 

in the response was noted. It should be emphasJzed that 

this statement applies only for the range of solids con-
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centrations maintained in the present study; however, wh~n 
the sol!!!_s concentratioil'w"a;-in exce~~-~~f-·io.oo-·;g/1, a --
~ -----------------------------------------..... . 

successful response to glucose slug ·shock··ro·iia"rn.g--was ind_i- \ 

cated (Figure 48). This indicates that successful response' 

to slug shock loading is a function of solids concentration 

in the aerator. Higher solids concentration-in the aerator 

can·be maintained by employing higher recirculation ratios. 

It was found also from this stud~ that in most of the 

-experiments the total COD curve followed closely the theo

retical washout curve; however, there was considerable-dif

ference between anthrone COD and total COD. This.seems.to 

indicate that glucose applied as $lug dose is converted to 

metabolic intermediates-which are not immediately utilized. 

The diluting_out of the total COD is also indicated by the 

lack of increase in solids concentration in the system when 

subjected to-only slug doses of glucose. However, when the 

--system was subjected to gradual shock loading in addition 

to slug doses, there was a considerable buildup of biologi

cal solidsi and this was primarily attributable to the 

- introduction of the gradual shock loading. It is not 

implied that the slug dose is merely washed out of the sys

tem since, in that case, the glucose COD curve should also 

approximate the theoretical washout curve. The results do 

indicate that utilization of glucose applied as a slug dose 

i.s rather limited· in completely mixed continuous flow sys= 

terns. It was also found that the adverse effect of slug 

doses seems to decrease with increasing detention time. 

This is due to the fact that greater opportunity exists 

for glucose utilization -at higher detenti_on times, as -the 

glucose ls ,.not diluted out as fast as with the lower de

tention time. - A possible reason for the lack of buildup 

of solids in systems sul;>jected to slug doses is that 

solids.production is controlled by the influent substrate 

concentrations. When.the unit was subjected to only slug 

doses,- the growth.rate must.increase very rapidly if it is 



to accommodate the glucose slug. If the growth rate does 

not increase rapidly enough, the dilution rate exceeds the 

capacity of the system, resulting in the dilution.of the 

applied slug. However, when the system is subjected to 

only~ gradual shock load, the growth rate need not change 

rapidly, since the change in glucose concentration in the 

aerator is not abrupt, resulting in a successful response 

to the gradual shock load. This would indicate that the 

growth rate is controlled hydraulically rather than by 
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the substrate concentration in the aerator. The result 

seems to support this view, and. it is further substantiated 

by the fact that when the slug dose was also accompanied 

by a gradual shock load, there was a rapid increase in 

·solids concentration. George (96) in his.study of the 

~ffect of qualitative slug doses in continuous .flow units, 

has indicated that a system operated at 1000 mg/1 sorbitol 

at an 8-hour detention time can handle successfully a slug 

dose·of on1y·250 mg/1 glucose without.much loss in the 

efficiency of the system. He also indicated that slug doses 

above 250 mg/1 and up to 2000 mg/1 glucose severely affect 

the efficiency of the system. The results obtain~d in this 

study support his finding that the ability to respond to 

slug doses lies well below 2000 mg/1 glucose concentration 

under the operation11l conditions herei.n employed. However, 

i.t should be remembered that there may be inherent differ~ 

ences.in the biochemical mechanism involved in response to 

quantitative and qualitative shock loads. Barth, et al. 

(97), studying the effect of metal slug doses in acti.vated 

sludge systems, reported that ac6limation of the system to 

low concentrations of metal did not offer protection from 

slug do~es. Although this type of slug doses is not simi

lar to the glucose slug, it seems to indicate that slug 

doses for the most .part are not readily metabolized in the 

activated sludge system. 
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Another aspect that was noted with most of the slug 

load experiments was the increased protein synthesis in the 

system (for example, Figures.27 and 28). This is probably 

an indication that the response to the slug shock loading 

is accompanied by a multiplication of cells (i.e., increase 

in numbers) without much storage of carbohydrate material. 

3. Responses.to Shock·Load under Nitrogen Deficient Con

ditions. 

It is apparent in Figures 49, 52, 55, and 58 that the 

biochemical efficiency of these systems was seriously 

retarded. In these experiments the only change was the 

reduction in nitrogen content in the influent feed; how

ever, at the 12-hour detention-time when the BOD/N ratio 

was changed from 7 to 21, tqe system response was not at 

all affected (Figure 61). "Even when the nitrogen content 

in the influent was changed from a BOD/N ratio of 20 to 30 

and to 40, the biochemical efficiency of the system 

remained fairly high (Figurffi63 and 66), although at a 

ratio Of 40 the system efficiency was slightly impaired 

(Figure 66). When lesser·amounts of nitrogen accompanied 

the feed, there was a decrease in solids concentration and 

protein content of the sludge, and an increase in carbohy

drate content. These experiments clearly indicated that 

the responses of the systems were seriously affected,/ 

especially at the 4 and 8-hour detention times, if the 

influent feed was not accompanied by an adequate amount of 

nitrogen .. These experiments also show clearly that com

pletely mixed continuous flow systems are very sensitive 

to changes in nitrogen concentrations in the influent feed. 

The effect of gradual organic shock loadings not accompan
ied by an adequate nitrogen source were also investigated. 

In all systems examined the BOD/N ratio was maintained at 

7 prior to shoe- loading, and under shock loading condi

tion.s · the BOD/N ratio was maintained at 30 and 40, at 4 
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and 8-hour detention. At the 12-hour detention time an experi

ment was conducted with 3000 mg/1 glucose at a BOD/N ratio 

of 21 (Figure 62). It is clear from this figure that the 

system could r~spond to the 3000 mg/1 glucose shock load 

successfully at BOD/N ratio of 21. This result is in 

accordance with the optimum BOD/N ratio recommended by other 

investigators (56)(57)~ Having determined that a BOD/N 

ratio of 21 was adequate for the shock loading condition at 

the 12-bour detention time, subsequent experiments were con

ducted by operating a steady state system at a BOD/N ratio 

of 20 prior to administering~ shock. During the shock 

experiment, ,.BOD/N ratios were maintained at either 30 or 40. 

It is app•rent from Figures so. 56, and 64 that when the 

systems were subjected to 3009 mg/1 glucose at a BOD/N 

ratio of.30, the biochemical :efficiency of the system was 

considerably reduced-especially at the 4 and 8-hour deten

tion times; however, the system which was 6perated at the 

12-hour detention.time responded more successfully. Although 

total COD was very -high, anthrone COD was fairly :low, indi-

cating the r~lease of metabolic intermediates. These ex

periments also indicate that the released intermediates are 

not subsequently utilized. It is also seen that nitrogen 

deficiency is characterized by marked decrease in protein 

content and increase'of carbohydrate.content of the sludge. 

When employing s,olids recirculation, the response was only 

slightly better (Figures 51, 57, and 65) at the 4 and S~hour 

detention times. However, the system which was operated at 

the 12-hour detention.time responded successfully. It ii. 

also observed that when higher solids concentrations were 

ma~ntained in the:aerator through re~irculation, the system 

response is better compared with the system without cell 

feedback (for example, Figures· 50 an.d 51) . This possibly 

indicates that maintenance of solids concentration higher 

than that employed in· ·the present study would be likely to 
! 

lessen the severity of shock loads under nitrogen deficiency. 
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The major difference between the two systems (with and with

out solids recirculation) was.that metabolic intermediates 

·were not detected when recirculation was employed. Another 
I . 

important diffE:l;renc.e appeared. to be the sludge composition. 

With solids recircuhition there was not much increase in car

bohydrate synthesis. The response of the systems to shock 

loading with 3000 mg/1 glucose at a·BOD/N ratio of 40 was 

very similar to that at 30. Also, in this series of experi

ments at the 12-hour detention time the system showed 

remarkable a¥i1lity to withstand the shock load. The system 

operated at the 8-hour detention time showed improved·per~ 

formance at a a BOD/N of 40 compared with BOD/N of 30 (Fig

ures 59 and 56). In this particular experiment (Figure 59) 

when shock loaded the unit became distinctively reddish in 

color, indicating a change of predominance in the system. It 

was felt that the improved response could be due to a shift 

in predominating organisms in the •erator. Having observed 

that the system operated at the 12-hour detention time could 

respond to 3000 mg/1 glucose at BOD/N ratios of 30 and 40, 

it was of interest to find out whether the same response 

could be obtained with an 8-hour detention time. The results 

were shown in Figures 69 and 70, and i{ is obvious that the 

system could not successfully respond to the shock load. 

It is. apparent from all of the experiments that nitro

gen deficiency seriously affects the biochemical efficiency 

of the system. Komolrit (46), studying the qualitative 

shock loading under nitrogen deficiency in continuous flow 

systems 1 indicated a similar loss in biochemical efficiency. 

From the results of this study it appears that the effici

ency of the continuous flow systems is related to the amount 

of nitrogen rather than the nature of substrate. These 

studies have also,indicated certain basic differences in 

the performance of continuous flow units with and without 

cell feedback. The systems without feedback were character

ized by the release of considerable amounts of metabolic 
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) intermediates which were totally absent in.systems employing 
I l feedback. The biochemical composition of the sludge also 

I differed .. The system without feedback was characterized by 
; 
I . 
j reduction in protein content and increase of carbohydrate, 

\whereas with feedback there was very little increase in car

\bohydrate·content. · Since these changes·are not immediately 

/apparent in the figures, the value of percent protein and 

I carbohydrate for each experiment are shown in Table"XlII. 

!in.this table only the parallel experiments·which were con-

ducted in both systems (with a.nd without recirculation) are 

shown in order to bring out the essential difference in 

cell composition for the.two systems. It can be clearly 

seen from Table.XIII that the systems without feedback show 

a marked. decrease in protein content which is accompanied 

by an increase in carbohydrate content, whereas in the sys

tems with feedback percent carbohydrate does not exhibit a 

~onsiderable increase although-the percent protein slightly 

~decreases. The results obtained without feedback are in 
\ 
J agreement with the findings of Gaudy and Engelbrecht (59), 
j 

./ and Va.n Gils (60) . 

land 64, it appears 

From the results shown in Figures 59 

tha.t successful response to shock load 

under nitrogen deficiency can occur if the cells are cap

able of synthesizing Sufficient carbohydrate. The reason 

for this apparent difference between the two systems could 

be due to the nitrogen in the recycled sludge which helps 

to maintain.the composition of sludge fairly constant. The 

percent protein and carbohydrate content of the sludge at 

the 12-hour detention.time·also·indicates a possible reason 

why this system responded better to shock load under nitro

gen deficient conditions. It can be seen that there is very 

little decrease in protein content of the sludge at,the 12-

hour detention time as·compared with the 4 and 8-hour deten

tion times when solids recirculation was used. This may be 

the reason for its better performance, i.e., the nitrogen 

deficiency of the system was not reflected in the sludge·com-



TABLE XIII 

CHANGES IN PERCENT PROTEIN AND CARBOHYDRATE DURING SHOCK LOAD 
UNDER NITROGEN DEFICIENT CONDITION 

4-hour detention time 

No recirculation With recirculation 

3000 mg/1 glucose 3000 mg/1 glucose 3000 mg/1 glucose 3000 mg/1 glucose 
Time BOD/N = 30 Time BOD/N = 40 Time BOD/N = 30 BOD/N = 40 
(hrs) %P %c (hrs) %P %c (hrs) %P %c %P %c 

0 47.5 10.8 0 54.5 18.3 0 36 31.0 36 31 
2 41.0 9.6 2 49.0 18.5 2 32.3 28.5 30.5 30.5 
6 38.0 17.6 4 44.2 24. 3 4 33.6 33.6 32.5 36.5 

10 39.5 26.6 6 33.4 24.1 6 29.2 29.5 33.3 34. 7 
12 39.5 25.0 10 23.6 22.~ 9 29.4 28.4 31.2 31.2 
16 36. 3 28.2 12 24. 8 28.0 12 26.0 26.6 29.6 30.4 
20 33.5 29.0 16 23.2 31.5 15 26_. 7 27.2 29 28 
24 28.7 32.5 20 20.7 27.6 19 27.2 26.0 25 27 
28 27.5 34.5 25 19.7 22.7 24 28.5 26.5 27 27.2 
32 25.3 34.0 28 19.9 27.3 27 26.6 25. 3 28 31.2 

33 16~4 27.0 30 27 .2 27.4 26.8 20.5 
33 26.6 27 .o 26.2 30.4 

Fig. 50 Fig. 53 Fig. 51 Fig. 54 

_ . . . _ mg/1 protein %c = percent carbohydrate= mg/l ,carbo~ydrate %P - percent protein - , 1 1 .d mg_, so 1. s mg/ 1 solids 

1--' 
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· No recircu1ation 

3000 ··mg/1 g,1ucoee-,-.,, 
Time .BOD/N = 30 Time 
(hl'_S) . %P %c (hrs) 

0 -42 ._5 10 .• .3 0 
2 34.7 9.1 2 
4 38.4 8.1 4 
6 33.4 11.-6 6 

10 25.4 13.6. 10 
16 23.8 20.3 12 
20 23.5 21.6 16 
24 23.6 22.6 19 
28 .23.8 22.5 24 
34 23.8 2L5 28 
48 23.8 21.1 33 

Fig. 56 

TABLE XIII (Cont} 

8-hour detention time 

With recirculation 

300,0 mg/1 glucose 3900 mg/1 glucose .3000.:; mg/.-.1:-~g-lucose 
BOD/N = 40 Time BODIN= 30 BOD/N = 40 
$P %c (hrs) %P %c %P %c 

49 9.6 0 48 26 48 26/ 
42.7 9.4 2 46.5 24.4 44.8 . 24.8 
45.0 9.9 4 48.6 25.6 41.7 24.7 
43.8 13.7 6 48.2 28.0 48 28.6 · 
32 .• 0 20.2 9 45.6 27.3 46.2 29.2 
25.8 18.6 12 41.5 28.4 38 .. 5 29.3 
18.4 19.8 16 39.0 30.4 40. 5 . 30. 4 
23 .• 3 29.7 19 37.3 31 38.0 29.6 
20.7 28.0 24 36.4 29.8 "36.4 28.5 
18.8 39. 7 27 35 29.8 35.5 30.3 
16.8 45.6 30 34.8 29.4 · 34.2 . 29. 4 

33 32.2 28.7 34.5 28.0 

Fig. 59 Fig. 57 Fig. 60 
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No recirculation 

3000 mg/1 glucose 
Time BOD/N = 30 Time 
(hrs) %P %c (hrs) 

0 35.6 19.4 0 
2 38.0 18.4 2 
4 33.4 19.2 4 
6 31.0 24.0 6 

10 2.0. 6 32.0 10 
14 17.7 43.0 18 
18 16.6 44.2 26 
24. 5 17.6 45.8 28 
28 17.6 40.5 31 
21 16.4 39.6 35 

39 

Fig. 64 

TABLE XIII (Cont) 

12-hour detention time 

With recirculation 

3000 mg/1 glucose 3000 mg/1 glucose 3000 mg/1 glucose 
BOD/N = 40 Time BOD/N = 30 BOD/N = 40 
%P %c (hrs) %P %c %P %c 

50 .2 12.5 0 34.3 14.2 34.3 14.2 
50. 4 14.7 2 31.8 16.7 
44.5 14.2 4 34.4 16.2 33 16.1 
46.8 16.3 6 34.6 17.2 32 16.7 
46.4 17.8 9 34.0 16.6 32.6 16.0 
47.6 28.5 12 34.0 16.2 31.9 16.2 
40 .4 28.7 16 33.8 16.9 33.6 20 
37.6 28.8 19 37.0 19.5 35 21 
33.4 28.0 24 32.4 19.2 33.2 17.9 
25.2 29.5 28 35.6 19.6 32 18.7 
22.4 29.3 31 30.8 15.6 32.3 18.5 

35 28.7 14.6 33.0 17.8 

Fig. 67 Fig. 65 Fig. 68 

!-' 
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position. It is also possible that nitrogen is being diluted 

out very slowly at 12-hour detention time compared with 4 and 

8-hour detention times, which might e~plain the results ob

tained with 12-hour detention time; however, it cannot be 

unequivocally stated since the effluents were not analyzed 

for their nitrogen content. 

Helmers, et al. (58) have concluded that a value of less 

than 7.5 percent organic nitrogen in the volatile matter of 

activated sludge is indicative of nitrogen deficiency. From 

the results shown in Table,XIII (with solids recirculation) 

it is doubtful whether organic nitrogen is a reliable index 

in assessing the nitrogen deficiency of the system. Although 

organic nitrogen (Kjeldahl method) was not measured in these 

experiments, from the value of the recorded protein content 

it can be surmised that there would not be much reduction in 

organic nitrogen content of the sludge. These results tend 

to indicate that the composition of sludge i.s not a good 

index for assessing the performance of the system under shock 

loading conditions when solids recirculation is practiced. 

Another observation worthy of note is that the solids level 

does not increase as much under nitrogen deficient con.di tions 

as it does for systems supplied with excess nitrogen. In 

only one experiment was there excess solids bui.ldup .. (Figure 

64). However, McKinney and Symons (61) and Symons and Bechir 

(62) have indicated that nitrogen deficient systems were 

characterized by excess solids synthesis based on their 

studies over an extended period of time .. From the results 

obtained from this study it is clear that excess·solids build

up. does not occur under short term nitrogen de:f i.cient con

ditions. 

Gaudy and Engelbrecht (59) have indicated that sub

strate removal efficiency was not affected due to lack of 

nitrogen in batch operated activated sludge processes. The 

results of the present study bring out the basic difference 

between batch and continuous flow units regarding response 
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to nitrogen deficiency. In regard to substrate re~oval, the 

continuous flow units are very sensitive to nitrogen defi

ciency confpared with batch systems. These differences are 

due primarily to the basic differences in the operation of 

the two systems. The batch process is not subjected to any 

hydraulic flow which is characteristic of the continuous flow 

systems. In the continuous flow systems cells are diluted 

out, and unless cells are replaced by replication, aeration 

solids are lost from the system. This does not occur for 

batch systems. It can also be seen from Table XIII that the 

nitrogen deficiency is accompanied by a marked decrease in 

the protein content of the cells, especially when recircu

lation is not practiced. This would tend to indicate that 

the nitrogen deficiency is reflected in this process rela

tively rapidly compared wi.th the batch process. Even in the 

recycle system due to the low recirculation ratio adopted, 

not all of the cells leaving the system are replaced. Pos

sibly higher recirculation ratio might improve the perform

ance of the continuous flow system under nitrogen deficient 

conditions. 

It is also of interest to note that modifications pro

posed by Rama Rao et al. (65) and Gaudy, et al. (66) may 

not be applicable to continuous flow systems. Their modi

fications were based on the ~act that substrate removal was 

not affected due to nitrogen deficiency. However, it is to 

be emph~sized that their modifications were not necessarily 

proposed for completely mixed reactors. 

4. Belease ~In!ermediates during Shock Loading. 

It was observed that during gradual shock loads the 

amount of released intermediates decreased with increasing 

detention ti.mes. The amount of intermediates also depended 

on the concentration of glucose in the influent. The re

sults suggest that the production of intermediates.is 

related to growth rate; i.e., the higher the growth rate, 
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the greater is the production of intermediates. This.obser

vation is in agreement with that of Pirt.(81). The present 

experiments employing solids recirculati.on indicated very 

little release of intermediates under gradual shock loads 

and complete absence of intermediates under nitrogen defi

cient conditions. In the study designed. to examine the 

· nature of the intermediates, solids recirculation was not 

practiced. It is apparent from.Figures 71 through 75 that 

a considerable amount of volatile acids was present in the 

medium when the system was·shock.loaded. When the unit was 

subjected to shock loading under nitrogen deficient condi

tions, the volatile acids were not subsequently utilized, 

whereas in.the system supplied.with excess-nitrogen they 

were utilized. The results indicate that the enzymes re

quired for utilization of volatile acids are inducible, and 

explain why the volatile acids were not utilized under 

nitrogen deficiency, ~ince an adequate source of nitr6gen 

is necessary to induce the necessary enzyme(s). The iesult 

is in general agreement with that of Krishnan-and Gaudy· (75), 

who showed that.intermediates produced during glucose 

metabolism by glycerol-acclimated cells were not.utilized 

under nonproliferating conditions. In the present study it 

was also observed that intermediates consisted largely of 

volatile acids, and the major acid produced was acetic acid 

although small amounts of other-acids were present. The 

volatile acids production was not du~ to the lack of oxygen 

in the system; . in all of the experi:l'iients the oxygen measure

men-t indicated the presen~e of ~,tcess oxygen: at 1 all ti.mes. 

Maxon and Johnson (98) showed th•t.yeast in the presence of 

excess dissolved oxygen converted glucose to ethanol when 

a certain critical dilution rate was reached. To account 

for this they suggested that when a certain rate of glucose 

metabolism/gm of organism is reached, the oxidative enzymes 

of the yeast are saturated and glycolytic enzymes which are 

present in greqter abundance op~rate to supply ~ddi.tional 
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energy for growth. Strickland (99) also show~d that excess 
sugar concentration results in its fermentat~ve utilization 
by yeast. It is also known that ~· .coif can convert .pyruvic 
acid to acetic and formic acid. (100). It is possiple that 
these mechanisms m1,1y be involved in. the production Of inter
mediates. It was also observed that considerable amounts 
of other materials·were present in addition.to volatile 
acids, as c.an be observed from the totai COD curve. It. is 
possible that. intermediates of the. TCA .(Tricarboxyiic Acid) 

i ' 
cycle and fermentation products may be present in addition 

: 

to volatile acids. It is quite likely that J:keto gluta:r•ic 
acid may be present, especially under nitrogen deficient 
conditions, since lack of 
version.to glutamic acid. 
suggested the possibility 

nitrogen would prevent .its con
Bechir and Symons (62) have also 

of release of glutarate in nitrogen 
. deficient continuous flow systems. Since the an,lyses for · 
intermediates were chiefly concerned with volatile· acids, no 
definite statements can be made pertaining to the·presence 

,, , I 

of other intermediates or end products. , It is li.kely that 
the materials listed above may be present; however, this mu$t 
be confirmed through future research. Regardless of the 
mechani~m(s) of intermediate production, the present study 
has revealed that considerable amounts of intermediates are 
produced under shock loading conditions and an ~dequate 
source of nitrogen is necessary for their subsequent util
ization. These studies also bring out the importance of the 
COD test as a parameter for assessing the response of bio
logical treatment units, since it provides a measure of the 
total amount of oxidizable organic matter present in the 
system. However, because of the known presence of inter
mediate products it cannot be directly correlated to the 
origin~l carbon source. 

·considerable variations in response of systems subject
ed to identical shock loads were observede When the units 
were shock loaded with 5000 mg/1 glucose, it can be seen 
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frolfl .Figwtes _ 13 and 73 that the response was not exactly: the 

.same. In_ Figure 13 glucose inc-reased to a maximum of 900 

mg/1, whereas in.Figure 73 there was very little increase. 

Also, there was considerable difference in the residual total 

COD. The difference between these two experiments could very 

well be due to the difference in the initial and final 

solids concentration between the two systems. When the two 

.systems were shock · loaded with -3000. mg/1 glucose under ni

trogen deficient conditions, the response was also dis-

similar·(Figur~S ~4 and_ 75). It can be seen from'Figures 74 

and 75 that the $Olids concentrations and total COD levels 

showed considerabl~ difference. As·mentioned earlier in this 

chapter, the yield i.n the steady state continuous flow 

systerp.s El':khibi ted considerabte variation. The steady state 

yield.varied.from altil:\ximum of 0.625 to a minimum of 0.353 

at 4-bour datention.time. However, there is not much vari-

. a tion< in the steady. $ba. te yield at 8 and 12 ... hour detention 

tim:e (Table XII). · ii is felt thQt _ these variations are due 

t& the heterogeneous ~opulatidns of the system. The hetero-
' . 

geneous population-is likely_ to consist of ooth slow and 

fast.growing organisms. Depending on the type of organism 
pre'demiL,n:ating in the system,·· 't;he yield will also vary,. since 

\ ' J 

the me~sured yield is the ove-rall yield of all, th~ organisms, 

it is to be expected that considiE3rable variation.in.the 

cell yield will occur. 

-It was also observed that.lipid was not synthesized to 

any great extent in :th~ continuous flow sy:stems {Figures·73 

and 74). This result.is in agreement with t~at_of Van Gils 
; 

(60). The elemental composition of sludge seems to reflect 

the char~cteristics of sludg~ with respect to its protein 

content (Tables V and yII). When the systerp. Wgij shock 

loaded with-3000 mg/1 glucose-at a BOD/N ratio.of 40 (Fig

ure 74), the protein content.decreased from 36% to 16%. The 

reduction in protein content is reflected ip the nitrogen 

.content of the sludge, as can be seen from T~ble VII; how-
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ever, the elemental composition of sludge did n.ot reflect 

the changes in carbohydrate content of the sludge. In this 

particula1;9 experiment the carbohydrate content of the sludge 

increased from 25 to 40%, which is n.ot at all reflected in 

the percent carbon of the sludge. It can be concluded that 

the elemental composition of the sludge with respect to 

nitrogen as measured by the CHN analyzer follows the changes 

in protein content of the sludge. 

The results of this study have revealed several inter

esting facts regarding the ability of completely mixed 

activated sludge systems to han.dleshock loads. When. the sys

tem was subjected to a gradual shock load, a successful 

response depended on. the detention. time empl6yed and the 

solids concentration. maintained in the aerator prior to the 

shock. ·The severity of a deleterious response to a gradual 

shock load decreased when a longer detention. time was 

employed, an.d also when. higher solids concentrations·were 

maintained through sludge recycling. The successful response 
at.the longer detention time was due.mainly to the fact that 

the concentration of shock substrate (glucose) was maintained 

constant at all detention times, and as a result of this the 

shockisubstrate was applied more slowly as the detention time 

increased. It was also observed that the release of inter

mediates depended upon glucose concentration, detention 

time, and whether or not sludge recycle was employed. The 

release of detectible intermediates decreased with increas

ed detention time when sludge was not recycled, an.d was 

considerably lower when. sludge was recycled. 
' 

. The continuous flow system has limited ability to cope 

with a -slug shock·loading. The response, however, was 
· succeissful when t·he ·solids concentration was in excess of 

3000 mg/1. Considerable reduction in biochemical effi

ciency was observed when the shock load was administered 

with.inadequate·amounts·of nitrogen. However, when the 

sludge recycling was practiced, the system responded success-



ftilly to 3000 mg/1 glucose at.a BOD/N ratio Of 30 and 40 at 

the 12-hour detention.time. Considerable amounts of vol

atile acids were rele•sed into the medium when the system 

was subjected to gradual and nitrogen deficient shock loads 

without sludge recyclin*. Acetic acid was found to be the 

m~jor volatile acid produced. The subsequent utilization 

of volatile acid~ was indicated when adequate amounts of 

nitrogen. a~companied the shock load;· 

The r~sults of the ptesent study have clearly shown 

that completely mixed sysH~fus are not free from the dele

terious effects of quantitative shock loading. One of the 

possible w1ys this can be minimized is through the mainten

ance of hi~her solids concentration in the aerator. This 

·can be e~ii;iily achieved by employing a higher recirculation 

ratio. 
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In recent years a considerable number of studies have 

been made regarding the kinetics and mathematical forfuula~ 

tions governing the various parameters.in steady state 

systems. Howev~r:. there is very little :information. available 

regarding.themathematical model in continuous flow systems 

subjected to transient (i.e., shock) loading. Recently, 

Eckhoff and Jenkins (101) have proposed a mathematical model 

for continuous flow systems subjected to transient loading. 

Although their formulation does have some merit, their model 

is based on certain assumptions which, in the author's 

opinion, are not correct. Eckhoff and Jenkins have pro

posed an equation for calculati.ng tqe effluent COD due to 

transient loading. In their·formul~tion they assumed that 

solids concentration remains constant. This does not.appear 

to be valid, since transient loading is always·accompanied 

by an increase in solids concentration. Further, in their 

equation they assumed that.U and J_, are constants. U, which 

is equal to p/s.Ys is not a constant, but is actually a 

variable. p (growth rate) is a function of substrate con

centration, and ~ince s also varies due to transient load-
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ing, it is doubtful that U is a constant. Having observed 

that.the experimental data did not fit their theoretical 

equation, they modified their equation by introducing a co

efficient for adsorption~ A coefficient of adsorption does 

not appear to have any significance when the waste is sol

uble. It is the author 1 s opinion that extensive data is 

required before any realistic mathematical model can be 

developed. And, further, all of the variables that change 

due to transient loading should be thoroughly investigated 

in order to arrive at a reasonable mathematical model. 

Luedking and Piret (102) have also proposed mathematical 

equations for transient conditions. Like Eckhoff and Jen

kins, they also made certain assumptions which are not 

6orrect. They assumed that bacterial density continues at 

steady state, but only substrate or product becomes. tran

sient. This assumption is not valid. It is highly improb

able that a system can be at steady state with respect to 

bacterial density and yet remain transient with respect.to 

substrate or product concentration. The assumption that 

solids concentration remains constant during transient load

ing is not supported by the results of the present study. 

Since the object of the present study was to observe the 

response of continuous flow systems to shock loads, no· 

attempt was made to formulate any mathematical model regard

ing transient loading. As mentioned earlier, the key to any 

mathematical formulation depends on. the study of interaction 

· of various factors that undergo changes due to transient 

loadin.g. 



CHAPTE.R VI I 

SUMMARY AND CONCLUSIONS 

The response of continuous flow activated sludge sys

tems to shock loads was investigated at detention times of 

4, 8, and 12 hours with and without solids recirculation. 

In addition to the response of the continuous flow systems 

to shock loads, the release of intermediates which may 

accompany shock loads was also·invest:igated. The results of 

the study support the following conclusions: 

. 1. The sludge yi.eld in a "steady stf1,te" continuous 

flow system employing heterogeneous populations is not a 
constant, but is subject to variations. 

2. Dissolved oxygen concentration in the aerator does 
not undergo considerable reduction due to the introduction 
of shock loads imposed upon the system, and hence the 
response to shock loads herein observed was not limited by 

the dissolved oxygen concentration in the aerator. 
3. The response of the continuous flow system to 

gradual shock loading is dependent upon the detention time 

and solids concentration in the aerator. At a detention 

time of four hours wi.thout cell feedback the units responded 

successfully to a change in inflow feed concentrations from 

1000 to 2000 mg/1 glucose, whereas at 8 and 12-hour deten

tion times.the units responded successfully to 3000 mg/1 

glucose. A successful response to 3000 mg/1 glucose was 

indicated at all three det~ntion times when cell feedback 

was employed. Based on this conclusion, it can be calculated 

that the loading capacity (lbs of glucose/1000 cft.aerator 

volume/da~ of the continuous flow systems decreases with 
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increasing det~ntion time. 

4. Under gradual shock loading, systems without cell 

feedback were characterized by the release of metabolic 

intermediates or end products. These were not released in 

· significant amounts by systems employing cell feedback. 

5. Th~ accumulation of intermediates was related to 

the detention time, glucose concentration, and whether 
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solids are recirculated; i.e., the higher the glucose concen

trations and lower the detention time, the greater is the 

detectible production of intermediates, provided cells are 

not recirculQted. 

6. The ability of completely mixed continuous flow 

systems to respond successfully to slug shock loads is 

limited. 

7. The response to slug shock loads is improved by in

creasing the detention time and also by maintaining higher 

solids concentrations in the aerator. 

8. The biochemical efficiency of these continuous flow 

systems is considerably reduced when subjected to shock 

loads under nitrogen deficient conditions. 

9. Under nitrogen deficient conditions, the system 

without cell feedback is characterized by the release of 

intermediates wbjch are not subsequently rapidly utilized. 

Systems employing cell feedback exhibit very little .release 

o:f intermediates. 

10. Under nitrogen deficient conditions, systems with

out solids recirculation show a marked decrease in protein 

content with an accompanying increase in carbohydrate con

tent. Using solids recirculation, the b~ochemical compo

s:ition of the cells did not vary much. 

11. Lipids were not synthesized to any great extent in 

the continuous.flow system under either nitroged limiting 

or excess nitrogen conditions. 

12. During shock loading, volatile acids are released 

into the medium. The released volatile acids are subse-



quently utilized when the shock load is accompanied by ade

quate amounts of nitrogen. Under nitrogen deficient con

ditions, the volatile acids are not utilized. Acetic acid 

is found to be the main volatile acid produced during a 

shock load. 

13. The elemental composition of the sludge does not 

.truly reflect the changes in the biochemical composition·of 

the cells. 

184 



CHAPTER VIII 

SUGGESTIONS FOR·FUTURE WORK 

Based on the results of the present study, it is felt 

that the following research aspects would be worthwhile for 

future investigations: 

l) The present study has indicated that the loading 

capacity (lbs glucose/1000 cft.aerator volume/day) of the 

continuous flow system decreases with increasing time. This 

aspect should be investigated in detail by operating the 

system at constant loading at various detention times and 

shocking the system to different loading rates. 

2) Fu~ther, shock loading experiments should be con

ducted at different solids levels (i.e., using different 

recirculation ratios) so as to devise an operational table 

indicating successful response to various concentrations of 

shock substrate at different solids levels. This aspect 

would be extremely useful in predicting the performance of 

continuous·flow systems·subjected to gradual as well as// 

slug shock loading. 

3) The present study has indicated a successful re

sponse to nitrogen-deficient gradual shock loadings at a 

detention time of 12 hours when solids recirculation was 

used. It would be interesting to analyze the effluent for 

all forms of nitrogen in order to ascertain whether nitro

gen is lost to the effluent at higher detention times, 

(i.e., 4 and 8~bour detention times). 

4) The release of intermediates or end products during 

shock loadings should be investigated in detail with re

spect to identity as well as quantity of intermediates. 
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Furthermore., the generali.ty of the production of interme= 

diates with other ·substrates should be investigated. The 

mechanism of intermediate production and ~ts possible con

trol sho4ld be investigated in detail. 

5) Past studies in the Oklahoma State University Bto-
' 

engineering laboratories. have indicated that concurrent 
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removal of substrate occurs with "old cell" sludge sub

jectetj to qualitative shock load. This aspect should be 

studied in the continuoµs flow·system usi.ng·rec:irculation 

of sludge. These·· studies will be extremely useful . from the 

practic•l standpoint, since all field un:its operate with 

sludge tecirculation. 
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