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ABSTRACT -

Very few data exist concerning the biofilm formation
process of mixed .anaerobic methéne producing cultures, and
almost none regarding enriched methanogenic cultures.

In this study attachment properties of acetoclastic
methanogenic bacteria were investigated in a downflow sys-
tem. The experimental conditions were selected to approxi-
mate the typical operating conditlons of the downflow sta-
tionary fixed £ilm reactor (DSFF). The study concentrated
on the early stage of biofilm development.

Biofilm development rates as high as 40 Mg/cm®-h were
measured. Since f£i1lm formation rates substantially lower
than that were reported £for mixed anaerobic cultures,
acetoclastic methanogens are likely to have better adhesive
properties than acidogens. Attachment rates observed on Ty-
gon surface agree reasonably with the predictions of the dy-
namic model by Droste and Kennedy (1987). . _

Increase in 1ligquid flow velocities in the 1range of
0.05-1.42 cm/s increased biofilm formation rate on silicone
surface. .

The development of a loosely held bicomass was observed
in the test sections. This biomass is thought to represéent

an intermediate stage of biofilm formation at low liquid’
flow velocities. Increased flow velocities reduced the

quantity of this type of biomass.

The ratio of total polysaccharide to COD was increased
in both types of biofilm as compared to the reactor sus-
pended biomass. In the attached biofilm the degree of in-
crease was 40-500%. This £inding suggests the involvement
of polysaccharides 1in the attachment process. No excess
protein was observed in the biofilms.

The material of the support surface affected both
biofilm development rates and £film density. On silicone
tubing surface the biofilm formed faster and was denser than
on Tygon surface (PVC).

A maximuom biofilm thickness of 250-270 Um was reached
on silicone surface regardless of different experimental
conditions. This plateau wvalue is likely to be related to
«the test section material and geometry.

Biofilm development rates were directly proportional to
the suspended biomass concentration in the range of 500-850
mg VSS/L. _ . :

The metabolic "state of the biomass also affected at-
tachment significantly. Attached f£film development rates
were directly proportional to actual specific acetoclastic
activity in the range of 0-0.8 mg COD/mg VSS-d. A 4-7 fold
Increase in attachment rate occurred over that activity
range. Biofilm density was also a linear function of spe-
cific activity. The results imply that both passive and ac-
tive attachment mechanisms play a role in the £ilm formation
of acetoclastic methanogens.



™I hereby deélare that I am the sole author of this.thesis.
I furthexr quthoriée‘the University of oOttawa té reproduce
this thesis by photocopying ox by other means, in total or
in'part, at the request of other institutions oruindividuals

tor the purpose of scholarly research.

Eva Andras

-



vi

.

The University of Ottawa requires the signatures of all per-
sons using or photocopying thils thesis. Please slgn below,
and give address and date. .

&

-



TABLE OF CONTENTS

vii

Page
COPYRIGHT i
CERTIFICATE OF EXAMINATION il
‘ACKNOWLEDGENENTS iii
ABSTRACT . iv
AUTHOR DECLARATION AND PHOTOCOPY&NG RELEASE v
PHOTOCOPYING SIGNATURE PACGE vi
TABLE OF CCONTENTS vii
LIST OF TABLES . xi
LIST OF FIGURES xiiil
NOMENCLATURE xvi
CHAPTER 1 INTRODUCTION 1
CHAPfER 2 LITERATURE REVIEW 4
2.1 Basic Processes of Anaercbic Digestion 4
2.2 Methancgenic. Bacteria 6
2.2.1 Distinctive Common Features of Methanogens 7
2.2.1.1 Unusual Coenzymes 7
2.2.1.2 Transfer RNA 9
2.2.1.3 Cell Wall Composition 9
2.2.1.4 Lipids 9

2.2.2 Characteristics of Substrate Utilization
and Growth 10
2.2.3 Effect of Environmental Factoxs 13
2.2.3.1 Oxygen 13
- 2.2.3.2 Temperature 4
2.2.3.3 pH 14
2.2.3.4 Nutrients 15
2.2.3.5 1Inhibitors 15
2.3 Microbial Attachment i6
2.3.1 Introduction 16
2.3.2 Events of Blofilm Formation 17
2.3.3 Support Material 17
2.3.3.1 sSsurface Charge 18
2.3.3.2 Surface Texture 19
2.3.3.3 Hydrophobicity 21
2.3.3.4 Surface Wettability 22
Ligquid medium 26

&}



viil

Microorganisms , ’ 29

2.3.5

2.3.6 Environmental Factors 38
2.3.6.1 Shear stress 38

©2.3.6.2 Blomass Concentration 41

. 2.3.6.3 Substrate Concentration and

: Loading Rate 42

2.3.7 Survey of Anaerobic Studi ’ 43
2.3.7.1 Support Material 43

2.3.7.2 sSpecific Surface Area 47

. 2.3.7.3 Operational Parameters 48

CHAPTER 3 MATERIALS AND METHODS : 51
3.1 Experimental Setup 51
3.2 sampling Schedule 55
3.3 Sampling Procedure 56
3.& -Feed Soclution . 58
3. Reactor Characteristics 60
3.6 Preparation of Stock Culture ‘ 62
3.7 Expez1menta1 Plan 63
3.8 reaquently Used Terms and Calculations 63
3 3 1 Attached, Loose and Total Bicfilm 63
3.8.2 Concentratxon in Biofilm : 66
3.8.3 Ratios 67

3.9 Analytical Methods 67
- 3.%.1 pH 67
3.9.2 Alkalinity Q 67
3.9.3 Biofilm Volume 68
3.9.4 Chemical Oxygen Demand (COD) 68
3.9..5 Protein 68
3.9.6 Polysaccharide - js 69
3.9.7 Suspended Solids §9
3.9.8 Acetic Acid 69
3.9.9 Microbial Activity 69
CHAPTER 4 RESULTS =T 71
4.1 Experiment #l-Flow Velocity and Support Materlal 71
4.1.1 Introduction 71
4.1.2 Reactor Characteristics 73
4.1.3 Attached Biofilm Development ' 74
4.1.4 Loose Biofilm Development 77
4.1.5% Percentage of Biofilm Attached ) 81
4.1.6 Biofilm Development Rate §2
4.1.7 BRBiofilm Concentration 88
4.1.8 Ratios in Biofilm and in Reactor 30

4.2 Experiment #2-Suspended Biomass Concentration 93
4.2.1 Introduction 93
4.2.2 Reactor Characteristi - 94
4.2.3 Attached and Loose/Blofi Development 95

Rate



4 CHAPTER

5.1

4.2.4 Biofilm Characteristics 105

4,2.4.1 Ratlos in Blofilm and in
Reactor 105
4.2.4.2 Percentage of Bloflilm Attached 107
4.2.4.3 Blofilm Concentration 109
Experiment #3-Potential and Ac;ﬁal Specific
Activity 110
4.3.1 Introduction 110
4.3.2 Part I-Potential Activity ' . 110
4.3.2.1 Reactor Characteristics 111
4.3.2.2 Blofilm Development Rate 112
4.3.2.3 Biofilm Characteristics 113
4.3.3 Part II-Actual Activity 115
4.3.3.1 Reactor Characteristics 116
4.3.3.2 Biofilm Development Rate 117
4.3.3.3 Biofilm Characteristics 121
5 DISCUSSION 126
Rate of Attached Biofilm Formation 126
5.1.1 Comparison with Biofilm Development
Rates Found in Other Studies 126
5.1.2 Effect of Support Material on Attached
Biofilm Formation Rate 133
5.1.3 Effect of Flow Velocity on Attached
Biofilm Formation Rate 135

5.1.4 Effect of Suspended Biomass
Concentration on Attached
. Bicfilm Formation Rate 136
5.1.5 Effect of Biomass Metabolic Activity
on Attached Biofilm Formation

Rate 139
5.1.6 Biofilm thickness 141
Attached Blofilm Characteristics 143
5.2.1 Effect of Flow Velocity on Attached
Bicfilm Characteristics 143
5.2.2 Effect of Support Material on Attached
~ Biofilm Characteristics 143

$5.2.3 Effect of Suspended Blomass Concentration
on Attached Biofilm
Characteristics 144
5.2.4 Effect of Biomass Metabolic Activity on
' Attached Biofilm
Characteristics 145
5.2.5 Summary 147
Loose Biofilm Development and Characteristics 150
5.3.1 Effect of Flow Velocity on Loose Biofilm
Development and Characteristics 150
5.3.2 Effect of " Support Material on Loose Biofilm
Development and Characteristics 150
5.3.2.1 A Hypothetical Mechanism of
Attachment at Low Flow ;
Velocities o152
5.3.2.2 VLoose Biofilm Characteristics 154

Ax



5.3.8 Effect of Suspended Biom&ss Concentration
> on Loose Biofilm Development
and Characteristics 155
5.3.4 Effect of Biomass Metabollc Activity on
Loose Biofilm Development and

Characteristics 156

5.4 Active versus Passive Attachment - 158
CHAPTER 6 CONCLUSIONS > , . 161
CHAPTER 7 - FUTURE STUDIES -' , 164
LITERATURE CITED — 166

APPENDICES *

APPENDIX A Biofilm Volume Determination by Volume
Displacement Technique 176
APPENDIX B Calculation of Biofilm\Thickness 180
APPENDIX C Calculation of Attached! Bicfilm
Indicators 183
APPENDIX D Calculation of Loose Biofilm Indicators 186
APPENDIX E Calculation of Concentration of
Indicators in Biofilm 183
APPENDIX F Calculation of Ratios in the Reactor
. and in the Biofilm 191
APPENDIX G Chemical Oxygen Demand Analysis for
: ' Dilute Samples 194
APPENDIX H Prbtein Determination Method for Dilute ‘
Samples , 198
APPENDIX I Measurement of Actual Acetoclastlc ’
Activity - 200
APPENDIX I/a Calculatlon of Zero Potential Specific
. Acetoclastic Activity 203
APPENDIX I/b Calculation of Reynolds Numbers and
Liguid Flow Velocities 204
APPENDIX J Data of Experiment #1 205
APPENDIX K Data of Experiment #2 223

APPENDIX L Data of Experiment #3 235



4.13

4.16
4.17
4.18

LIST OF TABLES

Properties of acetoclastic methanogenic bacteria

in pure and enrichment culture

Critical surface tension of various surfaces

Composition of 40,000 mg/L acetate feed solution

Experimental plan‘
Supports and velocities employed (ay
Characteristics of reactor A
Percentage of biofilm attached (A)
Biofilm development_rgtes {A)

Sk

Biofilm concentrations (A) p

S

Ratios of indicators in biofilm (A)

.Comparéson of biofilm and reactor ratios (Aa)

Suspended biomass -=oncentrations (B,C,D)
Characteristics &f reactors B, C and D
Biofilm development rates (B,C,D)

Correlation between film development rate
and suspended biomass concentration (B,C,D)

Biomass concentrations limiting-to biofilm
formation, mg VSS/L (B,C,D)

Ratios of indicators in biofilm (B,C,D)

'Comparison of biofilm and reactor ratios

{(B,C,D) .

Percentagé of biofilm atta;hed (B,é,D)
Biofilm concentrations (B,C,D)
Experimental conditions (D,E,F,G)

Characteristics of reactorxrs D and E

xi

Page

12
24
60
64
71
73
81
83
89
S1
91
93

94

104

106

107
107
109
110

112



Measured and predicted blofilm development

" rates, culture E

Ratlos of indicators in biofilm (D,E)

Comparison of blofllm and reactor ratios
(D,E)

Percentage of biofilm attached (D,E)
Biofilm concentrations (D,E)
Characteristics of reactors E, g and G

Biocfilm development rates (E,F,G)

Correlation between blomass specific activity

and biofilm develeopment rate (E,F,G)
Ratios of indicators in biofilm (E,F,G)

Comparison of bicfilm and reactor ratios
{E,F,G)

Percentage of biofilm attached (E,F,G)

Biofilm concentration (E,F,G)

r

Correlation between biomass spec1£1c.'

activity and biofilm concentration:(E,F,G)

Comparison of this study and Kennedy's study

(1985)

-

.Comparison of this study with Shapiro's study

Comparison of this study and Kennedy's study.

(1984)

Biofilm attachment rates in Shapiro's study

(1984) and in this study

113

114

114

115

115

- 117

119

119

123

123

xit

123

124

124

128

130

132

137



. | e xi11

LIST OF FIGURES

No. . Page
2.1 Microbial groups involved in the flow of carbon
from polymeric materials to methane In an
anaerxobic bioreactor 4
2.2 The three primary kingdoms proposed by Woese:
T Eucaryotes, Eubacteria and Archaebacteria . )
2.3 Classification of methanogens . - 8
2.4 Membrane lipids of archaebacteria are different
from the lipids found in other organisms 10
2.5 Scanning electronmicrograph of Methanosarcina
barkeri {(a) and Methanothrix soehngenii (b) 13
2.6 Rod-shaped bacteria on sand surface, linkedby a
fibrous material 34
2.7 Effect of carbon:nitrogen.ratio on polysaccharide
‘ production by Aerobacter aerogenes 36
2.8 Biomass accumulation on steel and plexiglass for
40 days (Kennedy, 1884) 47
2.8 Methanogen and anaerobic biofilm accumulation for -
25 days (5 and 15 day SRT, four organic loading
rates). (Shapiro and Switzenbaum, 1984) 49
2.10 Initial rates of anaerobic biofilm accumulation
vs bulk liguid volatile suspended solids (VSS).
{Shapire and Switzenbaum, 1584) 50

2.11 Effect of bulk liquid flow velocity on methanogen ‘
and anaerobic biofilm accumulation (5 day SRT,
2600 mg COD/L.d, after 5 days).

{Shapiro and Switzenbaum, 1984) 50
3.1 Experimental system 52
3.2 Parameters monitored . 4/’// 539
4.1 Scanning electron micrograph of silicone and

Tygon surface 72
4.2 Attached COD vs time.(A) 75
4.3 Attached PR vs time (A) 75

4.4 Attached PS vs time (A) 76



4.13

4.14

4.18

4.23

4.24

Blofilm thickness vs time (&)

AF, LF and TF COD vs time nygUn tubing,
1.42 cm/s veloclty) (A)

AF, LF and TF COD vs time (silicone tubing,.

1.08 cm/s velocity) (A)
Loose COD vs time,:Tygon-tﬁbihg (a)
Loose COD vs tihe,—silicone tubing (A)

Rate of biofilm thickness increase vs flow
veloclty (&)

Rate of attached COD increase Qs flow
velocity (A)

11

Rate of attached PR increase vs flow velocity (A)
‘'Rate of attached PS increase vs flow velocity (A)
Rate of loose COD increase vs flow velocity (&)

Rate of attached and loose COD increase vs flow

velocity, Tygon tubing (&)

Rate of attached and loose COD increase vs flow

velocity, silicone tubing (A)

Biofilm COD concentration vs time (A)

PR/COD in attached and loose biofilm, normalized

to the reactor suspended vzlue (A)

PS/COD in attached and loose biofilm, normalized

to the reactor suspended value (A)

Attached COD vs time (B,C,D)

-~

Ps (8,C,D)

Rate of biofilm thickness increase vs reactor

vss (B,C,D)

Rate of AFCOD and LFCOD increase vs reactor SCOD

(B,C, D)

Rate of AFPR and LFPR increase vs reactor SPR

(8,C,D}

-

W,
Rate of AFPS and LFPS increase vs reactox soluble

76

78

78
80
80

Xlv

84.

84
85
85
87

87

87

88

92

94
95

87

99

99

100

o w_‘-?;:
L.
.



4.25

4.26

4.27

4.28 -

4.29

4.39

4.40

5.1

Rate of AFPS and LFPS increase vs reactor SPS
(8,C,D)

AFCOD vs LFCOD (B,C,D)
AFPR vs LFPR (B,C,D)

AFPS vs L¥FPS (B,C,D)

XV

100
102
102
102

b values for AFPR and LFPR vs SPR (fllm development

is assumed to be exponential) (B,C,D)

Aen
AF PR/COD-ratio vs time (B,C,D)

Normalized PR/COD ratios in reactor, AF and LF’

(B,C,D)

Normalized PS/COD ratios in reactor, AF and LF
(B,C,D)

Biofilm PR concentration vs time (B;C,D)
Biofilm thickness vs time (E,F,G)

AFCOD development vs time, reactors E, F and G
LFCOD development vs time, reactors E, F and G

AFCOD deposition rate vs biomass specific
activity (E,F,G)-

Normalized PS/COD ratios in reactor, AF and LF
(E,F,G) -

Biofilm COD concentration vs time (E,F,G)

Biofilm PS concentration vs biomass specific
activity (E,F,G)

Attached biocfilm thickness vs time,
all experliments

103

105
108

108
109
118
120
120~

121

122
124

125

142



' CHAPTER 1 -

INTRODUCTION

-

Anaerobic waste treatment has ' been eétablished as a
valld biological wastewater treatment option in the last two
'decades. The advantages.of anaerobic treatment dver aerobic
treatment have been known for some ~time: relatively low
capital and operating costs and recovery of energg in the
form of methane. The majot disadvantages of anaerocbic
treatment were thougﬁt te bq the lack of stability, suscep-
tibilit; to failure and slow recovery,‘loQ loading rates and
rqqui:ement for specific waste composition. However, with a
better understanding- of anaerobic microbliolegy, these nega-
tive_charactgristics have been shown tc be mainly due to
poor reactor.deg%gn, and are not inherent features of anaer-
obic processes. To overcome these limitations a new genera-
tion of anaerobic reactors was developed.

These second generation or advanced anaerobic reactors
have one common feature in that they all retain biomass, but
they differ in the way the biomass is retained. Biomass re-
tention allows a high solids retention time (SRT),
indepéndent from hydraulic retention time (HRT), resulting
in‘greater réactor stability. Retained biomass reactors

were foﬁnd to withstand toxic substances or pH shock better



than suspended culture rcactqrs (Costerton et al., 1985;
Stephenson and Lester, 1966). In general, all second gener-
ation réactors tolerate hydraulic and organic overloading
well. Re-start after a long shut-down perlod is relatively
’easy. All of them have varying degrees of start-up problems
depending on reactor configquration and wastéwater compogi—
tion (Henze/gnd Harremoe;, 1983; van den Berg, 1984).

Inclided in these advanced types.of anaerobic reactors
are the fixed bed, moving bed, expanded bed, fluidized bed,
recycled bed, sludge blanket reactors and their hybrids.
They are all different designs, each ﬁaving its own niche in
wasfe freatment (van den Berg and Lentz, 1979; van den Berg
and Lentz,.1980; van den Berg and Kennedy, 1983).

\\The downflow stationary fixed £ilm fDSFF) reactor has
been developed at the National Research Council of. Canada.
This design eliminated the plugging problems of the anaero-
bic filter by using large channel oriented media and operat-
ing in downflow mode, thereby minimizing ‘t;e ‘suspended
growkth. Gas escaping.at the top of the reactor provides ad-

- equate mixing so an eIaborate influent distribution system
is not needed (van den Berg et al., 1984).

Despite the fact that the DSFF concept has been imple-
mented in full scale operation: theie is still much'resea;ch
needed to fuily understand and describe the reactor opera-
tion (Hall, 1982; Szendrey, 1983). A dynamic model has been
propoged to predict reactor operation during startup period

-

and thereafter (Kennedy, 1985; Droste and Kennedy, 1987).



Among the“many varliables in this model aie the attachment
and detachment rates of aclidogenic and methanogenic bacte-

ria. An indirect procedure was used to estimate attachment

‘and detachment.

’

Very little is known about bacterial attachment and de-
tachment in anaetobic treatment systems (Salklnoja-Saionen
et al., 1983). Yet, bacterial attachment has primary impor-
tance In startup procedures as well as in normal operation.
To speed up reactor startup procedures and facilitate the
development of a healthy bDbicfilm it 1is necessary to:kpow
what factors play a role in anaerobic blofilm development
and their effects on biofilm characteristics and development:
rate.

The main objective of this study was to establish qual;
itative and quantitative relétionships between operétional
parameters, bicfilm development and bioma;; chétac%eristics.

This study was limited to experimentation with an en-
riched acetoclastic .methanogenic culture in the initial

stage of biofilm development. -

The speciflc objectives were to f£ind the effect of

N

£low velocity \

support medium ‘ : : -~

metabolic state of bacteria

suspended blomass concentration

on initial attachment rate and biofilm characteristics.



CHAPTER 2

\ LITERATURE REVIEW
- ~

2.1 Basic Processes of Anaeroblc Digestion

During anaerobic digestion organic material is con-
verted into methane and carbon dioxide. This process in-
volves three major steps, which are pexrformed by'différent
groups of coexisting bacteria (Versggaete et al., 1881;

Henze and Harremoes, 1982; Kirsop, 1984; 2Zinder, 1984).

Scheme of the prbcess is shownn in Fig. 2.1.

-

COMPLEX POLYMERS
( proteins, polysaccharides, etc.)

|
MONQO AND OLIGOMERS

{ sugars, aming acids, peptides)

£ 1 1l ‘ 1 /

PROPIONATE, N~
SUTYRATE, ETC.

( long-chain fatty acids}

o 'Lz g lz et
Ha + CO2 [———»[ ACETATE

CHs, CC2 L7 T

/

Flgure 2.1 Microblal groups involved in the flow of carbon
from polymeric materials to methane in an anaeroblc bloreac-
7 tor. 1: fermentative bacterla; 2: hydrogen-producing aceto-
-~ gemic bacteria; 3: hydrogen-consuming acetogenic bacteria;

4: COa-reducing methanogens, 5: acétoclastic methanogens
(after Zinder, 1984).

>



The first phase 1s the liquefactlon of insoluble organ-
lcs and subsequent, hydrolysis of blopolymers such 3s
polysaccharides and proteins into simple molecules. In
cases where the.waste consists 5f‘mostly suspended material,
this stage can be rate limiting (McInerney and Bryant, 1S581;
Kennedy and‘zan den Bergqg, 1982).

Inlthé seaond phase a group of anaerobic bacteria, the
acidogens, convert the simple soluble oxrganic molecules into
a variety of products, mostly volatile fatty acids, hydrogen
and carbon dioxide. It has been found that the products of
acidpéﬁnesis are dependent upon the partial pressure of Hz.
When Hz partial pressure was kept 1low by H= utilizing
methanogens (below 10~° atm), then acidogenesis resulted in
acetate, hydrogen and carbeon dioxide. 1If, however Hz par-
tial pressure, exceeded this level, more reduced compougds
(propionate, butyrate, ethanol, lactate) were formed. These
reduced compounds then neéded to be converted to acetate by
other bacteria (HcIdérney and Bryant, 1981).

Conversion of intermediate products to methane occurs
in the third phase, called methanoggnesis. Seventy percent
of the methane originates from acetate and 30% isifozmed via
reduction of CO2 by Hz= (Mah et al., 1977; Verstraete et al.,
1981) according to the following equatiaps (Daniels et al.,

1984; Kirsop, 1984)

CH>COO + Hz0

> CHe + HCOs (2.1)

-

CO=2 + 4Hax => CHe + 2H20 (2.2)
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A unique group of bacteria, thé methanogens, are responsible

for this cohversion.

7

_ 2.2 Methancgenic Bacteria

Since the discovery of coenzyme M in 1971, more and
more data have accumulated concerning the unique features of
the mefhanogenic bacterlia. They aée now known to be truly
distincérfrom the typlcal bacteria (eubacteria}) and are
classified In a separate klngdom, the archaebacteria (Fig.

2.2). . N

EUXARYOQTES EUBACTERIA ARCHAESACTERIA

ANCESTRAL ANCESTRAL
URKARYOTES £ugiCTERIA  ARCHAESACTERIA

UNIVERSAL ANCESTOR
{ PROGENQTE)

Figure 2.2 TNhe three primary kingdoms proposed by Woese,
{1981): Eucaryotes, Eubacteria and Archaebacterlia (after
Zehrtder, 15981).

The establishment of this kingdom is primarlly based on
a study of the composition of the 165 ribosomal RNA, which
is known to be highly conserved and particularxly sultable

j
a .
for indicating phylogenic relationships. The archaghécteria



also contaln the thermoacidophiles and the extreme
halophlles and are believed to represent an extremely an-
cient bacterial group (Balch et ai., 1979; Woese, 1981,
Kirsop, 1984). ]

Classiﬁ;cation of méthanogens based on 16S rRNA compar-—
ative cataioging is shown in Fig. 2.3.

Although the archaebacteria constitute a coherent
group, the members of the grou§ are as ecologically and bio-
chemically diverse, as the eubacteria. Fér this. reasona
while methanogens have a number of major traits in_cdhmon,

e

the various genera are widely different in many réspécts.
2.2.1 Distinctive Common Features of Methanogens

Methanogens produce methane from a limited number of

substrates at a reducing potential of -33C mV.

2.2.1.1 VUnusual Coenzymes

Several coenzymes and factors have been found almost
exclusively in methanogens. Coenzfﬁe M is involved in
methyl transfer; factor F420 is a low-potential electron
carrier; CDR Efctor is required for carbon dioxide reduc-
- tion; and, component B is responsible for enzymatic forma-
tion of methane from methyl-coenzyme M. Two other factors
have been characterized spectrally, F430 and F342, and still
others are being discovered (Wolfe, 1979; Daniels.et él.,

1984).
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2.2.1.2 Transfer RNA

_The tRNA of methanogens differs from that of most eu-

bacteria specles, :zince it does not contalr the common arm

segquence GTuCG.
2.2.1.3 Cell wWall Composition

The cell wall of methanogeﬁs lacks muramic acid, which

is a component of cell walls of all eubacteria. It contains

no D-amino acids.

There is a great wvariety of cell wall types among '

methanogens. For the. most important genus in many di-
gesters, Methanosarcina, the wall structure 1is a het-
eropolysaccharide Eontaining galactosamine, neutral sugars,
and wuronic acid. In many respects Ehe structure of this
wall resembles that of a capsule, in which are embedded the
individual cells of Methanosarcina. Methanobacterium andé
Methanobrevibacter genera have péeudomurein in their cell
wall, while the cell walls of other methanoéenic genera con-
tain protein subunits (Zelkus and Bowen, 1975; Kandler and

_Hippe, 1977; Balch et al., 1573; Kirsop, 1984).

2.2.1.4 Lipids

Lipids of methanogens are diﬁferent from the 1lipids of
typical bacteria. They do not possess saponifiable lipids.
Squalene is a major component of the neutral 1lipids, ané
Czo and Cuc biphtanyl glycercl ethers are major componenfs

of the polar fraction found in the membrane cf archaebacte-
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ria (Wolfe, 1979). Fig. 2.4 depicts the difference between
membrane lipids of archaebacteria and those of other organ-

isms (Woese, 1981).
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Figure 2.4 Membrane lipids of archaebacteria are different
from the lipids found in other organisms (after Woese, 1981)

2.2.2 Characteristics of Substrate Utilization and Growth

All methanogens can utilize H2 and CO: as substrate ex-
cept for five strains, Methanosarcina sfrain TM1, Methanoth-
rix soehngenii, Methanothrix concilii, Methanolobus tindar-
lus and a coccoid methanogen (Daniels et al., 1984; Patel,
'1884). Half of the genera «can grow on formate. Only
Methanosarcina and Methanothrix specles are able to utilize
acetate, but they cannot use formate. Methanosarcina bark-

eri and Methanosarcina mazei are more versatlile, capable of
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utilizing Ha and COQz2, methanol, methylamines and acetate,
whlle Methanothrix soehngenii’and Methanothrix concilii use
acetate as the sole source of energy (Zeﬁnder et al., 1981;
Daniels et a&al., 1984; Patel, 1964). The role of hydrogen
htilizing methanogens 1is not insignificant in anaerobic 4i-
gestion. Considerable amounts of hydrogen are produced dur-
ing dlgestioﬁ, and methgnogens have been shown to rapidly
utilize it, thus malntaining a very 1low hydrogen partial
pressure in the rea;tor,‘which is favorable to acetate pro-
duction (van den Berg and Kennedy, 1982). —

. Doubling time for methanogens can vary from 30 minutes
. to weeks. Acetate utilizing methanogens exhibit espeéially

slow growth rates and low cell yields owing to the fact that

o

Pet

acetate is a poor substrate energetically (Zehnder et al.,
1981; Daniels et al., 1984).

Table 2.1 presents kinetic parameters of pure-and en-
richment cultures utilizin~ acetate.

Fig. 2.5 1illustrates the morphology of Methanosarcina
and Methanothrix. Methanosarcina' mazei has recently been

transferred from the genus Methanococcus to Methanosarcina

(Mah and Kuhn, 1984).

.
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ACETATE
ENRICHMENT
CULTURE
SUBSTRATE
Acetate +
formate
methanol
methylamines
hydrogen +
carbon dioxide
DOUBLING TIME -
d 1-3
K
HALF VELOCITY
CONSTANT 50-150
mg acetate/L
: Y
BIOMASS YIELD 0.02-
mg VSS/mg COD 0.04

SPECIFIC ACTIVITY
mg COD/mg VSS.d

2-8

MOTILITY

METHANOTRIX
SOEHNGENII CONCILII

+ + (a}

1-9 1-3
15-40 70-100
0.017- 0.018
0.025 (b) (b)
2.3 {c} 2.2 (e)

L L L e ks e L e Al e e T e e Y " ] b s

(a) presence of CO, required
(b) mg TSS/mg COD
(c) mg coOD/mg TSS.d

Table 2.1 Properties of

METHANOSARCINA
MAZEI BARKERI
+ +

'.- -

+ +

+ +

+ +

1 1-6
150-250 300
0.03-

0.05

2-12

/"\-

acetoclastic methanogenic bacteria

in pure and enrichment culture. Complled from Smith and Mah,

1978; Balch
al., 1981;

et al.,

Huser et al.,

1979;

Zehnder et al.,
Fathepure,

1882;

Zehnder et
Henze and

1980;
1983;

Harremoes, 1983; Kirsop, 1984; Patel, 1984; Kennedy, 1985.

-



(a) - _ (b)

Filgure 2.5 Scanning electronmicrograph of Methanosarcina
barkeri (a) and Methanothrix soehngeniji (b), after Zehnder
et al. (1981)

2.2.3 Effect of Environmental Factors

2.2.3.1 Oxygen

Common to all methancgens is a sensitivity to oxygen;
the degree of sensitivity, however, differs among strains
{(Patel et al., 1984). For example the bactericidal effect
0f exposure to alr is observed immediately for Methanccoccus
vannielili and Methanococcus voltae, while Methanosarcina

barker! can survive exposures up to 30 h, although loss of

13

colony-forming units occurs thereafter (Kiener and

-t

Coy
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Leisinger,.1983). Daniels et al. (1984) found ﬁ;thanogene—

sis extremely oxygen sensitive.  Methanothrix soehngenii

howe:ér, appears to be remarkably tolerant to oxygen. After

being gassed with 0z for up to 48 hours, no- significant
_jchange in methane production was obseéved (Huser et al.,
i 1982).

2\2.3.2 Temperature
—_—

1

A few thermophilic strains have been isola¥ed:

L4

Methénobactegium thermoautotrophicum, Methanothermus and one
Methanosarcina strain (Zinder and Mah, {979). The majority
of methanégenic bacteria are active in the mesophilic range,
between 20-§5°c (Zehnder et al., 1981; Henze and Hérremoes,

1983). . ——

2.2.3.3 pH ‘ ' f/ﬂ'

Studies of Jarrell and Sprott (1980) have demonstrated
that methanogens have only a limited ability to maintain a
constant internal pH. - The pH range of 6-8 has been shown to
be acceptable for methanogenesis. All the meéhanogens
tested exhibited maximum methane production in this range.
Thus, maintaining a neutral pH in a digester prqvides an op-
‘timum cond}tion for methanogenesis. This is higher than the
optimgm pH& for acidogenesis (pH = 5-6, according to Henze
and Farremoes, 1883). However, as long as the two phases

!
occcur jIn the same reactor, the needs of the more pH sensi-

tive methanogens are the governing factor in process opti-
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mization (Verstraete et al., 1981). Methanogeneéis has also
: N
been demonstrated to occur at extreme pH values such as pH =

3 and pH = 9.7 (Zehnder et al., 1981; Danlels et al., 1984).

"2.2.3.4 Nutnients
<

All methanogens seem to require ammonia as the nitrogen
source. Additionally, certain specific amino acids may be
needed. In general, many individual strains requirg indi-
vidual nﬁtrients because of some deficiency in their
metabolic equipment. Generalization of these findingé is
unwarranted., Certain strains have been shown to require
sulfide, sodium, magnesium, calcium, trace.metals such as
nickel, cobalt, iron, molybdenum, = selenium, and wvitamins

(Henze and Harremoes, 1983; Kirsop, 1984).

2.2.3.5 Inhibitozs

-

Many compounds generally known as toxic (suclr as
cyanide) have been shown to be toxic to methanogens too.
Nutrients beneficial 1in small concentration can act as in-
hibitors in hfgh concentration {metal iocns, ammonium). Free
hydrogen sulfide is considered to be toxic. Volatile and
higher fatty acids are potential inhibitors. Evidence sug-
gests that a high concentration of dissolved COz2 reduces the
rate of acetate utilization by a factor cof about 2 (Kirsop,
1984). Anaerobic =zultures are able to dechlorinate
chlorophenolic compounds (Henze and Harremoes, 1883). They

are also able to adapt to toxic substances and recover after
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a shock exposure (Henze and Harremoes, 1983; Parkin and

Speece, 1983; Kirsop, 1984).

~

2.3 Microbial Attéchment
2.3.1 Introductlion

Attachment is termed specific 1f it involves interac-
tions between complementary molecular structures on the mi-
crobe surface and the attachment surface. However, microor-
ganisms are capable of attaching to many different typés of
surfaces, indicating that some relatively non-specific reac-
tion must occur in those cases (Marshall, 1980). Biofilm
formation inl an anaerobic reactor}certainly belongs to the
latter category.

In certain . cases of non-specific aétachment, clé?sical
chemicai adsorption equations adequately describe the in-
~crease 1n number of attached bacteria with time, suggesting
that simple adsorption and passive-attachment may indeed be
éhe governing mechanism (Fletcher, 1977). Supporting evi-
dence is given by the rapid occurrence and the reversible
nature of some bacterial attachment (i.e., that elution of
bacteria off a solid surface is possible with appropriate
reageng} (Fletcher, 1580; Wood, 1980; Marshall, 1985). It
was also observed that attachment of nonviable cells does
occur to soﬁe degree (Fletcher, 1980) and the optimum condi-.
tions a£e very different from those allowing maximum viable
cell attachment (for example, optimum pH of 2.4 was found by

Stanley, 1983).
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”—\\“ﬂn-many cases reversible adhesion Is followed by lirre-

versible attachment. In this process, active participation

by the bacteria is involved.
2.3.2 Events of Biofilm Formation

The following consecutive processes are 1involved in
H

biofilm formation (Bryers, 1980; Trulear and Characklis:"

1982):

1. Transport and adsorption of organic macromolecules to the
surface . _ -~
2. Transport of microorganisms to the surface
3. Microb%al attachment to‘the sur face
4. Microbial growth and exopolymer produqfion resulting in
growth of biocfilm
5. Detachment of bi;film
In the £ollowing sections various factors will be dis-
cussed which affect biofilm development by affecting one or
more of the above mentioned processes. These include prop-
erties of the support mate;ial, the liguid medium, the mi-

croorganism, and environmental factors.

2.3.3 Support Material

Various properties of the support material are  known to
play an important role in attachment, although it is =eldom

possible to pinpolnt one as solely determining adheslveness.
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- .
2.3.3.1 sSurface Charge

In an agqueous environment uﬁually both bacterial and
support surfaces are negatively charged. Therefore, bacte-
ria experieﬁce a repulsive force as their diffuse double
layer overlaps with that of the surface (Fletcher ét al.,
1980). The success of the attachment strongly depends on
the electrolyte “concentrationr High electrolyte concentra-
tions result in a strong neg\\attraction between bacte;ium
and surface (Rutter and Vincent, 1980). Still at medium
electrolyte concentrations the enexrgy barrier is not too
high, and motile cells seem to be aé advantage in overcoming;
energy barriers (Fletcher, 19%80).

The assessment of repﬁlsive‘ forces between bacterium
and solid surface is comﬁliggted by tp% fact that .the bacte-
rial surface is not a smooth, homogenecus one wzéx uniform
charge distribution, but actually a complex area, cd?prising .
sevgnal layers, and frequently covered with long—chaié\capsu— ///
lar polyméxs (Fietcher and Floddgate, 1973). Furthe>ﬁe:e{/
for glass and silica 1t was shown that the initial negative
surface charge may decrease to zerolor even become pgéitive
when b;ought in contact with aqueous 'solutioﬁs of organic
salts ?Ter—Hinassian—Saraga, 1964).

Surface charge may provide a means of attracting essen-

tial inorganic nutrients, ions of thé opposite charte, suit-

able for utlilization by bacterla (Marshall, 1980).



Studies with lon exchangé resins showed that passive or
active attachment of the same organism can occur under dif-
ferent circumstances. Staphylococcus aureus cells at pH
around their iscelectrical peoint attach egually well to an-
.ionic, cationic or uncharged resin, but stronger attachmeﬁt
was demonstrated to anionic exchange resin above that pH and
to cationic exchange resin below that pH. Salt composition
and concentration of the medium were found to have an impor-
tant role in inhibiting, facilitating or reversing the ad-
sorption. Different organisms behaved very differently
{Wood, 1980). -

Fletcher and ™ Loeb (1979) compared a variety of materi-
als for adhesiveness. Attachment of a marine pseudomonad
was measured after 2 hours of exposure. The smallest number
of bacteria was found on oxidized germanium and negatively
chargeé.glass and mica. The number of bacteria attached was
an order of magnitude higher on positively charged platinum
ang reduced (neutral) germanium.
2.3.3.2 Surface Texture

& .
Studies were conducted with variously textured materi-
4als of otherwise identical composition or surface treatment.
Surface inhomogeneities about 1 micrometer (centerline aver;
lage roughness) made thrombus formation a certainty regard-
less o the material used when test rings wﬁre implanted
into the cardiovascular’ system of animals. Thé experiments

showed surface textural variatiocns to be major determinQE:;

19
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of cell-adhesion ”phenomena (DePalma et al., 11972; Baler,
1980).

Copp and Kennedy (1983) compared the biofilm dévelop-
ment and performance of anaerobic reactors containing unal-
tered, physically or chemically treated Cloisonyllas support
material (Coisonyl 1is an extruded PVC material). Best re-
sﬁlts were obtained with physically sufface rpughened éloi—
sonyl. They found that-rbiofilm forma?ion started earlier
and the film formed was thickef, mere reobust and more stablgﬁ
than on the untrsgted or ehemically treated surfaces. éEZZi
tor performance was.also superior to the others.

Messing et al. (1%879) investigatea the relationship be-
tween the pore size 0f support material and the accumulatibnl
of stable and viable‘bigpass? In the case of microorganisms
reproducing by fission they found that the optimum pore di-
ameter should be 5 ‘tiﬁes-éhg larger dimension of the mi-~
crobe. When experimentiné with molds they noted that the
optimum pore size for spore adsorption was not the one which
allowed the highest mycelial growth later. It was also
founa that during the stage of spore adsorption certain mi-
croorganisms preferred cerfain materials more thah‘others of
the saﬁé pore size. Later, in the stage of myééiial growth

this difference disappeared, or even preference was ex-

pressed towards another type of material., The phenomenon

was explained on the basis that the first deposition or

monclayer of cells will be affected via direct contact with

the carrier surfa;e. Subsequently as growth continues and
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X
becomes more remote from the surface, :ge dimenslons of the
carrlier pore§ exert a much greater effect on biocaccumulation
than deo other surface properties. In the case of enzymes
where reproduction did pot play a role, Messing (1974) found
that a carrier with a pore size twice the major axis of the
enzyme was optimal for immobilization.

Beeftink (1987) observed that in a gas-lift anaerobic
reactorr~he colonization of sand particles started in'sux-

face irregularities. The author attributed the phenomenon

»
to local guiescent conditions.

2.3.3.3 Hydrophobicity

Short-range forces (operating at separation distances
sﬁaller than about 2 nm) are particularly important in aque-
ocus systems and may be repulsive or attractive depending on
the nature of the surches involved. According to Rutter
and Vincent (1980} this may be discussed in terms of the
displacement of water molecules from the interaction zone as
a particle approaches a microscopic surface. 1If both sur-
faces are "hydrophilic", the 1local ordered water structure
near the surfaces has to be broken down, causing a net in-
crease in free energy of the displaced water molecules.
" This results 1in a short-range repulsive force. When both
surfaces ére "hydrophobic"”, the displaced water molecules
decrease their free energy as they increase their H-bonding

in bulk solution. Therefore a short-range net iniisgion

results.

21
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Most microorganisms are hydrophilic, and the above
analysis predlicts that their adsorption toc a hydrophobic
surface (for example, Teflon) will be stronger than to a é&—
drophilic surface (for example, clean glass).

Hydrophobicity 1s related to wettability in that solids
having critical surface tension below the surface tension of
water are considered hydrophébic {(Zisman, 1962).

In contrast tc¢ the theory, Fletcher (1980) found no ab-
sclute preference on the part of all the bacteria in'her ex-
periments for either a hydrophilic (tissue culture dish) or
a hydrophobic (polystyrene) substratum. The experiment in-
volved five different bacterial species.

Fletchef and Loeb (1979) suggested that electrical
charge has mozxe importancé for attachment on hydrophilic
substraté and wettability is more important on hydrophobic

substrata.
2.3.3.4 sSurface Wettability -

wWettablility is a property of the so0lid surface which is
often considered suitable to predict whether a microorganism
will adhere to the surface or not. The parameter used to
characterize wettability 1is the critical surface tension.
‘Liquids with surface tension higher than the critical sur-
- face tension of the solid will form‘drops on the solid sur-
face, while 1liquids with lower surface tension will sponta-

‘neously spread on the surface (Dexter et al., 1975).

Spreading implies that the interactions between the solid



and liquid molecules are equal to or stronger than those be-
tween the 1liquid moleculés themselves (Zisman, 1964; Dexter
et al., 1975; Fletcher et al., 1§80).

The relationship between composition of the surface and
wettability was investigated (Shafrin and Zisman, 1960;.215-
man, 1964). Compared to hgdrocarbon surfacés, progressive
flueridation results in lower, while progressive chlorina-
tion in higher wettability.' In fact, a condensed monolayer
of perfluorolauric acid is the least wettable surface ever
reported. Polymethylsiloxanes, highly £luorinated fatty
acids and alcohols; and fluorccarbon resins are commonly
used as "abhesive" coatings to prevent the adhesion of two
solids that are in intimate contact. Such abheslive coating
con§erts the solid into a low energy surface (Zisman, 1962;

Zisman, 1964; Baier et al., 1968)

Critical surface tensions of surfaces of interest are
shown in Table 2.2 (combined after Zismaﬁ, 1964; Dexter et
al., 1975; Baier et al., -1968).

Critical surface tensions of all the surfaces listed
{except glass) are well below the surface tension of water
(72.8 dyn/cm at 20=C), and therefore &all arxe hydrophobic.

Hany;high—ene:gy solids, such as glasg, silica, metals
readily adsorb water, and the adsorbed water'greatly de-
creaseé their surface energy, in fact, converts them into

low-energy surfaces {(Baier et al., 1968).

23
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Table 2.2 Critical surface tension of various surfaces

Material dyn/cm (20=C)
Perfluorolauric acid monolayer 6 .
Polytetrafluoroethylene (Teflon) . - .18

Bulk water surface o - 22
Polymethylsiloxane film T 24

Polyethylene 31,
Polystyrene 33 .

Polyvinyl chloride (PVC) 38 ~
Starch 39
- Copper (99.9%) . 45
Nickel (99.97%) 45 -
Cellulose 45
" Glass ') 46-70

Several attempts were made to correlate critical sur-
face tension and bloadhesiveness of surfaces. Baier (1972)
using human blood cells, £found that the range of 25-30
dyn/cm critical surface tension corresponds to a minimum
rate of attachment. Dexter et al. (1975) using seawater or-
ganisms arrived at a similar c¢onclusion; they founﬁ the
least attachment between 20-30 dyn/cm. This critical sur-
face tension <range is termed "biocompatible". The term
"biocompatible" refers to the fact that materials falling to
that critical surface tension range constitute the best im-
plant materials owing to their low adhesiveness. The au-
thors also found glass outstandingly superior to the low en-
etgy.surfaces tested concersnning the rate of attachment.

Superiority in supporting adhesion of glass over Teflon .
and .siliconized surface was demonstrated by. ngss 'and
Blumenson (1967) as welI. In .a dental oglaqde formation

-

study by Glantz (1969) the smallest amount of plaque formed



oen the least wettable surface, Teflon. Fowler and McKay
(1980) found the order of increasing' adhesliveness to be
siliconized glass < plate glass < Pyrex glass < stainless
steel measured in a radial flow growth chamber. The autﬁ%rs
noted that the surface texture of the materials was not
identical, and this fact may have . contributed to the

results.

Mohdndas et al. {(1974) investigated the minimum sheax
stress for de aéhment of cells from clean surfaces. They
found that it correlated with the initial surface tension of
the maferial (Teflon < siliconized glass < polyethylene <
giass). Again, surface texture differeﬂces existed, Teflon
and polyethylene beéing rougher than the other two'surfaces.
In other studies (Fletcher and Lceb, 1979) however, @ pro;
gressive decrease in the number of attached cells with in-
creasing wettabllity was indicated. The highest number of
attached bacteria was found cn Teflon, volyethylene,
polystyrene and polyethylené terephtalate, £followed by the
more wettable epoxy and nylon 66. When the above surfac%s
were modified for increased weétabilitf, less bacteria were

found attached to them. Powell and Slater (1982) noted that

the critical shear stress required for detachment of Bacil-

25

lus cereus cells in peptone medium was about 30% higher on.

silicone-coated glass than on glass surface alone.
Mcre elaborate thermodynamic models reviewed recently

by Marshall (1985} appear to predict adhesion more consis-

tently than surface wettability.
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2.3.4 Ligquid medium

When searching for correlations between surface proper-
ties and microbidl attachment, there is only one pa;ameter,
surface texture, which is truly independent of the proper-
ties of the liquid medium. Firstly, water élone has been
shown to change the‘wettability of high-energy surfaces, bhe-
lieved to be preferred 1iIn attachment. Secondly, all real
media (blood, seawater, sewage) contain a number of orxganic
and inorgani¢ components which are very likely to modify the

surface properties of the support or the bacteria. This has

 “-bgen‘demonstrated by various authoers.

e

N Most solids assume a net negative charge when immersed
in water. As a result, very soon after exposure, cations
and a variety of macramolecular and colloidal materials are
attracted to the solid surface altering the 6rigiﬁa1 surface

charge. The modified surface charge will be a reflection of

the ionogenic groups exposed' at the surface of the condi-

~tioning £film (Marshall, 1980). Small molecules, serving as

nutrients, can provide an Important advantage fdr attached
bacteria, especially 1in dilute solution such as seawater
{ZoBell, 1943). The éﬁsorbed material was found to consist
of mainly glycoproteins and their residues (DePalma et al.,
1972; Baler, 1980). Coating a surface with—aésorbed organ-
ics can effectively lower the critical surf;ce tension of
surfaces, towards " the biocompatible region. Baler (1980)

showed that a protein layer lowered the critical surface

26



tgnsion of the high-energy plasma-cleaned glass to about 32
dyn/cm, while materials already in the bilocompatible range
did not undergo significant surface tension change, although
presence of the same amount of protein coating was evidént.
The adsorbed protein layer is generally viewed as bene-

ficial to adhesfion, however facts pro and con alike can be

found in the literature.

Welss and Bl nson (1967) observed that the . number of

|

erythrocytés adsorbed to glass exceeded the numbex of cells
attached to silicone by ten fold when salt solution served
as a suspending medium. This was in contrast to suspension
~in human seruﬁ, when the number of cells attached to glass
was as low as on silicone surface. Similar results were ob-
tained using RPMI no.41 cells (derived from a human saxcoma)
on glass and siliconized glass surfaces. The results com-
pare favorably with Baier's f£indings. |

In vitro experimenﬁs have shown that serum may, on one
hand, promote cell adhesion to glass and to other celI=s;yor,
on the other hand, inhibit-;ell adhesion to glass o to
other cells (Weliss and Blumenson, 1867). .

Fletcher (1976) examined the effect of six dlfferent
proteins  on bacterial attachment on poly;tyrene dishes
(critical surface tension 33 dyn/cm). Bovine serum albumin,
gelatin, fibiinogen and pepsin impaired the attachment of a

marine psevrdomonad, while basic proteins, protamine and his-

tone did not markedly affect attachment.

27
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In a study of blood compatibility of various metals
DePalma et al. (1972) concluded that the formation of a low-
_cfitical-surface-tension, proteinaceous coating is responsi-
blg for "passivating® metal.as well as pyrolitic carbon sur-
faces so that improved thromboresistance results. They
found no predictive correlation between electrical rest po-
tentials of the metals and ultimate éhromboresistanc&.

Eeukelekian and Crosby (1953) experimented with 35
€foatings, with or without special inhibitors. Complete in-
hibition of slime growth was not obtained even for short pe-
riods with any of Ehem.;

From the above review éhe impression is that ultimately
it is the proteinaceous coating which determines the adhe-
sive properties of the surface, not the original matexial.
This proteinacecgus coafing does not improve adhesiveness,
but it seems to convert initially highly bioadhesive sur-
faces into less blcadhesive ones. Since in more cases
change in wettability and adhesiveness occurred simultane-
ously, it is reasonable to assume a relationship between the
two. :

Baier (1980) investlgated the possibility that the
properties ocf the original surface make a difference in at-
tachment, even though the protein-£film coyered surfaces seem
to exhibit no differences 1in cell adhesion if measured by
the number of cells attached per time. The parameters mea-
sured were the spread areas of tlssue-culture cells and the

number of filopodia (irregular projections) on the protein-
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covered surfaces. The cells exhlblted 50% greater spread
areas 6h glass then on siliconized ﬁaterial. The number ofh
filopodig was also higher on glass, espeéially_compared to

dichloromethylsilane surfaces (3 fold). The strength of

attachment was examined by subjecting the apparently at-

tached cells to a modest impulse. While glass held the at-

tached bacteria almost completely, nearly'all cells detached

from highly siliconized surfaces. From the results he drew

the conclusion that properties of the original surface con-

tinue to affect ﬁhe attachment aftéer they have been covered

by proteinaceous film.

Anothef interesting difference, as Baier pointed out,
is that cells adsorbed to siliconized substrata appeared to
be residing sn, raﬁhez than embedded within, the uniformly
dispersed glycoproteinaceous matrix. According to Dexter et
al. k1975) bacterial populations adsorbed to low enexrgy sur-
faces of about the same critical surface tension have the
poorest rate of colonization. Weiss\ and Blumenson (1967)
found that cells in serum~containing, medium adhered and
spread on both glass and Teflon. In salt solution they

tended to adhere to each other forming small aggregates,

rather than spreading on Teflon. Cells adhered and spread.
;

on glass in salt medium. ‘

2.3.5 tHicroorganisms

Experiments are carried but and results are compared in

the hope c¢f accumulating a coherent body of knowledge, from



/ , —
\\Which final and general conclusions can be drawn. It has

been notiééh, however, that phenomena occurring with one

-
-

spegies might not be observed for another one. Bacterial
species differ considerably in their quality and quantity of
cell surface polymers, thus it is not surprising that they
also‘vary in'their ability to attach substrata (Fletcher,
1980). | '
Messing et al. {(1979), for example, noted.that in pore
size experiments the Initial growgh of Streptomyces
olivochromogenes was substantially greater on glass than on
cordierite. To the coﬁtrary, growth of Penicillium chriso-

genum was greater on cordierite than on glass.

In a study Dy Wood (1980) on the interaction of bBacte-

ria with ion exchange resin the adsorption of Staéhylococcus
aureus to . anion exchange resin was progressively inhibited
by increasing concentrations of either sodium or calcium
chloride. No effect of sodium chloride was -observed on the
adsorption of E. coli. Also, the salt-dependent recovery of
Staphylococcus aureus varied greatly with pH, whereas E.
coli was not affected. Even different~strains of a species
may differ in attachment propertieg'(Fletcher, 19803. It is
conceivable that similar differences might underlze the con-
fiicting reports correlating adhegiveness with wettability
or other surface properties.

An atftempt was made to relate bacterlal adhesion to the

Gram reactlion, but upon examination of a‘Eotal of %6 differ-
1
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ent marine bacterium cultures, ZoBell (1943) found no such
general relgtionship.

Both Gram-positive and Gram-negatlive bacteria are nega-
tively charged maiﬁly owing to an excess of carboxyl and
'phosphate groups (Ward and Berkeley, 1980). It was found
that cell wall compositions o0£f chemostat-grown Bacillus
polymyxa were ‘markedly different\ £ those of the batch-
grown organism (El{yood and Tempest, 1972). Data reviewed
by Ellwoas and Tempest show that the walls of bactexia can
and do vary phenotypically with nutrient deficiency ox
amineo-acid Compoq}tion of the growth medium as well as with
culturing conditions (batch or continuous flow systgm).
Such changes in wall composition might have substantial
bearing on adhesive characteristics.

It is not known whether-the unique methanogen wall com-
position makes those bacteria fundameqtally different frsm
eubacteéia concerning attachment properties. Kirsop (1984)
noted that pure cultures of methanogens tend to be dispersed
except for Methanosarcina barkeri, which characteristically
occurs in aggregates of cells. There is also little indica-
tion that pure cultures adhere to glass surfaces of culture
vessels or to metal components present within them. How-
ever, mixed cultures of organisms are found in general to
adhere strongly to supports such as anthracite, glass,‘plas—

H

tic, or stone which are commonly used in effluent treatment

plants.
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Intact cell structure.and metabolism is assumed to play
an important role in active attachment. Motility has been
shown to be a facto; iﬁ attachment of Psébdomonas aeruginosa
to stainless steel by Stanley (1983). According to Ottow
(1975) specific surface ovganelles such as fimbriae or pili
may facllitate attachment by overcoming the initial electro-
static repulsion barrier. There is some subporting evidence
for their involvement in actual attachment, but no clear
picture can be drawn (Ward and Berkeley,.1980; Corpe, 1S80).

It has Dbeen observed by several authors (ZoBell, 1943;
Costerton et al., 1978; Fletcher, 1980) that after initial
adsorption most cells synthesize or make use of a polymeric
material which glues them more tenacioﬁsly to the sﬁrface.
A study by Eletcher (1980) indicated that in some instances
polymer synthesis in éhe bulk liguid phase was required for
irreversible attachment, while in other cases a time-depen-
dent phjéiplogical activity at the surface was needed. Aal-
though investigations have generally implicated polysaccha-
rides {(dextran, cellulose), other materials such as nucleic
acids and proteins frequently hqve been shown to play a sig-
nificant role in bacterial aggregation (Harris and Mitcgell,
1973; Marshall, 1%985). Such materials may alsb 5& intro-
du&ed to the medium wvia cell lysis. - ‘

In a review of the role of polymers in microbial aggre-
gation Harris and Mitchell (1973) concluded that the genez-

ally favored mechanism for aggregate formation is polymer

bridging, given the hydrophilic nature of the blocollold

/7
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surface and the simllarity in charge of blopolymers and blo-
c&ﬁlpids. The polymer attaches to a s&rface as a result of
chemical fnteraction (complex EormaEion, hydrogen bonding,
proton transfer). Arﬁgrtion of its length extends into thg
liquid, and by interacting with vacaﬂt bonding s%tes of
nearby particles, bridging results. As high polymer concen;
tration causes restabilization, it is assumed that the satu-

ration of the surface .prevents optimal bridging of parti-
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cles. Under proper experimental conditions all polymers in--
4

vestigated (aniecnic, cationic or nonionic) could aggregate
negatively charged bacteria. The same model may apply to
biofilm formation except that one participént is a solid
surface until it is covered with bacteria or polymers.
Polymers that have a higher proportion of -OH and -~COOH
groups in their structure proved to be most effective in en-
hancing aggregation. In a s%udy of anaerobic bacterial ag-
gregates Beeftink (1987) found that sugar was an important
component of the fibrous material that connected the rod-
shaped cells to the-substratum and to each other (Fig. 2.6).
Tago and Aida (1977) discovered a mucﬁpolysacc@aride, which
was shown to contribute to floc formation of a 3dseudomonas
stra}n. This fraction constituted only 10% of the total
polysaccharides isolated £from the floc, and the other 90%
could not be shown to play a role in floc for;ation. The

above finding helps to explain why the possession of mucoid-

ness does not always coincide with adhesiveness (Marshall,

1985}). g

L'
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Figure 2.6 'Rod-shaped bacteria on sand surface, linked by a
fibrous material. Sugar was found-tc be an importapt compo-
nent of the polymeric substance {Beeftink, 1987).

3 .
-

Mohandas et &l., (1974) examined thé critical shear
stress above which cells would eventually detach. They
fo;nd that the critical force for detachment increased with
time of cell-surface contact, as would be expected from the
time-dependent, biological nature of adhesion stabilization.
Powell and Slater (1982) £found that the critical shear
stress increased with cell-surface contact time ué to 1 hour
and remained constant thereafter. It must be noted that
technigques based on éell detachment do not measure the adhe-
siveness of the cell or the material, but the strength of a
iuzlly stabilized biological joint. According to Crouch‘et
al. (1983) critical shear forces causing detachment of cells

are 1000-fold greater than those permitting attachment. The

smallest critical shear stress required to detach human ery-



throcytes was ©0.02 N/m® ({(Mohandas et al., 1974), obtalned
with flbrinogen-coated substrata.- For bacterla, the small-

est value observed by Powell and Slater (1982) was 1.1 N/m?

in peptone medium.
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The production of polymeric material may greatly in- -

crease in case of nutrient deficiency. Duguid and Wilkinson
{1953) studied polysaccharide formation by Aerobacter aero-

genes. Linmiting concentration of carbon and enexgy source

resulted in a minimum production of polysaccharide, whereas.

if the concentration of nitrogen, sulfur or phosphorus was
growth-limiting, polysaccharide production reached a maximum
(Fig. 2.7}). Potassium seemed to be essential for polysac-
charide synthesis. The effect of nitrogen limitation on ex-
cess polysaccharide production was observed by other authors
as well (Harris and Mitchell, 1973; Characklis and Dydek,
1976; Williams and Wimpenny, 1978).  Shaw et al., (1982) ob-
'served that bacterial cells produce extracellular polymeric
substances which can reduce the pezmeébility of a .porous
medium to effectively zero in a matter of a few days. Using
dead cells, plugging occurred to a much lesser extent.
Precoating of a glass surface with an exopolysasfharide
layer isclated from Pseudomonas atlantica resuﬁ%ed in
greatly increased bacterlial attachment from seawater (Corpe,
1970). Polymer synthesized by cell free Str;ptococcus mu-
tans enzymes would not induce attachment when added to heat
killed cells, but when the polymer was synthesized from su-

crose in situ, attachment did occur (Mukasa and Slade,
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Figure 2.7 Effect of carbon:nitrogen ratio on polysaccha-
ride production by 2erobacter aerogenes (Characklis and
Dydek, 1976; after Duguid and Wilkinson, 1953)

1973). The authors conclude that participation of a binding

site on the cell surface is required for the process.

A relationship exlsts between the age (activity,

metabolic state) .of the ‘cg%ls and their attachment proper-
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ties. Duguid and Wilkinson (1953) found that the rate of

polysaccharide synthesis) was highest during the iogarithmic
growth phase and diminished progressively thereafter. How-
ever, the major part of the production cccurred after the
‘end of the logarithmfc phase. Several other authors ob-
sexrved the same phenomenon (review by Harris and Mitchell,
1873). In.the/ review it'-was also concluded that although
there Qere exéeptions, most of the microcrganisms had a
greater tendency - to aggregate under conditions of declining

growth than under conditions of prelific growth. Experience



_in blological waste treatmént operations also led to the
conclusion that the higher 'the'growfh rate of the microor-
ganisms, thé less the tendency of floc formation. Assuming
the polymer bridging mechanism of aggregation, it was sug-
gested that rapidly growing cells contained insufficient
guantities of polyﬁers required fﬁr aggregation. The poly-
mer concentration per cell is expected to increase after the
»logarithmic growth piiase and 'may eventually reach the con-
centration necessary for aggregation.  Powz2ll and Slater

(1982) found that stationary phase cells resisted initial
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removal by 2.2 N/m® wall shear stress much better than did.

exponential phase cells. The cells arrived at the surface

by gravity and the £flow was' not commenced until one hour

thereafter.

e

On the other hand, in Fletcher's study (19771 with a
marine psegdomonad, logérithmic phase cultures had the
greatest f%eifity for attachment, followed by the stationary
and déath—phé;e cultures, respectively. For a possible ex-
planation, the author presen;ed the observation that loga-
rithmic-phase culturgs had the largesf proportion of motile
cells and there followed a decline in motility with the on-
set of the stationary phase. Also, as an extracellular
polymer plays an important part in the attachment of this
pseudomonad, variation in cell surface polymers (as a‘¥esult
of variation in groﬁth conditions) would be expected to af-
fect adhesion. Bryers (1980) in studles on biofouling found

Increasing attaéhmenf rate with increasing blomass growth
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rate. High biomass growth - rate 1s. indjcative of high

biomass metabolic activity in a continuous reactor system.
2.3.6 Environmental Factors
2.3.6.1 Shear stress ~

Effects of shear stress on attachment and detachment of
bactéfié have been extensively investigated;-since most of
the systems.qé interest.are mixed or liquid is recircuiated,
no quiescent conditions exist. )

In the initial stage of biofilm development whgn at-

. tachment is .tﬁe dominant factor rather than microbial
growth, increase of flow velocity-incr?ases the rate of at-
tachment by increasing the transport of microorganisms to
the surface, but a2lso increaées the detéchment_rate by in-
creasing.the shear along the surface. The highest bicfilm

-development rate is achieved at velocities where the gain by °
attachment outweighs the loss by detachment. In the second
.phase, when growth is the main contributor to bicfilm devel-
opmeﬁt, velgcities {lower than the optimum are unable to en-
sure adequate supply-of nutrients at the surface, thus im-
pairing growth while higher wvelocities increase detachment
of biofilm.

Sanders and Characklis obtained maximum growth at a ve-
Tocity of 0.3 m/s. Characklis found that biofilms grown at
highér velocities adhere to the surface more firmly (after a.
regiew by Cﬁaracklis, 1973). According to Heukelekian and

Crosby (1956} high velocities (0.45 m/s) retarded primary
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film formation, but aftgr a film was established, higher wve-
locitles resulted in greater growth. The largest 3ccumu1a~
tion 6f slime also produced the widest variations due to
sloughing.

Trulear and Characklis (1982) conducted a study in an
aerobic annular zreactor (width of the annular gap was 0.4

cm) examining 'the effects of fluid velcocity and substrate

loading on bibfilm accumulation. The study was carried out -

on a developed biocfilm, therefore only growth and detachment
contributed te biofilm accumulation, attachment d4did not.
The amount of biomass was chéracterized by dry biomass
weight; "bicfilm density was also determined. They £found
that biofilm accumulation rate as well as plateau biofilm
accumulation was a function of rotational speed; the maximum
accumulation was 'at 150 rpm. In the plateau phase the
biofilm thickness xemained constéht, .new growth being
sheared off from the surface by the fluid. Bicfilm detach-
ment rate increased with increasing :oﬁational speed and
. also with increasing mass of attached biofilm. The authors
.ncted that species distribution of the biofilm can vary with
the level of turbulence.

A major aerobic study was conducted by Bryers, using
Pyrex glass as test material (1.27 cm i.d.). Chemical oXy—
gen demand (COD) characterized biofilm biomass. 1In the ex-
amined range (0.7-1.85 m/s) an increase in Reynolds (Re)
number (velocity) resulted in a linear decrease in initial

biofilm accumulation rate. Attached bilofllm fibers grown at



low Re varied in length and wére randomly distributed on the

'surface. Attached fibers grown at high Re were more unlform
in length and surface coverage. Blomass concentration of 12
mg/L total suspended solids (TSS) and specific grdﬁth rate
0f£,0.28 h~—* was used in this experimenﬁ; A biofllm charac-
teristic, polysaccharide to COD ratio was found to be more
or less constant (0.2 mg/mg) in variocus runs and during the
course of one experiment, except for a short initial period,
when 1t was substantially higher.

Norrman et al. (1977) found that flow velocitlies
6-7 m/s did not significantly affect £film attachment and
growth. Roughened acrylic tubing (1.27 cm i.d.) was the
support material in this study, the bacteria oriéinated from
primary treated sewage.

In the experiments of Bott and Miller (1983) velocities
of 0.8-1.0 m/s were optimal. Higher velocity did.increase
the amount of blofilm accumulated when no substrate and nu-
trients were prgsent (i.e., only attachment occurred), but
to a much lesser degree than in the presence of feed. The
authors also suggest that  at higher ‘'velocities deposition
may play a greater role than the growth within the biofilm.
Sloughing was more prevalent in thicker films. A pure cul-
ture of Pseudomonaslfluorescens and aluminum support mate-
rial (1.25 cm i.d.) were used.

Harty and Bott (1579) examined biofilm formation on a
brass surface (cross section 1x2 cm} using E. col!l and Kieb—

siella aerogenes. The wvelocity range studied was 0.1-0.55
7 -
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m/s and a steady decrease of both blofllm growth rate and
maximum thickness was observed with increasing veloclty at
both 37 and 42°C. A high carbon to nitrogenJratio was main-
tainea in the medium to facilitate polysaccharide produc-

tion. ' ~

McCoy et al. (1981} studied the relationship between
friction factor and biof{lm development using bacteria from
acﬁivated sludge. At 2.65 m/s flow velocity the induction
phase (time elapsed prior to increase iﬁ friction factor)
was 45 h longer than at 1.38 m/s. The authors suggested
that at high. velocity a biofilm matrix richer in extracellu-
lar materials is required before filamentous bacteria are
able to colonize.’

Turakhia and Characklis (1983) compared biofouling in
smooth and finned 70:30 Cu/Ni tubes (i.d. 1.135 cm). Since
the extent of foulihg in the finned tube section was some-
what less than that of the smooth tube, the authors con-

cluded that increased turbulence in the region between the

two fins may decrease attachment rate or increase detachment

rate or both.
2.3.6.2 Biomass Concentration

Studies employing wvarious suspended biomass concentra-
tions cenfirmed that biofilm attachment rate is lineaFIy
proportienal to suspended biomass concentration as it is
predicted by models describing molecular adsorption;from so-

lutions onto surfaces (Fletcher, 1977). Bryers -1980) ar-
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rived at the same conclusion working in the range ef 2-24 mg
TSS/L. He was able to describe the overall biocfilm accumi-

lation with the empirical equation

éB XD
—— =B K ( —-— ) . (2.5)
"dt Re

where

X 1s the suspended bilomass concentration [mg TSS/L!

D 1is the dilution rate [h—%]

B ls the attached biofilm amount [Mg/cm=]

K

>is the specific rate constant [L/mg TSS]

2.3.6.3 Substrate Concentration and Loading Rate

-~

Trulear and Characklis (1982) studied among other pa-
raméters the effect of the reactor glucose concentration on
biofilm formation. The possibility_of attaéhment was ruled
out so biofilm growth was due only to microbial growth and
exopolymer production. Active bilofilm thickness increased
with higher reactor glucose concentrations (active tﬁickness
refers to the biofilm thickness beyond which'substrate re-
moval rate remains constant). Specific biomass production
rate alsc increased with‘reactor glucose concentration in a
fashion which may be described by a Monod-type equation.
The maximum net biofilm accumulation rate (mg/m®-min} and
plateau biofilm accumulation (mg/cm=) increased with glu-
cose loading rate (mg/m*-min}. Plateau biofilm thickness
(Um), however, decreased sharply with glucose loading rate
initially, and remained constant thereafter. These two phe-

nomena occurring together mean that the biofilm formed be-



came denser as glucose ioadihg rate Iincreased. Glucose re-
actlion rate (mg/mg-h} increased rith glucose lcading rate
and the authors suggested that this might be due to the den-
sity increase.

Bott and Miller (1983) working with Pseudomonas fluo
rescens found that the presénce of substrate greatly in-
creased the rate of initial biofilm accumulation compared to
starving state accumulation. Also, biofilm development in
}he fed reactor started after 1 day, as compared to 4 days
' with starving éulfure. In both cases the bacteria were fed
until the experiment commenced. Short HRT assured that sus-
pended growth would not occur in the-test system. The pos;
sibility of attached growfh however was not ruled out in the
18-day experiment. The shorter lag phase must be attributed
to the effect of substrate availability on the attachment
process, which 1is reasonable recalling that carbon source
limitation was shown té decreas= polysaccharide production.
On the other hand, it i% very likely that reproduction in
the biofilm contributed to the increase in accumulation rate

observed with the fed culture.
2.3.7 Survey ¢f Anaerocobic Studies

2.3.7.1 Support Material

Most of the studies on anaerobic bicfilm attachment
were initiated in an effort to minimize startup difficulties
of fixed f£1llm reactors. They were malinly concerned about

finding the most suitable support medium on an empirical ba-
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sls, that 1is, by tryiné different supports and ronitoring
reattor performance and some biofilm characteristics.
The following studies Have been done with mixed methane pro-
ducing cultures (i.e., containing both acidogenic and
methanogenic bacterla) unless otherwise indicated.

Copp and Kennedy 61983) found that plasticized needle
punched polyester (PNPP) support material resulted iﬁ best
reactor performance demonstrated Ey highest loading rate,
highest methane. production rate and fastest £film develop-
ment, compared to surface treated or untreated Cloisonyl
(évc>. Biofilm grown on PNPP was more stable. The ?xperi—
mént was completed in 160 days.

Van den Berg et al. (1981) showed that biofilms became
established much more rapidly on clay (1-3 months) than on
glass (10-14 months) or PVC plastic (7 months). Biofilms on
clay were also less subject to failure. The maximum activi-
ties ultimately - reached were only slightly higher (about
10%) on c¢lay than _on gléss or plastic. ﬁet £ilm thickness
varied from 1 to 3 mm (van den Berg and Lentz, 1980).

Myrray and van den Berg (1981) wused an enriched
methanogenic culture (composed élmost exclusively of bacte-
ria converting acetic acid to methane) in their studies.
They obtained the highest acetate conversion rate when fired
clay support was used. Film development did not becomé evi-
dent on etched glass or PVC until after 10 days and slowed
down after about 25 days. Film activity on an area baslis

N

was approximately three fold greater on clay than on either
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PVC or glass. Substantlally more £ilm, which also was more
uniform and thicker was present on clay-than on the other
“supports. Attachment was very poor and spotty on glass, and
much thicker_on PVC. Filament length was shortest on etched

glass and longest on clay support. Some.clay slides were
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refired and p&lished smooth to assess the effect of porosity

and roughness on biofilm development. On these slides £ilm
development was about 20% slower and leveled off sooner
(maximum development was 30% less) compared with the

rougher, more porous slides. It was also confirmed, that,

'among other properties, the slow 1leaching o¢f nutrients

(especially soluble iron)} from the clay contributed substan-
tially to its success as a support material £for anaerobic
biofilms. Tests were completed in 70 days.

Van den Berqg and Kennedy (1981) found that when suc-
_cessful support materials were compared, -it was needle
punched polyester (NPP) and red draintile c¢lay which re-

" sulted in best reactor performance. Rates of film develop-
ment were close to the maximum growth rates of acetate con-
verting methanogens.

ﬁarvey et al. (1984) also experimented with NPP mate-
rial. They found that bacteria were entrapped between.the
fibers rafher than being attached to the surface. Since
phosphorps and calcium were the major elements detected in
both the bacterial cell and the extracellular material, they

concluded that part of the biofilm materjal was probably

e TR
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calcium carbonate and calcium phosphate preéipitate. The

experiment was terminated after 7 months.
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Switzenbaum et al. (1985) studied the influence of sup-

port materials and precoating on initial biocfilm develop-
ment. Accumulations were more rapid on stainless steel and
Teflon (about 400 pg COD/cm® at 15 days) than on PVC and
aluminuﬁ. Precoaping of PVC or aluEinum with denitrifying
bacterial biofilm, starch, carboxymethyl cellulose, xanthan
gum, poiyacrylamide, alum or Magnifloc 573c did not increase
the initial biofilm aécumulation rate. The duration of the
study ‘was 15 da;rs. | .

Kennedy_11§84) found stainless steel to support biofilm
growth better than plexigiass. The experiment was conducted
with épproximately 1000' mg /L reaétor volatile suspended
solids (VSS), 48 cm/s flow veiocity and 17 day SRT. A mixed
culture was used, fed with 50% sugar-50% acetate. COD was
the indicator cf biomass concentration. Wwhen the experiment
was terminated after 40 days, 700 ué COD/cm®* was measured on
stainless steel, while 450 ug COD/cm® was observed on
plexiglass. The difference was characteristic throughout
the experiment. The results are shown on Fig. 2.8.

From the above sTudies it is rather clear, that as far
as attachment of anaérobic bacteria is conéirned, glass is
the poorest support material experimented with, not only
with respect to blofilm development rate, but also in hold-
ing t}:’z:é§ film tenacliously. This is cont;adictory to ﬁost of

1

the experiments mentioned in Section 2.3.3. Considerzﬂa the
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success of the porous clay and the fibrillous needle punched

polyester it seems that surface texture is a more important
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Figure 2.8 Biomass accumulation on steel and plexiglass for
40 days (Kennedy, 1984)
factor than the other surface properties in supporting fast

growth and stable, strongly attached anaerdbic biofilm.

2.3.7.2 Specific Surface Area

-

Specific surface area (that is, surface to volume ratio
in a reactor) is considered to be an important parameter in-
fluencing reactor performance. Soﬁg and Young (1985) work-
ing with a corrugated modular medium found that the perfor-
mange of an upflow anaerobic filter was only slightly af-
fected hy the specific surface area. Results of Coﬁp and

- Kennedy (1983) have also shown that the effect of this pa-
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-xameter can easily be masked by oéher media characteristics

'such as surface roughness.
2.3.7.3 Operational Parameters

An eitensive study has been conducted by Shapiro and
Switzenbaum (1984) on the initial'anaerobic biofilm develop-
ment as a function of certain'operational paramétezs. The
parameters chosen were bulk ligquid SRT, organlc loading rate
and flow velocity. The experiments were conductgd at 35=C
with mixed anaerobic culture and sucrose/nutrient broth me-
dia. For support material, silicone tubing (0.795 cm i.4.)
was chosen. Runs terﬁinated at 25 days. -To monitor the at-
tachment of methanogens, coenzyme F420 was measured, while
cop accumulation characterized the total biofilm develop-
ment. Organic loading rates £fell in the range of 70-1500 mg
COD/L-d for 15 day SRT and 200-4400 mg COD/L-d for 5 day
SRT. Reactdr VSS concentrations varied with organic loading
rates, ranging from 40—3000‘mg VSS/L for 15 day SRT and 40-
1908 mg VSS/L for 5 day SRT. The ratio of methanogens to
the tetal biofilm was constant during one run and very simi-
lar for all conditions. Biofilm accumulation rate inéreased
with_organic loading rate and with suspended solids concen-
tration. Higher initial rates were observed for 15 rather
than 5 day SRT. The highest rate for both 5 and 15 day SRT
was.observed at the highest organic 1locading rate and VSsS
concentration, being 2.5 ug COD/cm®*-h and 3.33 pg'COD/cm=-h

respectively. No significant chagge was found in biofilm
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attachment with varying flow wveloclity in the studled range
(2.6-5.4 cn/s), but at elther end of this range an increase
in biofilm accumulation occurréd. /

The reésults of this study agree witﬁ data obtained inm
aerobic studies concerning the effects of reactor bacterium
concentration (VvSS) and organic loading rate. As for the
effect of flow velocity, aerobic experiments themselves do
‘not draw a conclusive picture and velocities empioyed by
these authors were in a much lower ranéé than those used in
aerobic studies. Figs. 2.9, 2.10 and 2.11 shcw soﬁe of

their results.
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Filgure 2.9 Methanogen and anaeroblic biofilm accumulation
for 25 days (5 and 15 day SRT, four organic loading rates)
(Shapiro and Switzenbaum, 1984)
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CHAPTER 3

MATERIALS AND METHODS

3.1 Experimental Setup’

The experimental system is shown in Fig. 3.1. 1t con-
. ‘\ — -

sisted of the following cbmponents:J

Reactor

A 2 L continuously stirred Sovirel model §yrex glass
reactor was used, which permitted a fast change of culture
between experiments. The reactor top was equipped with 4
ports which were used for liquid recycle, gas sparging and
gas exit. - Ports for liégid recycle and gas spaxrging had
glaés dip tubes extending into the liquid phase, while the

b E g

-gas exit port opened into the headspace.‘ No attached g;%w%h

-

was observed on the glass walls of the.reactor.
Recycle pump

A variable speed Masterflex pump (model R-7549-1%) re-
[ .

circulated the reactor liquid through the experimental loop

-

at 2 L/min. This ensured identical liquid supply for the

variable speed pumps.
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Pumps

53

Six, variable speed (0.004 - 114 mL/min) Hazvard peri-

staltic pumps (model 1203] were installed with 2 lines each.
These provided for a study of the effect of different flow
velocities. The pumps were operated to cause a downflow

mode in the test sections to avolid accumulafiog of suspendéd

. A Y
solids in lines.

Feed Tank

A 1.0 L glass Dbottle served as feed tank. Feed was
kept at 35 =C. No precautions were taken to maintain the
feed anaerobic or sterile. No bacterial growth was observed

in the feed tank due to the acidic pH (4-5).

Feed Pump

This pump was used for continucus feeding during the
experiment. A one .rpm Masterflex pump (model R-7543-01)
with 7016 pump head was employed, capable of delivering a
volume of 0.845 mL/min. The feed was supplied at a rate of
3642 mL/d. This corresponded to an oéganic lbading rate of
510-620 mg <COD/L-d. The feed line joined the recy;ie line
¢close to the point of return to the reactor.

v .

Test section

Apprroximately 8-10 cm lohg, pieces of plastic tubing

were used as supports for biofilm formatioh.- Plastic tubing

(Cole-Parmer Inc.) was chosen for the ease 0f inserstion and
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removal (by means of connectors and clamps) and its ready
avallability. The surface of plastic tubing was shown to
promote h%gh bacteri§1 attachment rates in preliminary ex-
periments. One test sectiop was inserted per line.

Silicone tubing (0.794 cm i.d4., 1.11 ¢m o.d4., 0.16 cm
wall thickness: R-6411-18, Cole-Parmer) was used in all ex-
periments. in experiment #1 it was used in parallel with
Tygon tubing (1.27 em 1i1.d4., 1.588 cm o.d4., 0.16 cm wall
thickness: R-6408-18, éole-Parmer) for comparison of attach-

ment.
Sampling port

Small glass tees fitted with a septum were installed in
each line below the test section to proville a means of sam-
pling the 1ligquid that passed through the tes£ section. One
additional sampling port was inserted into the main recycle
line. Samples representative of the reactor mixed liquor
were taken from the main recycle 1line. No growth was ob-

served on the glass surfaces.
Loop

Tygon tubing (0.953 cm‘i.d-) connected all parts of the
system. Biofilm formation on these tubing surfaces con-
tributed to the depletion of bfgﬁéss in the reactor. Re-
moval of this £ilm was possible, however, this involved‘the
risk of disturbing the biofilm in the test section. 1In the

makn recycle line biofilm removal was performed regqularly



and it was done after every sampling in the lines containing
test section. The loop volume was 1 L, resulting in 3 L to-

tal system volume.
Alr Traps

,It.wés unavoidable that a small amount of air entered
the system during sampling. One trap on either side of the
~loop was installed to collect air entrained in the system.
Air was removed with a syringe after sampling.

No effluent was produced during operation of the exper-
iment, instead, liquid volﬁmes r%moved via sampling were re-
placed to keep the system volume constant.

The system was kept anaerobic. When no feed was deliv-
ered or gas production was n@% sufficient to keep the pres-
sure higher than atmospheric inside the reactor, a gas mix-
ture (20% COz - 80% Nz) at 2@ mL/h was sparged through the

reactor.

All experiments were performed 1n a temperature con-

trolled room maintained at 35 + 1 <C.
3.2 Sampling Schedule - :

Each experiment started with the anaerobic transfer of
a 3 L portion of the stock:-culture to the 'system. The
sludge was then circulated overnight under the conditions
used in  the experiment and biofilm formation was observed
the nekt morning. At this time new tgst sections were

placed in the loop and the sampling schedule was set.
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The experiments concentrated on the early stages of
anaeroblc biofilm formation. The longest experiment lasted
3 days and the shortest 11 hours.

The length of .a run was partly determined by the speed
of biofilm formation. To prevent biomass depletion in the
reactogﬁ—the frequency of sampling and the termination of

the experiment was scheduled according to the visually ob-

served rate of attachment.
3.3 Sampling Procedure

1} Approximately 5 mL of liquid sample was taken from
the moving 1liguid through_ the appropriate glass 'sampling
port. N | ‘

2) Tubing Iimmediately above and below the test section
was clamped. Simultaneously, the pump controlling the flow
through that particular séction was stopped. A needle was
inserted at the top of the test section to let air in during
sampling. First the 1liquid residing in the upper plastic
connector was removed to prevent dripping later. This lig-

‘d?d was then discarded. Next, liguid filling the test sec-
tion itself (2-3 mL) was removed slowly at the bottom of the
section. |

The test section was then removed from the loop. Ends

~
\fitting toe the connectors were discarded and the volume of

56

the plastic support plus attached biofilm was measured via a

displacement technigue (Appendix A) in 50 mL double dis-

tilled water. Test sections were cut in half to £it in the
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measuring dish. Following the volume measurement the test
secpion.and the liqgid wvere t;ansferred from the volume mea-
suring dish into a 140 mL glass beaker. The measuring dish
was then rinsed with 5 mL of double distilled water, which
was added to the 50 mL in the beaker.

At this point a new sample sect%g? was Inserted into
the loop, filled with 1}quid o? the same origin as the reac-
tor contents, clamps were removed and the pump was started
again.

3) A sample cf the %Eactor iiquid was taken from the

main recycle line. \

4) Alr accumulated in the traps was removed.

Biofilm samples were treated as follows:

Following the volume measurement, the attactied biofilm was
removed from the tubing surface by sonication in 55 mL dou-
Sle distilled water for 3 minutes, or until the test section
appeared to be free of biofilm upon visual inspection. Sam-
ples were cooled with ice during sonication. The 55 mL lig-
uid containing the biofilm was analyzed foxr COD, protein
(PR} and poiysaccharide (PS) 1in order to characterize the
biofilm. The volume of the clean, dry test section was then
remeasured 3 times by the volgme displacement method, at the
same temperature as the experiment (35°C}. The volume of
the biofilm was obtained as the difference between the vol-
ume of the biofilm carrying test section and the average

volume of the clean test sectlon. Since blofllm samples



werelnot allowed to air dry, the measured £ilm thickness
yglues are thougﬁtcto be somewhat overestimated. The pres-
ence of biofilm was detected by biochemical indicators prior
to Its detection by the volume measurement technique, due to
the greater imprecision of the latﬁer method.

To account for outside contamination, blank test sec-
tions were fxposed to the atmosphere for 72 hours. Blank
test sections were processed in the same way as the biofilm
containing sections. This yielded blank COD, PR and Ps'vai—

ues. Biofilm values were then corrected with the blank

" values.

The biomass , indicators and parameters monitored during

the experiments are summarized in Fig. 3.2.

3.4 Feed Solution
Composition of the feed solution is shown in Table 3.1.

A high acetic acid concentration was chosen to minimize
the dilution of reactor contents by feed flow. Components
of the solution were dissolved in tap water ané kept in re-
frigerated contalners at 4-cC. Henze and Harremoes (1983)
presented a review of the desirable COD:N ratio for differ-
ent organic 1loading rates. The theoretical minimum waé
found to be iOO:Z for high-loaded processes (>1 mg COD/mg
VsSs-day). For low loadfng rates this ratlo should be
higher. In thls study organic loading rate varied between
0.3-0.9 mg COD/ mg VSS-day, and a COD:N ratio of 100:0.65

was maintained. A high COD:N ratio also favors polysaccha-

™
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ride formation (ﬁilkinson, 1958), which may facilitate at-

tachment (Harrls and Mitchell, ;973; Marshall, 1985).

The N:P ratio was kept at 3:1, lower than the usual 7:1
ratio. More phosphatg was added for buffering purposes in-
stead of more bica:bonate. When bicarbonate concentrafions
were adﬁusted to compensate for the high acetate concentra-

tion, an undesirable pH increase was experienced in prelimi-

nary experiments.

Table 3.1 Composition of 40,000 mg/L acetate feed solution

Component _ Concentration -
: mg/L
NH4HCO, 1000
NaHCO> zu00
KHCOa 2000
(NH4} 2504 . 500
K=2HPOa 260
KH=2POa - 100
Yeast
extract 100
Acetic )
acid ] 40,000

3.5 Reactor Characteristiecs

Reactor biomass was characterized by VSS, suspended COD
(SéOD}, suspended piotein (SPR) and suspended polysaccharzde
(8PS) which are referred to as biomass indicators. Reactor
biomass ﬁzs élso described by-the general metabolic state of

the biomass (previously starved or active) and the actual



metabolic state of the blomass (starved or active during the
experiment). Further measured characteristics of reaFtor
contents were acetic acid concentration, pH and alkaliniﬁy.
Acetic acid concentration was set to either 0 mg/L
(starvation) or 1000-1100 mg/L (active). - A constant pH was
maintained during ' the experiments due to the'sludge's own
buffex capacity and the buffered feed sclution; pH was
approximately 7.8 in experiment #1 and 7.4-7.6 1in later
experiments. Alkalinity was checked occasionally and was
‘found to be 4000-5000 mg/L as CaCOax. Gas production was
observed but not measured. |

The potential specific acetoclasﬁic activity of <the
bipmass was measu?ga\g} batch serum bottle activity tests
described in Section 3.8.9. The tests werel performed on

“aliquot samples of the reactor mixed liquor. Potential

61

acetoclastic activity is indicative of the capability of the.

_biomass te utilize acetate. The actual activity of the
biomass was measured by the specific acetate consumption
rate in the reactor during .the attachment experiment
(Ap?endix I). The two activities may be diffe;ent. In ab-

sence of substrate in the reactor, actual acetoclastic ac-

_tivity is =zero, even if the biomass is capable of ﬁtilizing.

acetate, when it is supplied (such as in serum bottle Lest).
In other words, the existing capabllity may or may not be
expressed, depending on substrate avallability and concen-

tration.



3.6 Preparation of Stock Cultures

Two stock cultures were used.

Stock culture I was prepared by concentration of an ac-
tively metabolizing enriched acetoclastic met%énogenic cul-
ture via sedimentation. Stock culture I had a VSS concen-
tratipn of 610 mg/L gnd potential specific acetoclastic
activity cf 0.%4 mg CQﬁ/mg vss-d. This culture was used in
Experiment A.

Stock culture II was prepared by concentrating the con-
tents of a 60 L reactor to 15 L by sedihentation and cen-
trifugation. The culture had been starving for about 6
months but previously had been continuously fed with ac-
etate. Stock culture II had a VSS concentration of 800 mg}L
and zero potential specific a?etoclastic activity. Experi-
ment E was completed wusing this inactive biomass. For
experiménts F and G, 6 liters of stock culture II were re-
moved and activated. Stock cultgre II itself was then acti-
vated. Acetaﬁe feed was supplied continuously at a rate of
450-600 mg COD/L-d for 90 days. Exéeriments B, C and D were
performed ushng- this culture. At the time experiments B,lC
and D were performed, the culture had a potential and artual
specific activity of 0.8-0.9 mg COD/mg VSS-d and a VSS con-
centration of 500-550-mg/L. For run D the culture was con-
centrated by sedimentation to a VSS -concentration of 850

mg/L.

62

[

The culture was maintained in a 15.5 L continuously

A

mixed reactor with internal dimensions of 45 cm height "aq‘”“‘?
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21 cm i.d... The reactor was manufactured from 1 cm thick
plex{gLass and was fitted with a stainless stéel top (New
Brunswick Scientific Co., model MF-348S).. One hole opening
to the headspace was utilized as an outlet for biogas, while
another was used for feed supply. One dip tube was used as
inlet for N:)CO: mixture sparging gas. Effluent was removed
through a port positioned 5 cm above the- reactoxr bottom.
Mixing was -brovided by a DC servo motor turning a stainless
steel shaft with three six-flatblade impellers at 60 rpm.
Reactor®bicgas was vented into a fumehood. A small glass
Fge fipted with a septum was placed in the'gas line to fa-

cilitate gas sampling. The reactor was operated at 50 4

SRT. -

3.7 Experimental Plan

-
Table 3.2 summarizes the aims of the different experi-

ments performed and some properties of the cultures used.

3.8 Frequently Used Terms and Calculations

General concepts that will be referred to throughout
this work E? characterize the biofilm or the reactor mixed

liquor are discussed in this section.
3.8.1 Attached, Loose and Total Biofilm

a) When the biofilm was removed from the support surfaces

into 55 mL double distilled water by sonication, the concen-
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-trgtions of different bilomass Indicators in this liquid wére
‘ﬁetefmiﬁed iﬁ mg/L. Knbwipg‘thg I¥nner surface area o¢f the
test section, these results were cénvérted to pg/cm® of sup-
port surface (see Appendix C for a sample calculat;on).
Results expressed'in Hg/cm? aré"fgfgrred‘to as attgched
biofilm‘(AF), or more pregjgely attached £i m;COD (AFCOD),
attached film PR (AFPR), or attached f£ilm PS (AFPS).
Considering the 1.5-8 4 doubling times observed for ac-
etate enrichment cutures (Henze'and Harremces, 1983}, it may
be.safely " assumed that the contfibution of microbial growth
to biofi%m development was small_during the 11-72 hour long

.experimental runs. Thus, attaéhed film development rates
. — Lo

reportéd in this study aré‘het atiachment rates (attachment

>

-

minus det;chment).
| b).It was observed that the liquid inside the test
section was richer in biomass' than liquid obtained from the
glaSé sampiing ncrt below the test section. Sinée a down-
flow mode was employed, it could not be flecating biomass
caused by huoyancy. Tﬁe addit?onal biomass was being held
in place (mechanism unknoﬁn) while the 1liquid was flow&ng
through the . test secéion at a con;tant rate. At %émpling,
this excess biomass exitea with the liguid when it #g; re-
moved from the test section. To estimate the quantity of
this type of giomass,_ the 1iquid froynthe test section was
;érefully i;llécted ’énd.analyzed Eor CoDb, PR.and PS. - The

éoncentrations of COD, PR and PS determined from-the test

section liquid were corrected for COD, PR‘ggé PS congentra—
/ o

. =~ . . ~

s



tions measured from the sampling port below the test sec-
tion. In this way COD, PR and PS concentrations in excess
of those 1in the liquid flowiﬂg through ‘the section were obs
. tained. |
The excess biomass in the test section divided by the
support~surface area {(Appendix D) is called loose biofilm
(LF), and desc}ibed as loose film COD (LFCOD), loose film PR
(LFPR), loose film PS {LFPS). Expressing LFCOD, iFPR and
LFPS a; _ug/em’, loose f£fllm can be compared to attached
biofilm. | |
c) The sum of att?ched and loose biofilm is termed total
biofilm (TF), or total £ilm COD (TFCOD),‘ total film {R

(TFPR) and total film 2S (TFPS).

3.8.2 Concentration in Bicofilm

.Knowing the thickness 'of. attéched biefilm and the
o .

- L
Hg/cm® values of biomass indicators, it is possible to com-

pute (Appendix E) the concentrations of those indicators in
the biofilm as mg/mL Biofilm (such as mg COD/mL biofilm).
Theée-values 'are referred to as biofilm COD, biof;lm PR or
biofilm PS goncentration. ’

The coﬁcentration values allow a comparison of the den-

sity of biofilms of different origin. <
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3.8.3 Ratios

The ratic of the wvarious biomass indicators toe each

other was used to further analyze the characteristics of the

blofilm. i

. v
In the reactor, SCOD, SPR and SPS values were accepted

as values characteristic of the bacteria. ‘Reactor data
throughout an experiment were summarized and the rati%s of
SPR/SCND, SPS/SCOD, SPS/SPR were established as reference

numbers.

’

The same ratios for the attached biofilm were computed
and they were compared to the reactor values. Loose biofilm
ratios were also compared. | ;

This comparison provided information about the composi-
t;oh of the biofilm as oppoged to the composition of the

‘non—attached, suspended biomass. *

An example calculation is shown in Appendix F.

~ .

3.9 Analytical Methods
3.9.1 pH

wr .
The pH was. measured using a Radiometer/Copenhagen pH
meter model' 26 employing a glass electrode. Sensitivity of

the unit was 0.05 pH units.
1

3.9.2 Alkalinity “

Alkalinity was nmeasured using a Radiometer/Copenhagen

PH meter equipped with an automatic titrator. A pH of 3.75

67
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markéd the end point of titration. The titrant used was 0.1

-

N hydrochloric acid.

3.9.3 Biofilm Volume ° v

3

Biofilm volume was measured by & volume displacement
technique described in detail in Appendix A. Calculation of

biofilm thickness (FT) is shown in Appendix B.

3.9.4 Chemical Oxygen Demand (COD)

COD was measured with the method described by Knechtel
(1978) except that samples were heated to 150°<C én an oven
for 3 hours rather than 2‘ hours.r For samples containing
less than 145 mg/L COD the method was modified. A 0.03 N
potassiuﬁ,dichromate diges?ion solution: was used and after
digestion in the culture égbe, samples were titrated with
su{tably dilife ferrous ammonium sulfate‘(o.oil N). ¥

The method suitable to dilute samples was used for at-

tached biofilm samples (Appendix G), all other samples were

processed with the regular method of Knechtel.

3.%.5 Protein

.

Lowzy's method {Lowry et al., 1851) waé employed to de-
termine protein éoncentration. For attached biofilm samples
thggffggested modification for 1low protein concentrations
was used. Appendix H contains a detailed dﬁScription of the

method. ) »



3.8.6 Polysacchatide i oo

Dubois' method (Dubols et al., 1956) was used for all

sampies. Dextrése was used as the standard.

3.9.7 Suspended Scolids

69

TSS and VSS were measured according to Standard Methods -

(APHA, 1985). o \

3.9.8 hcetic Acid

Acetate concentration was measured by the method of

N N .
Ackman (1972) with a Hewlett Packard ga?‘chromatograph model

5730A with an automatic sampler model 7671A and integrator

PR

model 3380A. The Chromosorb 101 glass column was kept at
180=C while the injeqtion port temperature measured 260°C.
Helium passing over formic acid at a flow rate of 15 mL/min
was used as the carrier gas. Samples for analysis were cen-

trifuged and 0.5 mL of sypernatant was mixed with 0.5 mL of

internal standard contalin{ng 1000 mg/L isobutyric acid.

A

3.9.9 Microbial Activity

-
.

Potential acetoclastic activity (the ability -

methancgens to degrade acetate) was measured in the follow-

-

‘ing manner. Approximately 10-15 mL of reactor fluid were

transferred anaerobically into serum bottles. A 0.1 mL vol-

ume of 200 g/L acetate solution was then added to each bot-

tle. Bottles were placed on a New Brunswick 4556 shaker ro-



W

_tating at 40 rpm. = The shaker was in a room maintained at

35=C. Samples were withdrawn for acetic acld determination
at the - time of substrate addition and at prescribed inter-

N J ‘
vals thereafter. The sampling schedule depended on the an-

Eic{pated activity. The rate of acetate consumption was
computed and related to the biomass (VSS) ﬁrésent, yielding
the Spebific acetoclastic activity. 'Acetoclastié activity
tests and WSS determination were performed in g%iplicate.
Data indicating an initial lag period were excludgd from Lthe
rate computation.

Actual acetoclastic activity was measured by the rate

of acetate consumption ddring the attachment experimentﬂ An

example calculation is shown in Appendix I.

!
l
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CHAPTER 4

RESULTS

Ve
4.1 Experiment #1 - Flow Velocity and Support Material
?

4.1.1 Intﬁoductidn ‘ | / 2 ’

In this experiment the effects of support mater?élhand
liguid flow wvelocity én bicfilm formation and biofilm éhar4
acteristics were investigated. Table 4.1 shows the‘materi—
als and wvelocities emgzoyed. The flow velocity range was
chosen to approximate the operational conditions of the bSFF

reactor. Reynolds numbers corresponding to the flow veloci-

ties fall 'in the laminar range. Reynolds number and veloc-

ity calculations for both 0 and 200 um biofilm thicknessé;

are shown .in Appendix I/b. The data listed below correspond

to'zgro £ilm thicknessl(clean test section).

Support | TTygon "Sillicone
material . | / tubing, tubing
Flow o 1.42 1.08
velocity | ~ 0.64 0.76
cn/s | 0.054 0.056
______________ I__________________———____-___-________
Reynolds | 247 117
number | 111 82.7

!

Table 4.1 Supports and veloclities employed (a)

Ry | _ T
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Data and flgures related to thls experiment and not
shown 1In the text are summarized in Appendix J.
4.1.2 Reactor Characteristics

The average values of the reactor mixed liguor charac-

teristics £for the experiment are shown iIn Table 4.2.

Table 4.2 Characteristics of reactor A

vsy mg/L 609.5
SCoD ‘ 1084

SPR 513

SPS 57.4
SCoD/Vss mg/mg 1.780
SPR/VSS . 0.785
SPS/VsSS ) 0.090 s
SPR/SCOD mg/mg , 0.481
SP8/SCoD 0.054
SPS/SPR 0.112

PH - 7.2
Alkalinity y

mg/L as CacCOs> ’ . 4600
Volumetric loading -

mL/d ' 43.2

Feed concentratinn -

mg COD/L : 40140 -
Organic loading rate

mg COD/L-d ' 564
Specific activity ;

mg COD/mg VS5S-d ' 0.943
Acetate concentration, mg/L- 1121 ,
SRT, d : 20 '

Note: 1 mg acetic acid represents 1.06% mg COD
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4.1.3 Attached Biofilm Deﬁeiopment

& Flgs. 4.2-4.4 show the development of attached COD, PR
and PS versus time. )

. The notation of F = fast (highest velocity), S = slow
(lowest. velocity) and M = medium (intermediate velocLﬁy) was
used on the graphs.

The three bilochemical indicators (COD, PR.and PS) in AF
followed a similar course., They increased linearly £for the
first 48 hours of the exBeriment fbr both materials and all
velocities. Curves for silicone tubing starteq to deviaté
frdmp@inearity'after 48 hours.

Si¥ distinctive curves can be observed depending on the
velocity and the support material employed. The final con-
centration and rates of change for silicone support were
higher than for Tygon in all «cases. The highest value of
AFCOD reached at 72 hours was 1500 Ug/cm? on silicone and
370 ug/cm®  on Tygon. Fof AFPR, the values were 720 Ug/cm®
and 200 uMg/cm?® for silicone and Tygon respectively. For
ArPS, maximum wvalues of 125 ug/cm®* for silicone and 25
Hg/cm® for Tygon were recorded. |
| Fig. 4.5 shows the change in biofilm thickness with
time.

For attached blofilm thickness it was more difficult to

.distinguish the six slopes of the curves, mainly due to the

imprecision of the method during early biofilm development.
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" Only slight differenées in the rate of increase wers found
for different flow velocities. Basicallf, the éata consti-
tuted two curves, one E£or silicone and one for Tygon, as
shown in Fig. 4.5. The greatest thickness reached at 72
hours Qas 250 pm‘for silicone and 100 um on Tygon. The sat;
‘urat;on—type curves..in Fig. .4.5 significantly deviate from
linearity affer 24 hours. | |
The .following exponential expression (Eg. 4.1) provided

the best fit to the data

FTe = FTm (l-e~%F) S (4.1)
whezre T .
FTe is the £film thickness at time t  [Mm] )
PTm is the maximum £ilm thickness reached (Um]
k " 1Is the rate constant {h=2]
t is the time elapsed *[h]

' The solid curves for Tygon and silicone in Fig.4.5 were
obtaiﬂed using Eq. 4.1. In the case cf Tygon tubing, the

maximum £11lm thickness predicted by Eg. 4.1 was 92 um, and

-

the rate co taht wés 0.05 h—* (correlation coeﬁficient Cc:

0.9586), Fbr silicone tubing 272 Mm plateau film thickness

*

and a rate constant of 0.028 h-* were obtained (c: 0.937).
. \‘\

4.1.4 Loose Biofilm Deveiopment A

Figs. 4.6 and 4.7 show the development of attached,
loose and total biofilm (represented by COD) at the highest

yelqeity employed, on Tygon and si%icone tusing' respec~
tively. . : s

.Y

. & | 77

r
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-~

Oon Tygon--tublnq, AFCOD,- LFCOD AND TFCOD 1ncreased
Oéteadily with time, while " on silicone gdose CSD increased
very fast at first and decreased to zero subsequently, after
which attached COD wholly constituted total COD.

Figs. 4.8 and 4.9 show the loose COD development for
the different wvelocitlies on Tygon and silicone tubing, re-
spectively. | ' : '

It- is notliceable oﬂ Filg. 4.8 that LFCOb formed much
faster at a velocity of 0.054 cm/s. After a.steady increase
for 48 hours;—aw'decrease im LFCOD was observed at this ve-
locity. For the other two velocffies, the development was
slower and linear until the termination of the experiment.

On silicone tubing (Fig. 4.9), a fast initial increase
and gradual decrease in LFCOD is evident for all three ve-
loéitieg. With a lower velocity, however, the period of
time for Increase in_LFCOD became longer. The maximum val-
ues of LFCOD reached were higher agd the decrease was
slower. Loose PR. and PS exhibited the same.characteristic
 behavior (Figs. J.1-J.4). Considering the .highest values of
LF reached at velocitles of 0.054-0.056 cm/é; there was very
little difference bhetween silicone and Tygon tubing. These
values were 1140 Mg/cm? and 1115 Mg/cm? (LFCOD), 458 ﬁg/cm%
and 437 Mg/cm® (LFPR) and 64 Mg/cm® and 77 pg/cm® (LFPS) for
siiicone and Tygon, respectively. .

The development of total (attached + 1loose) biofilm

megsured by all three indicators was linear on Tygon tubing.
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On silicone surfape a phase of very rapid increase was fol-
lowed by -decrease or ’ verylslow furtﬁer acﬁumulation {Fligs.
J.7-3.9, Table J.2A). TFCOD and TFPR Aata indicate the on-
set of the'plateau phaée at 18-24 hours, while stagnation of
TFPS becomes evident at 48 hours. The slowdown ofrtotal
biofilm accumulation on silicone surface Foinélded'with the

disappearance of the loose biofilm (Fig. 4.7).

s

4.1.5 Percentage of Biofilm Attached

The percentage of the total biofilm indicators found in

attached form was averaged for the whole experimental time

period. The values are shown in Table 4.;. ,

'The attached percentages of TFCOD and TFPR weie_higher

than that of TFPS, except in the case of the lowest velocity

" Table 4.3 Percentage of biofilm attached (a)

CcoD Tygon Silicone

F 67.3 79.7
M 58.2 67.7
S 55.5 58.5
Protein

F 63.9 73.4
M 43.0 72.1
S 36.0 40.6
Polysaccharide

F 32.0 67.2
M 22.8 49.3
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for both tubings. For the lowest velocity, the attached
percentage of TFPR was lower than that of TFPS.,

With higher liquid Yelocity, _AF constitﬁted a higher
percentage of the total biofilm. The only one excgption is
that the highest percentage of TFPS attached (40.86%) for
Tygon tubing occurred at #he lowest flow velocity.

) " For the corresponding velocities, the attached percent-’
age of TFCOD, TFPR and TFPS was always higher on silicone
tubing than on Tygoﬂ. This difference was very pronognced
for PS values. Only 23-41 percent of the total PS was at-
tached on Tygon tubing, whereas 48-67 percent was attached-

on silicone tubing.

4.1.6 Biofilm Development Rate

r

Biofilm develqpment‘ rates for the different velocities
and supports are summarized in Table 4.4. More detailed
calculations are shown in Table J.7.

L

i .
On Tygon tubing the AF development rate ranged from

'0.2-1.3 um/h, 3.1-4.9 Mg COD/cm3-h, 1.7-2.7 Mg PR/cm?-h and

0.2-0.35 ug PS/cm®-h ir ‘terms of FT, AFCOD, AFPR and AFPS,
respectively. On silicone %ubing the corresponding values
were 4.7-5.4 um/h, 16-23 ug COD/cm®*-h, 7.3-11.1 ug PR/cm®-h
and 1.5-1.9 pg PS/cm2®-h, respectively.

AF development rates are plotted against flow velocity
in Figs. 4.10-4.13.

Figs. 4.10-4:13 show that over the 1liguid veloclty

range studied the effect of flow velocity on AF development

. =
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Table 4.4 Blofllm development rates (A) ’
Flow Attached biofilm Loose biofilm
P velocity - Hg/cm2-h . Hg/cm®-h
cm/s .
coDr
. Tygon Silicone Tygon S8ilicone
0.054 3.13 14.7 :
0.056 ) 15.95 ‘ 47.48
0.644 . 3.34 - ‘ _ 5.81 .
0.760 : 20.80 , 41.02
1.078 22.93 i 40.45
1.420 4.87 5.53 -
Protein
Tygon Silicone Tygon Silicone
0.054 . 1.68 8.64
0.056 7.30 28.53
0.644 1.90 . ' 2.55 -
0.760 _ 10.06 ‘ . 25.64
1.078 11.15 : - 18.19
1.420 2.67 2.31 '
Polysaccharide
Tygow:- Sillicone Tygon Silicone
0.054 0.19 ° ‘ 1.63
0.056 ' 1.54 . 3.18
0.644 0.24 0.49
0.760 o 1.82 3.97
1.078 - 1.82 : 2.41
1.420 ' 0.33 0.38
Film thickness
Hm/h
Tygon Silicone
0.054 0.886
0.056 - 4.71%
0.644 - — 1.314
6.760 5.121
1.078 5.361
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rates was more pronounced on silicone tubing than on ngon.

on. Tygon tubing, there was very little increase in the rates
of AF development. On ﬁilicone tubipg,.AF development fate
was hilgher for higﬁer flgw veloclity.

The same figures clearly show the difference In rates
of AF- develeopment for Tygon and silicone tubing respec-
tively. In the studied fangé AF development rate for all
the measured indicators averaged 5-6 times higher on sili-
cone tubing than on Tygon tubing (Table J.9).

Correiation between flow velo&ity and initial AF devel-
opment rate was computed. Results are shown in Table J.8.

Fig. 4.14 shows LF development rate (LFCOD)} as a func-
tion of flow velogity. For silicone tubing only data pointé
constituting the initial lineaf - part of the curve were in-
cluded in r;Ee calcu1§tions. Note that after reaching a
maximum value, LF eventually disappeared from siliconé test
sections. LF development rate was found to decrease with
higher velocities. A negative linear correlatién for LFCOD

and LFPR was found for silicone tubing while for LFPS the

pattern was not clear. The relationship between LF develop-
ment rate and increased flow velocity was nonlinear for Ty-
gon tubing. The initial rate of LF formation was 4-6 times
higher on silicone tubing surface.

Figs. 4.15 -.and -4.16 .depict both'AF and LF development

rates for Tygon and silicone, respectively. Fig. 4.15 il-

lustrates that on Tygon the LF development rate was much

Lr ey e et s
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A
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higher than the AF development rate at é low liquid veloc-
ity, but they were almost identical for high liquid vélocl—
ties. On:silicone tubingltFié. 4?16) the initial rate of LF
formation was much higher than rate of AF formation within
the velocity range étudied. As with Tygon tubing, rates.;£

AF and LF developﬁents on silicone began to converge as the

liquid wvelocity increased.

4.1.7 Biofilm Concentration

Fig. 4.17 shows the change in>biofilm COD concentration

with time.
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Figure 4.17 Biofilm COD concentration vs time (A)

Although COD concentration data are too scattered to

draw Individual lines, general trends for sllicone and Tygon
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can be seen.- Fer both support materlals, COD concentration
in the bilofilm increased initlally, then reached a plateau.
The rate of increase was faster and the plateau wvalue
reached was substantially highexr on silicone tubing. PR and
PS concentration curves were very similar to the COD graph
(Flgs. J.5 and J.S).-

. Averages of the concentration values obtained during

- this 72-hour experiment are given in Table 4.5.

CoD and PR concentrations of biofilm on a sillcone sur-

face were 1.8 times higher than on Tygon tubing, and PS con-

centration was 2.4 times higher.

Table 4.5 Biofilm concentrations (A)

mg COD/mL mg PR/mL mg PS/mL
biofilm biofilm biofilm
Tygon R 30.81 15.67 1.91
M 27.79 15.53 2.08
S 30.42 15.46 1.69
ave. 29.67 15.55 1.89
Silicone P 66.34 34.04 5.07
M 42.91 21.52 3.69
S 53.38 27..41 4.99
ave. 54.21 27.65 - 4.59

Silicone/Tygon 1.83 1.78 2.43
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4.1.8 Ratios in Biofilm and in Reactor

Examiniﬁg the ratios of Iindicators in the blofilm and
in the reactor mixed 1liquor with time, no general trends
were found. Initiél scatter was grea%er and data were more '
homogeneous in later stages. The effect of different veloc-
ities was not apparent 1in the case of siliqpne tubing. 1In
the case of Tygon tubing, higher flow velocities resulted in
lower PR/COD but higher PS/COD and PS/PR ratios in the AF.
Ratios for LF showed a similar dependénce on flow velocity.
PsS/CcOD and PS/PR ratios-werg»somemgat lower for AF than for
LF with both types of tub%ﬁé. For Tygon tubing the gverége
PR/COD ratio for LF wai/iower than for AF, while for sili-

The average ratios for the two

-

AF on either tubing had about the same PR/COD ratio as
the suspended solids in‘ the reactor. LF PR/COD ratic was
approximately equal to the ratio found 1in the reactor for
silicone tubing. For Tygon, PR/COD ratio in LF remained be-
low the reactor value. Both AF and LF contained more PS per
unit of COD or PR than did the reactor biomass.

The values for thé two kinds of fubing are summarized

" in Table 4.6. Average values normalized toc the reactor data

are shown 1In Table 4.7. The data are graphed in Figs. 4.18

and 4.19.
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Table -4.6' Ratios of indicators in bioflilm (A)

Attached Loose

Tygon PR/COD PS/COD PS/PR /PR/COD PS/COD PS/PR
mg/mg mg/mg mg/mg mg/mg mg/mg mg/mg

F 0.407 0.087 0.204 0.290 0.117 0.301
M 0.456 0.072 0.166 0.398 0.129 0.249
S 0.509 0.063 0.123 0.449 0.077 0.195

ave 0.471 0.074 0.164 0.380 0.108 0.248

_____________________________________ K~ mmmmmmmmmmm—————————

Silicone PR/COD PS/COD PS/PR PR/COD PS/COD PS/PR
mg/mg mg/mg mg/mg mg/mg mg/mg mg/mg

F 0.450 0.075 0.145 0.575 0.102 0.148

M 0.482 0.065 . 0.130 0.46¢6 0.114 0.212

S 0.442 0.094 - 0.194. 0.4%94 0.093 0.149

ave. 0.458 ‘0.078 0.156 0.511 0.103 0.170

Table 4.7 Comparison ¢f biofilm and reactor ratios (Aa)

-~
Attached ' Loose
Reactor suspended Reactor suspended
Tygon .. Silicone Tygon SiliFone
pR/COD 0.979 a\isz """""" 0.790 1.062
PS/COD 1.370 1.372 2.030 1.907

PS/PR 1.473 1.393 2.214 1.518
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4.2 Experiment #2 - Suspended Biomass Concentration'

i
4.2.1 Introduction

In this experiment the effect of suspended biomass con-
centration on biofilm formation and biofilm characteristics
was investigated. Table 4.8 shows the reactor suspended

biomass concentrations employed.

Table 4.8 Suspended biomass concengratiocns

[§s)
Q
o

Vs$ mg/L 510 522 848
SCOD mg/L 685 747 1176
SPR ma/L . 348 375 578
SPS mg/L 36.7 42.2 76.7

Samples were taken in duplitate at 2, 4, 6, 8 and 11
hours (B) or 3, 5, 7, 9 ard 11 hours (C and D).

" since the reactor suspended biomass decreased slightly
during &£he experiment, the wvalues in Table 4.8 are weighted
averages of measurements taken during the experimeht;. ' Eﬁ\“\\

' The results were evaluated in a fashion similar t§ the
first experiment. After £ilm development rates were ob- \\
tained, tlLe éorrelation between £film development rate and A
the corresponding reactor suspended biomass indicator was.
determined (film thickness - VSS; AFCOD, LFCEQ.— SCOD; AFPR,

L¥PR - SPR; AFPS, LFPS - SPS).
Biofilm characterisfics were also compared.

Detalled data and figures related to thls experiment can be

found in Appendlix K.
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. 4.2.2 Reactor Characteristics

Reactor characterlistics ofher than suspended blomass
concentration are 1listed in Table 4.9. Ratios of biomass
indicators in the reactors are also summarized in Table 4.9.
Although the numbers differ slightly, they were judged suf-
ficien?}y close so that no major effect on biofilm charac-

teristies was assumed.

Table 4.9 Characteristics of reactors B, € and D

B&C D

SCOD/VSS 1.383 1.403
SPR/VSS 0.737 0.720
SPS/VSS 0.078 0.081
SPR/SCOD - 0.534 0.513
SPS/SCOD 0.056 0.065
SPS/SPR 6.105 0.126
Support surface silicone silicone
pH 7.65 7.50
Alkalinity
mg/L as CaClOa 4450 45040
Potential specific activity '
mg COD/mg VSS-d 0.89 0.79

Actual specific activity

mg COD/mg VSS-d 0 0
Acetate concentration, mg/L ] 0.
SRT, d 7.7 9.7
Flow velocity, cm/s 1.044 ~1.044
Reynolds number 114 114

Ratios SPR/SCOD and SPR/VSS were slightly highér in re-
actors B&C, whereas ratios SPS/SCOD, SPS/SPR and SPR/VSS
were all slightly higher in reactor D.

No Eeéd was supplied during the experiment, concomi-

tantly actual activity of the biomass was zero.

24

TR
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4.2.3 Attached and Loose Biofilm Development Rate -

Filg. 4.20 shows the steady increase of AFCOD with time.-
The other Indicators followed® a similar course (Figs. K.l-

K.5).

coDn, Pg/cm‘

1z

Figure 4.20 Attached COD vs time (B,C,D) . =
: T
SR

~Table

AF and LF development rates are summariied{fﬁ?

4.10. Both AF and LF development rates increasedhﬁifh in-
creasing reactor suspended biomass concentration.

Biofilm formation rates obtained with the highest
biomass concentration (reactor D) were similar to those ob-
tained in the first experimént with 1.076 cm/s flow velocity-
(Table 4.4). Biomass concentration was slightly lower in
reactor A (Experiment #1), but feed was supplied and the

biomass was actlve in that experiment (Table 4.2). The sim—
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ilarity of results indicates reproduclibility of the experi-

ment.

Table 4.10 Blofilm development rates (B,C,D)

Reactor’
suspended Attached biofilm Loose biofilm
biomass Eg/cm=-+h -Hg/cm®-h
mg/L .
SCOD CcoD
B 685 . 1.26 4.87
C 747 5.53 12.12
D 1176 23.90 46.79
SPR - Protein
B 348 1.515 2.624 .
o 395 3.166 - 8.331
D 578 12.085 23.470
SPS Polysaccharide
B 36.7 0.712 . 0.830
cC, 42.2 0.790 1.135
D~ 76.7 1.890 4.043
vss Film thickness, Mm/h
B 510 4.73
C 522 2.96
D 848 12.18

It was hypothesized that the rate of PS attachment was
relaEed to the soluble, rather than the suspended PS concen-
tration in the reactor. The assumption was warranted by the
fact that a significant portion} 12-30% of the total reactor
polysaccharide was .in soluble form. In comparison, soluble
PR accounted £for only 1.5-3.5% of the total =zreactor PR.
However, the relationship between AFPS and LFPS developmgnt

rateé; and soluble PS concentration was found to be nega-
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tive, as shown in Flg. 4.21. It was concluded that in-
creased soluble PS concentration does not enhance the forma-

tion of AFPS and LFPS.
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Figure 4.21 Rate of AFPS and LFPS Increase vs reactor solu-
ble PS (B,C,D)

=~ Table 4.11 shows the correlatioh between blofilm devel-
opment rates and suspendgd.biomassaconcehtration. The cor-
relation was lower in the case of £ilm thickness than for
the other biomass indicators.

Comparison of the corresponding slopes for LF and AF
biomass parameters gives an indication of the sensitiviéy.of
each type of £ilm deve%opment to suspended hiomass concen-
trétion. Table 4.11 shows that the fate of LFrdevelopment
was twice as sensitive. to changes in biomass concentration
compared to the rate of AF development. The ratio of corre-
sponding slopes for LF and AF development were 1.86 (COD),

1.89 (PR) and 2.70 (PS).



Table 4.11 Correlation between film development rate and
suspended blomass concentration (B,C,D)

Slope y-intercept  Correlation
ceoefficient
FT-VSS 0.0248 -8.92 0.953 (Flg.4.22)
AFCOD-SCOD  0.0449 ~28.79 0.998  (Fig.4.23)
AFPR-SPR 0.0467 -14.89 - 0.999 (Fig.4.24)
AFPS-SPS 0.0303 -0.44 0.598 (Fig.4.29%)
LFCOD-SCOD 0.0837 -51.50 0.998 (Fig.4.23)
LFPR-SPR . 0.0884 -27.45 0.995 (Fig.4.24)
LFPS-SPS 0.0817 -2.24 0.998 (Fig.4.25)
Ratlo of slopes ' ) ' ‘ 4
LFCOD/AFCOD 1.866
LFPR/AFPR 1.894
LFPS/AFPS 2.695

e e e e T . o —— . — o — i — ——— e ———

The relationships between AF and LF development rates
and reactor biomass are illustrated in Figs. 4.22-4.25.

It is seen that the biofilm development rates increased
linearly with increasing reactor suspended biomass concen-
tration. This Eelationship was seen for all biomass indica-
tors describing both AF and LF development. The rate of in-
Crease was less in the case of AFPS than for AFCOD and AFPR.

Plotting LF development rates vs AF development rates

98

for the different biomass indicators shows the relationship:

between the development of both types of blofilm when ex
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posed to different rethor biomass concentration. Fligs.
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4.26-4.28 show that when AF development rates are plotted

against LF development rates, straight lines result. This
indicates‘a " direct relation between the development of both
bfifilm types. The negétive y-intercepts obtained for COD
gnd PR in Flgs. 4.26 and 4.27 show that zero or very smali
LFCOD and LFPR develonenE rates coincided with zero AFCOD

and AFPR development rates. This indicates a parallel de-

velopment of LF and AF, as far as COD and PR are concerned.

On the other hand, when LFPS deveiopment rate was zero,
there was still a 0.37 Hug PS/cm®-h AFPS development rate,
:éccording to Fig. 4.28. This suggests that AFPS development
may take place while ghiﬁg/jﬁ,no LFPS deveLqpment.

The linear regziggion lines relatingzgiofilm formation
rate to suspended bicmass é;ﬁggntration do not go througﬁ

zexrc (Table 4.11, Figs. 4122—4.25), indicating that for

biomaés concentrétions less than a certain limit there would

be no or very slow £ilm formation. From the equation of the
regression lines these concentrations were computed in terms
of the appropriate"indicator. The average COD/VSS& PR/VSS
and PS/VSS ratios for the reactors were determined and the
limiting concentrations were then expressed as VSS. These
data are shown in Table 4.12.

The scatter of raw data permits the assumption that the
Increase of biofilm indicators was exponential (y=a-e®®)
rather than linear (see ‘Fig. 4.20). Values of b are Iindlca-

B Lt
tive of the speed of film development. If values of b are
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plotted against the apprepriate suspended ﬁlgmass Indicator,
the limiting biomass concentrétion below which b would be
zero can be approximated from the graph. One such graph is
shown in Fig. 4.29. Limiting values oétaineﬁ ithhis manner

and converted into VSS are also shown in Table 4.12.
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. Figure 4.29 b values for AFPR and LFPR vs SPR (film develop-
ment is assumed to be exponential) (B,C,D)

The limiting biomass concentration values calculated
from PS were very similar for both linear and_exponential
treatment of the data. Values computed baéed on -COD and PR
were 50-60 mg/L VSS 1lower when exponenfiai development of
bicfilm is assumed. The results indicate the existence of a
suspended blomass concentratlon below which the vate of

biofilm development would be very slow.

'
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It Is seen from Table 4.12 that the presence of the
least ;uspended biomass (140 mg/L Vsé) would support AFPS
accumulation. LFPS will start to develop when reactor VSS
exteeds 320 mg/LZ- The rate of increése in AFPR and LFPR is
predicted to be zero if the reactor biomass concentration is
less than about 370-380 mg/L VSS. AFCOD and LFCOD will in-

crease with a measurable rate at about 390-410 mg/L reactor

VSS concentration.

Table 4.12 Biomass concentrations limiting bicfilm
formation, mg Vv8S/L (B,C,D)

Calculated from Linear Exponential

Film thickness 364 -

_____________________________ e T

AFCOD 460 ) 410

AFPR 440 380 N

AFPS 172 140 '
%

LFCOD 442 _ 390

LFPR ' 421 364

LFPS ) 316 - 320

Note: The values used in conversion were

SCoD SPR SPS
= 1.393 -——- = 0.7285 --- = 0.0845
Vss VSS VssS

it must be kept in mind, that the above findings are
valld only for these experimental conditions: absence of

substrate, 1.044 cm/s flow veloclity and enriched culture.



4.2.4 Biofilm Characteristics
4.2.4.1 Ratios in Biofilm and in Reactor

Attached PR/COD Increased in time until a plateau was

reached at a PR/COD ratlio of 0.5 mg/mg (Fig. 4.30). At-

tached PS/COD and PS/PR showed a tendency to decrease in

time, although the data are rather scattered for Runs B and
C (Table K.6, Figs. K.8 and K.9). Other ratios did not show

definite change with time.
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Figure 4.30 AF PR/COD ratio vs time (B,C,D)

Average values of the ratlos of

indlcators in the

biofilm are contained in Table. 4.13.

Attached biofilm PS/COD and PS/PR decreased as sus-

pended biomass concentration increased.

Loose PR/COD in-
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creased with higher vSS. - The other ratios did not show

characteristic change with bilomass concerntration.
\

Table 4.13 Ratlos of Indicators in blofilm (B,C,D)

B C D

Attached

PR/COD . 0.305 0.494 0.479
PS/COD 0.366 0.248 ‘ 0.117
PS/PR 0.537 0.493 0.240
Loose

PR/COD 0.366 0.487 0.572
PS/COD 0.164. 0.081 0.111
PS/PR 0.188 0.167 8.196

Ratios normalized to the &orrespondiné reactor values
are summarized in Table 4.14. |

A low value of AF PR/COD was obtained with reactor B
(Table 4.14).- In all three‘ experiments there was less
PR/COD in AF fhan in the respective feactors. This was also
true for LFféxcept that in Run D the value was slightly
higher than one. LF PR/COD ratlios increased with blomass
concentration. Normalized AF and LF PR/COD ratios in
biofilms and in the reactor are graphed in Fig. 4.31.

In all three runs PS/COD and PS/PR ratios.were higher
in AF and LF than in the rxeactor. For AF, the lower the
biomass concentration, the greater the PS/COD and PS/PR ra-
tios in the film exceeded those zratios for the reactor.
Normalized AF and LF PS/COD ratios in the blofilms and in

the reactor are graphed in Fig. 4.32.
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Table 4.14 Comparlson of bicfllm and reactor ratios (B,C,D)

B C * D
sl oy S oy Sy Gy P S ek S A S e . T N R R T R R N R MR S SR S S SR R s SR e S RA Rm = e R R e -
Attached/Reactor suspended
PR/COD ‘ 0.572 0.926 0.933
PS/COD . 6.497 4.403 1.803
PS/PR 5.114 4.675 1.902
Loose/Reactor suspended
PR/COD 0.686 0.875 1.114
PS/COD 2.911 ) 1.438 "1.718
PS/PR 1.877 1.583 1.55%
4.2.4.2 Percentage of Biofilm Attached b

.,

With respect to biofilm concentration and attached per-
centage there was no major difference between Runs B and C,
therefore they were tréated teoaather. Table 4.15 shows the
attached percentages of TFCOD, TFPR and TFPS.

It is seen that a higher percentage of TFPS than of TF-
COD or fFPR was found to be attached, in all cases. AFCOD
and AFPR percentages were less in Runs B&C compared with Run
D (highest biomass concentration), while the percentage of

AFPS was smaller for Experiment D.

L]

Table 4.15 Percentage of biofilm attached (B,C,D)

B&C D
AFCOD 29.1 46.2
AFPR 28.9 36.4
AFPS 58.1 50.8
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4.2.4.3ﬂBiofilm Concentration

Concentrations of COD and PR in the biofilm showed an
initial increase, then a plateau value was reached (Figs.
4.33, K.6). PS concentration in the biofiflm was constant

‘throughout Experiment D, and it showed a decrease in Runs

B&C (Flg. K.7).
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Figure 4.33 Blofilm PR coniggaﬁhtion vs time (B,C,D)

L

Table 4.16 summarizes the average concentrations of in-
dicateors in the biofilm. The COD and PR concentrations of
the biofilm were higher. when higher suspended biohass con-
centration was present (Run D), but the opposite was ob-

[Y

Served”ﬁbffps concentration.

Table 4.6 Biofiim concentrations (B,C,D)

mg/mL of biofilm B&C D
CcOoD 8.53 11.16

———————— " e oy T T T e T ot T T — o g o e Mk M L e s Sl o ek el S gy e e e e
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4.3 Experiment #3 - Potential and Actual Sbecific Activity

A d

4.3.1 Introduction EY

4

In this experiment the effect of biomass metabollic ac-
tivity on biofilm formation and biomass characteristiés was
investigated. Table 4.17 summa;izes the experimental condi-

tions for the two parts of this experiment.

rable 1.1 Experimental conditions (D,E,F,G)

- e am e e e e e e M MR R MR R N R R SR R M S R W S MR W A YNR A W vm WR W e w e g o v

Culture Substrate Potential Actual - Organic
concentration activity activity loading
rate -
Acetate mg COD/ mg COD/ mg COD/
mg/L mg VsSS-d mg VSS-d L-d
Part I
D Q 0.79 0 0
E o c 0 o]
Part II.
E 0 0 0 0
F 1400 0.383 0.383 300
G 820 0.812 0.813 570

In all experimentc samples were taken in duplicate.
Data and figures related tc this section can be found in Ap-

pendix L.

4.3.2 part I - Potential Specific Activity

Biofilm formation using two cultures (D and E) was com-
pared. <Culture D was active before starting the experiment.

During the experiment substrate concentration and actual ac-

A
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tivity were zero, while potentlal activity (as determined
before the expetiment via batch serum bottle acetoclastic
activity test) was 0.79 mg COD/mg VSS-d. Samples were taken
at 3, 5, 7, 9 and 11 hours. ‘

Culcture E was a 3 L portion of stock culture II. The
culture had been starved for 6 months before the experiment,
preceded by & 6 month continuous feeding period on acetate.
During the experiment substrate concentration, potential and
actual activity were zer? (calculaticons in Appendix/E/a).
Samples were taken at 10.5, 23,'32.5, 48 and 57.5 hours.

The experiments were conducted to determine whether a
difference in the general metabolic state of the bacterlia is

capable of affecting biofilm development rate, when the ac-

tual metabolic activity is the same (zerxo).
4.3.2.1 Reactor Characteristics

The Important reactor properties are listed in Table
4.18.

The concentration of SPR in reactor E was higher than
in reactor D even though VSS concentration in %eactor E was
lower. SPS concentration was higher 1in reactor D than in\
reactor E. These differences may originate from the pro-

longed starved state of reactor E.
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Table 4.18 Characterlstlics of reactors D and E

D E
VsSs mg/L 848 793
SCoD . 1176 1154
SPR \ 578 683
SPS < 76.7 65.8
SCOD/VSS mg/mg ‘ 1.403 1.441
SPR/VSS 0.720 ' 0.862
sSPs/Vss - 0,091 0.085
SPR/SCOD mg/mg 0.513 0.593
SPS/SCOD 0.065 0.057
SPS/SPR 0.126 0.096
Support surface . silicone silicone
PH : 7.50 7.46
Alkalinity S
mg/L as CaCOa 5100 4500
SRT, d ' 9.7 3%
Flow velocity, cm/s 1.044 1.18
Reynolds number 114 128

4.3.2.2 Biofilm Development Rate

L4
To cempare results obtained with cultures D and E, all

experimental conditions except the examined one should be
identical for the two cultures. However, slight differences
occurred between the suspended biomass concentrations of the
two reactors. To take these differences into account, pre-
dicted film development rates for culture E were caiculated
from the equations in Table 4.11, relating’film developmgnt
rate to jreactor biomass. The equations in Table 4.1i were
obtained using active cultures (0.8-0.9 mg COD/mg‘VSS-d).
If the lack of potential specific activity does notlhave any

effect on biofilm formation, than the predicted rates (based

-
T -
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solely on biomass concentration) should be close to the mea-
sured rates. Table 4.19% shows the measured and predicted
film development rates for culture E.

Table 4.19 Measured and predicted biofilm development
rates, culture E

Hg/cm?-h Measured(M) Predicted(P) M/P
AFCOD 9.05 23.02 0.393
AFPR 3.18 16.92 0.188
AFPS 0.47 1.55 0.303
LFCOD g8.88 45.09 0.197
LFPR 4.42. 31.93 0.138
LFPS 0.36 3.13 0.115

The measured AF development rafe was 20-=40% of the'pre*
dicted, and the LF development/rate was 10-20% of the, pre-
dicted. Therefore it must be concluded that a certain sus-
pended biomass concentration does not result in the expgcted
£ilm formation rafe when the biomass is inactive. Inactiv-

ity slowed down LF development more than AF development in

comparison to the active culture.
4.3.2.3 Biofilm Characteristics

No prediction is available relating reactor biomass to
blofilm characteristics, therefore biofilm developed with
culture E is éompared to biofilm developed using cultqre D;

Ratioé of 'indicators in the blofilm are compared -in
Table 4.20. All Dbiofilm ratios were higher for reactor D
except LF PR/COD. Table 4.21 compares ratlos normalized to

the corresponding reactor ratios.
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Table 4.20 Ratlos of indlcators in blofilm (D,E)

D E

Attached

PR/COD ‘ 0.479 " 0.461

PS/COD 0.117 \  0.101 s
PS/PR 0.240 0, 216

Loose

PR/COD 0.572 0.585

PS/COD 0.111 0.066

PS/PR 0.196 0.129 =

PR/COD ratio ig the £ilm did’not exceed that of the re-
actor except for LF for reactor D. PS/COD and PS/PR ratio;'
in A7 'and LF were higher than the corresponding ratios of
.reactors D and E. All normalized ratios were higher for the

active culture {D) with the exception of AF PS/PR ratio.

- £

Table 4.21 Comparison of bliofilm and reactor ratios (D,E)

Attached/Reactor suspended

PR/COD 0.993 0.778
PS/COD : 1.803 1.769
PS/PR 1.905 2.241

Loose/Reactor suspended

-
PR/COD 1.114 0.986
PsS/COD 1.717 1.166 -
PS/PR 1.555 1.342

Tgble‘4.22 contains the attached percentage of the to-
tal blofilm indicators .

L
=5

. Ty
A
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Y
Slightly higher percentage of PR and PS was found at-

tached in the case of the inactive culture E. The percent-
age of TFPS attached was higher than that of TFCOD and TFER

i . |...' -nq
for bdéth cultures.

Table 4.22 Percentage of biofilm attached (D,E)

D E . !
COD A 46 46
PR 36 42 .
PS 51 56

Table 4.23 shows thé concentration of indicators in the
attached biofilm. The concentrations of all indicators were

slightly higher for reactor E. .

Table 4.23 Biofilm concentrations (D,E)

mg/mL of biofilm D E

coD 11.16 ‘1462
PR 5.73 6.50
Ps 1.26 1.38

i il o AD  h  — ————— — — _——— —  k L W i

4.3.3 Part II - Actual Specific Activity

Biofilm formation using three cultures with different
potential and actual specific activities was compared.
Culture E was described in Section 4.3.2.

Culture F was obtained by activating a 3 L portion of

stock culture TII. - The starving culture was subjected to a

“



116

high acetic acid concentration (2800 mg/L) 1n batch Tode.
The experiment was started on the 4% day, when the concen-
tration of acetic acid decreased to 1000 mg/L. Samples were
taken at 3, 6, 8, 14.5 and 20 hours.

Reactor G operated with a less concentrated 3 L portlion
of stock culture II. The culture was sgbjected to 1100 mg/L
acetate concentration ‘for 11 hours to éctivate it. Samples
were taken at 2, 3, 4, 5, 7, 8, é and 11 hours.

The aim _of the experiment was to determine the effect
of increasing actual specific acetoclastic activity on

biofilm formation.

4.3.3.1 Reactor Characteristics

Table 4.24 summarizes the impoftant charécteristics of
the reactors. Biomass‘coﬁcentration in reactor G was some-
what 'lower than in reactors E and F. The ratios of indica-
tors in each of the reactors ‘were slightly different. How-

-

ever, they were close enough to allow comparison of biofilm
development.

For cultures with higher sbécific acetoclastic activity
(reactors F and G) more freguent sampling was necessary to
cbtain reliable data from the initial stage of biofilm de-
velopment. . Frequency bé sampling affected the Quration of
the experiments and reactor SRT. Additionally, higher or-
- ganic lozding rates were required to maintain similqr levels

=
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of substrate in each reactor when speciflc acetoclastic ac-

tivity was higher. Acetate concentration In reactor G was

" somewhat lower than in reactor F.

Table 4.24 Characteristics of reactors E, F and G

B F G
Activity 0 0.3833 ¢ 0-8135
mg COD/mg VSS-d
vss mg/L 793 790 654
SCOD 1154 1147 986 ;
SPR : 683 645 534 -
SPS . 65.8 69.1 _ 53.3
SCOD/VSS mg/mg 1.441 1.477 1.515
SPR/VSS 0.862 0.816 0.818
SPS/VSS 0.085 0.086 0.082
SPR/SCOD mg/mg 0.593 0.552 0.542 e
SBS/SCOD 0.057 - 0.059 0.054 :
SPS/SPR 0.096 0.107 0.100
Acetate ‘
concentration, mg/L - 0 1000 820
Organic )
loading rate 8 300 570
mg COD/L-d ‘
SRT, d . 36. 25 15.8 .
Flow velocity, cm/s 1.18 1.18 1.18
Reynolds number 128 128 128

. — —— —— —— ——— . T e ———

4.3.3.2 Biofilm Development Rate

Film thickness data vs time from the three experiments
were similar enough that one curve could be used to describe
the results (Fig. 4.34). It should be noted that data from

reactor G showed greater scatter than values from the other

.

two‘reactors. The increase in blofilm thickness became.ﬁon—
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linear after abouf 1Y hours. Eq. 4.1 provided the best fit
to the data. A maximum f£film thickness of 246 Mm and a rate
constant of 0.0628 h—* was obtained (c: 0.947).-

Table 4;25 summarizes development rates of the differ-

ent indicators. AF development determined by AFCOD, AFPR

Film thickness, fm

®
QTm
o 4N

-

Figure 4.34 Biofilm thickness vs time (E,F,G)

and AFPS occurred faster as the biomass became more active.

L

LF dgvelopment rates were very close to AF development rates

in reactors E and G. In reactor F, however, LF development
rates were. much higher than AF development rates. Thé de-
velopment rates of LF in reactor F {highest activity) were
very similar to those found for reactor G.

}igs. 4.35 and 4.36 show AFCOD and LFCOD increases for

the dlfferent reactors, respectlively. AF and LF PR and AF
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Table 4.25 Biofilm development rates, ug/cm®*-h (E,F,G)

E F G
AFCOD 9.05 24.50 40.00
AFPR 3.18 10.28 21.15
AFPS 0.47 2.09 3.57
LFCOD 8.89 46.57 43.65
LEPR 4.42 24.26 23.00
LFPS 0.36 3.29 3.07

and LF PS increases with time are shown in Figs. K.1-K.4.
‘The results of the linear regression analysis are summarized
in Table 4.26.

Strohg positive 1linear correlation was found between
specific acetoclastic activity and AF development .rates
(Figs. 4.37, L.5 and L.6). The relation between speclfic
acetoclastic activity and LF development was nonlinear. The
almost identical LF development rates measured for reactors
F and G indicate a plateau on a saturation-type curve (Figs.
L.7, L.8 and L.S}. Concomitantly, the correlation coeffi-
cients in Table 4.26 were lower for LF than for AF.

Table 4.26 Correlation between biomass specific activity
and bicfilm development -xrate (E,F,G)

Slope Intercept Correlation

coefficient
ARCOD 37.86 9.38 0.9%89
AFPR 22.08 2.71 0.996
AFPS 3.79 0.53 0.998
LFCOD 41.73 16.39 0.810
LFPR 22.20 8.35 0.816
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Figure 4.35 AFCOD development vs time, reactors E, F and G

o]

800

T00 o

803 -

800

€00, pg/cm®
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Flgure 4.37 AFCOD depositlon fate vs blomass spscific actliv-
ity (E,F,G) '

4.3.3.3 Biofilm Characteristics

Table 4.27- shows the ratios of indicators 1in the
biofilm. Table 4.28 summarizes the ratios of indicators in
the bilofilm normalized to the ceorresponding reactor ratios.

Indicator raties did not show a characteristic depen-
dence on Dbiomass activiiy. Ratios for reactor E (inactive
culture) tended to be somewhat smaller than for the other
two reactors; exceptions were AF PS/PR and LF PR/COD. |

It was only In the case of cﬁlture G that AF and LF
PR/COD ratios slightly exceeded that of the reactor. PS/COD
and PS/PR ' ratios in both AF and LF exceeded those in the
corresponding réactors, more in the case of Af than for LF.

Fig. 4.38 shows normalized values of AF and LF PS/COD

e - »

for the three reactors.
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‘Figure 4.38 Normalized PS/COD ratios in reactor, AF and LF

for runs E, F and G.

Table 4.29.summarizes the effect of specific atetoclas-
tic activity on the percentages of attached biomagg indica-
tors. The higher the blomsss activity, the higher the per-
centage of the total biofilm found attached, with the excep-
tion of PS_foi reactor F.

The concentrafions of ;ll three indicators in AF in-
creased with higher biomass activitg {Table 4.30). -

An increasing tendency in the measured AF concentration

values with time was also observed, especially in the case

of highest activity (reactor G) (Figs. 4.39, L.10 and L.1l1l).

A strong positiug'linear<correlation was found between
the average concentration of indicators in biofilm and the

specific acetoclastic activity of biomass (Figs. 4.40, L.1l2

"and L.13). These data are summarized in Table 4.31.

ey



Table 4.27 Ratios of indicators in biofilm (E,F,G)

E F G
Attached - _ ’
PR/COD 0.461 0.539 0.560
PS/COD 0.101 0.112 0.117
PS/PR . 0.216 0.208 0.217
e e e
Loose
PR/COD 0.585 0.528 0.590
PS/COD p.0eg 0.098 0.087
PS/PR 0.129 0.185 0.1l4¢6

Attached/Reactor suspended

PR/COD 0.778 0.976 1.033
PS/COD 1.769 1.908 2.167
PS/PR 2.241 1.953 2.170

Loose/Reactor suspended

PR/COD 0.986 0.956 1.088

PS/COD 1.166 1.670 1.611
PS/PR 1.342 -1.737 1.460

E F : G
coD 45.6 47.6 &/53.3
PR 41.5 46.6 52.6
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Table 4.30 Blofilm concentration (E,F,G)

mg /ml E F G
CoDb 14.62 25.09 33.50
PR 6.50 12.95 18.26
PS 1.38 2,66 3.95
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Figure 4.39 Blofilm COD concentration vs time, reactors E, F
and G

Table 4.31 Correlation between biomass specific actfivity
and biofilm concentration (E,F,G)

Slope Intercept Correlation
coefficient
Cob 23.13 15.17 0.595
PR 14.41 6.82 0.99¢6
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Figure 4.40 Biofilm PS concentratlon vs biomass specific ac-
tivity (E,F,G) .
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CHAPTER 5

DISCUSSION

”
5.1 Rate of Attached Biofilm Formation

5.1.1 Comparison with Biofilm Development Rates Found in
Other Studies

|

In this study anaerobic biofilm formation was found to
be remarkably fast considering the 1-2 months startup times
reported for anae:obic reactors (Kennedy, 1985; Henze and
Harremoes, 1983).

On Tygon surface 3-5 MNg cop/crn®*-h blofilm formation
rates were observed. 0On silicone sqrface the £ilm devalop-
ment was faster with rates between 16-40 ug COD/cm=-h.

Droste and Kennedy (1987) atteqpted to indirectly de-
termine the wvalue of- certain parameters 1in the anaerobic
fixed film process using the dynamic anaerobic fixed film
model developed by Kennedy (1985).‘ They assigned different
realistic values to chosen parameters aﬁd compared the
model's prediction to experimental data. The best sets of
values were those which 1led to predictions that had the
least deviation from the experimental-data. For both aclido-
gens and methanogens values .of,six parameters were varled:

maximum reaction velogity conétant, half velocity constant,

126
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bilomass yleld constant, biomass decay rate, attachment rate

and detachment rate. The authors assumed no difference in
kinefic constants for liquid and £1lm phase bacteria. Since
there has been no-evidence suggesting that attachment or de-
tachment rates of acidogenic and methancgenic ba;teria
should be differépt, they also asgpméd the same values re-
spectively for‘both groups, as a first .pproximation.

According to Droste and Kennedy (1987) net attachment
rates (attachment - detachment) allowfhg be;t prediction
were in the range of 0-0.1 mg VSS/mg VSS-d. To be able to
compare the results of this study with those of Droste and
Kennedy, the above attachment rate values have to be con-
verted into mg'_CbD/cm=-d. The experimental system of
Kennedy (1985) had a total surface area of 16,800 ch?® and a
total suspended COD content of 10,685 mg. Assuming that mg
VSS attached/mg VSS suspended can be directly substituted
with mg ©COD attached/ mg suspended COD, the following con-
version of results can be made.

,

' mg COD 10685 mg SCOD

o
L}
[
]
|
|
|
|
]
|
]
|
|
|
I
|
]
!
|
|
1
I
|
|
I
It

0.064 mg COD/cm?-d

"2.667 jug COD/cm3-h

This model predicts a net attachment rate of 0-2.67 ug
COD)Chz-h for acidogens and methanbgens alike. This resdit
agrees reasonably with data found in this study for Tygon
tubing (3-5 ug COD/cm®-h), - but substantially 1lower than
rates measured for sllicone tﬁbing (16-40 ug COD/cm’-h).

The dlfferences 1In experimental circumstances that have to



be taken into account when comparing the reéults are listed

in Table 5.1.

Table 5.1 Comparison of this study and Kennedy's study
(1985) '

Kennedy‘g This

study study
Cultuxe mixed enriched
' methanogen
Stage ur to mature initial

‘ biofilm-
Support material | NPP -plastic tubing
\

Flow velocity 0.04 0.054-1.42
cm/s
Reactor VSS, mg/l 355 610-800
Channel
cross-sectlion, cm® 8-9 0.5-0.7
Surface to volume 75-80 4-5
ratio, m*/m>
Volatile acids, mg/L 300-1000 1000
SRT, d ' variable © 16-25

Several factors explain why the model's predicted net
attachment réte is lower than those.measured in this study.
The low wvelocity and VSS concep;rati9n in Kennedy's study
favor slower attachmént.. Also, sinée biofilm formation is

fastest in the initial phase (Shapiro and Switzenbaum,

1984), an average rate taken for the whole period of mature ‘

biofilm development will certainly be less than the initial
rate. On the other hand, NPP support was found to be a bet-
ter supporz than PVC in various experiments (see section

2.3.4.1). Although a large surface area to volume ratio al-
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lows the retention of large amounts of biomass in the reac-
tor, it does not affect the rate of attachment per unit sur-
face area. It is not clear, whegher.the channel cross-sec-
tional area has any role in atfachment other than being a
factor in plugging. Finally, it must be considered that ;he
assumption that attachment rates for acldogens and
methanogens were equal might be wrong. From simulations
Kennedy estimated the percentage of methanogens to be 25-33%
cf the total biomass in the bilofilm. If acidegenic bacteria
have a 1low rate of attachment, then the overall bicfilm at-
tachment rate will reflect this value mo%% than that of the
methénogens. Since acidogens are faste%&’growing bacteria
"(average of 8 hours doubling time, Heﬁze and Hargemoes;
,1983), they may still constitute the same proportion of

,ﬁ\***// bicmass in. the biofilm as in the reactor even if their at-

tachment r&ate is leés than that of the methanogens.

, Ancther study, very similar to this study {(Shapirc and
Switzenbaum, 1884) provides an copportunity for comparison of
results. The similééities and differences between the con-
ditions and results of the two experiments are 1listed in
Table 5.2. The comparison is more realistic ig this cas?\\

since the same support (silicone tubing) was used.

W
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"Table 5.2 Comparison ¢f this study with Shapiro's study

Shaplro's This
‘) study study
Culture mixed _ enr iched
) " methanogen
.
Stage initial initial
Duration, @ 25 1-3
Support  silicone silicone
: i.d. 7.95 mm i.4. 7.85 mm
Feed * sucroeose acetate
Reactor VSS 40-3000 610-800
mg/L ! '
Organic loading T70-4400 300~5740
rate, mg COD/L-d
Flow velocity . 3.3 0.054-1.18
cm/s
SRT, d&a 5-15 16-25

Biofilm feormation

rate 0.1-3.33 16-40
Hg COD/cm®-h

In Shapiro's study coenzyme F420 was used to guantify
methanogenic bacteria while COD was used as a measure of to-
tal biomass. The ratio of F420 to COD did not differ
markedly during the course of the experiments, regardless of
differing VSS concentration, organic loading rates or SRT.
The hlghest biofllm development rate measured by Shaplro was
3.33 ug CoOb/cm®-h. It was observed in an éxperiment with Q\EJ
154 SRT using 3000 mg/L VSS concentration and 1500 mg/L-d
organic loading rate.

In Shapiro's study as well as in thls study £ilm forma-

tion rates increased with higher VSS concentration and or-

,
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. ganic loading rate. It would therefore be reasonable to as-
sume that because the VSS concentration they used exceeded
congentrations used in this study by 2-3 fold, the biofilm
development rate should have been higher than In this-study.
However, the- highest film formation rate measured in their
study was 4-12 times less than rates found in this study.

 One explanation could be the different ‘¥low Qelocity.
According to the authors, COD and F420 accumulations were
highest at 0.5 and 7.4 cm/s velocities (theAextremes of the
range studied), bu; they were substgntially lower (by 40-
85%) in the middle velocity range (see Fiq. 2.10). The ve-
locity chosen to perform .other experiments was 3.3 cm/s, a
mid-range value. Considering tﬁ;ir data, it is ‘' possible
that if the'experiments were perfQrmed at. lower velocities,
higher film feormation rates would have been observed. This,
hqwever contradicts the observation from this study of
higher biofilm development rates corresponding to higher ve-
locities‘iﬂ the range 5f 0.054-1.078 cm/s.

Another explanation 1is the difference in the anaerobic

Y

culture. Here again a constant methanogen:acidogen ratio
was indicated in the biofilm, based on actﬁal measurements.
It is important to note that given the doubling time differ-
ence between' acidogens (8 h) and methanogehs (1-9 d), pref-
erentlial attachment of methanogens may contribute to main-
taining the constant ratio 1in the biofilm: Differenceé in
adhesiveness among acidogenic bacteria were in fact observed

by Beeftink  ~ (1387). In a study of anaerobic bacterial ag-



gregates Beeftink found that propicnate forming organisms

had better adheslve properties than butyrate forming bacte-

ria. It is conceivable that such dlfferences in adhesive-
ness carf also exlist between the acidogens and the

methanogens.

Kennedy (1984, unpublished data) measured anaerobic
‘biofilm development rate’s in a horizontal recirculation sys-

' tem (Fig. 2.8). Conditions and results are listed in Table

5.3.

" Table 5.3 Comparison of this study and Kennedy's study
{1984) - : .

Kennedy's This
study study
Culture mixed enriched
. methanogen
Stage initial initial
Duration, 4 38 - 1-3
: stainless
Support steel (316), plastic tubing
plexiglass
Feed 50% sucrose acetafe

50% acetate ’

Flow direction horizontal vertical
downflow
Flow velocity, cm/s 48 ‘ 0.054-1.42
Reactor VSS, mg/L 680 610-800 -

———— e — o  — ——  —— W —— o ———— i i e

Biofilm development
rate 0.5 3-40
Mg COD/cm2-h

fo
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'The low film formation rate observed by Kennedy might
‘be attributed to the high velocity,‘digferent support mate-
rial, mixed culture and possibly to the horizontal arrange-
ment, in which sampling involved moving and inversion of the
test section. -

5.1.2 Ef%ect of Support Matérial on Attached Biofilm
Formation Rate

Silicone tubing préyed to be a better support material
than Tygon. Film development measured by film thicknesé,
COD, PR or PS was 4-6 times faster on the surface of sili-
cone tubing (Table J.9). _ '

Film development on the two surfacas was also different
in/that biofilm accumulation .rate on Tygcna tubing was less -
‘ sgnsit've to velocity change, 'although a positive correla- .
Eﬁon ?;tween flow velocity and biofilm development rate was
observed (Figs. 4.10-4.13, Table J.8). The sensitivity to -
velocity changé'.is indicaggd by the slope of the regression
line. It was steeper for silicone tubing {(COD 4.5, PR 4.7;
PS 2.8 times) than for Tygon. ‘

Tygon tubing 1s a PVC material with a critical surface -
tension of 39 dyn/cm (20°C). The composition of silicone
tubing is polydimefhylsiioxane (critical surface tension 24
dyn/cm at 20°C) and silica £illing. The results.of this
study do not support the existence of a universally biocom-
patible (recall from Section 2.3.3.4 that a biorscmpatible
.surface exhibits poor attachment proberties) critical sur-

face tension range between 20-30 dyn/cm (Baier, 1972; Dex-



ter, 1975), since excellent biofilm formation occurred on

silicone surface. Furtﬁermore, glass, which has a high sur-

face energy i(critical surface tension 46-70 dyn/cm) proved -

to be a very poor support in this study. No attachment was
observed on the surface. of the Iinserted gléss sampling
ports, while abundant £ilm growth was found on the plastic
tubing surfaces. The more hydrophobic silicope supported
biofilm formation better than the less hydrophobic Tygon.

It is possible that if was the difference in surface
texture rather than surface composition that had the most
decisive effect on the attachment process.

Eiamining the -scanning glectron micrographs (Fig. 4.1)
i1t becomes evident fhat the Tygon surface is more homoge-
neous. An average pore size of 0.5 Um was. estimated. Sili-
eone surface has a fine roughness,.but larger "poresé of 5-
10 um size exist as .well. Dealing with an enriched
methanoggn;q_culture fed with acetate for over 10 years, it
is reasonable to assume that acetate utilizing methanogens
constitute the majority of the biomass. The size of these

bacteria has been found to be 1-3.5 Um (Methanothrix soehn-

geﬁii 0.8x3.3 HUm, Zehnder et al., 1980; 0.8x2 ph, Huser et

al., 1982; Methanothrix concilii 0.8x3.5 um, some 2-7 Mm

long, Patel, 1984; Methanosarcina mazei 1-3 Um, 20-100 um in
:clumps, Mah, 1980; Mah and Kuhn, 1984; Methanosarcina bark-
eri 1.5-2.5 um, Balch ef al., 1979). Accozding to Messing
et al. (1979) for microbes reproducing by fission, the maxi-

mum accumulation of biomass occurs when the pore diameter is



R

1-5 times the major dimension of the bacterium. It is as-
sumed tha$5 gréwth of Dbacterla iﬁ'biS?Tims is not likely to
contriﬁﬁ%é significantly to blofilm accumulation during a 3-
day experiment, thus the results of another study by Messing
(1974)_ are mére'appliggble. In enzyme immobilization stud-
les Messing found the optimum pore diameter-to be tQice the
major dimens;on\ of the enzyme. For the acetate utilizing
methancgens this pore diameter 1572-7 Hm. $ince the pore
size of _silicone tubing (5-10 um) is neafly optimal as.op—
s :

posed to the émall pore size (0.5 um) of Tygeon, this could

be one reason for the observed difference in adhesiveness.

v
5.1.3 Effect of Flow Velocity .on Attached Biofilm Formation
-Rate

-
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In the range of 0.054-1.42 cm/s. the rate of biofilm

-~

formation increased with higher velocity. The magnitude of
increase was rather small (Figs. 4.10-}.13).

In the range studied, an 1 cm/s incfease in liquid flow
velocity caused an increase oé 1.46 Mg COD/cﬁ’-h in COD de-
;position rate for Tygon tubing, and a S.éé Lg COD/cm*-h in-

//’ﬂ_ﬁ\““CES?Se for silicone tubigg (Table J.8).

This finding contradicts Shapiro and Switzenbaum's re-
sults which showed a U~shape curve characterizing the rela-
tionship between flow velocity and COD attached in 5 daysron

}” a silicone surface (Fig. 2.10). Examiﬁatioﬁ‘of the total
biofilm accumulation in that study shows that the amount of

attached. COD 1Iincreased with higher velocity in the range of

1.6-7.4 cm/s. It was only the 0.5 cm/s velocity which re-

~

-



sulted in an unexpectedly high accumulation. For the 1.6~
7.4 cq{s range, an 1 cm/é increase in flow velocity caused
an increase of 0.725 ug o0/cm®-h in the £ilm formation
rate. Comparison of this number with the 6.84 ug COD/cm®-h
found in this study indicates that biofilm development in
Shapliro's study was less sensitive to velocity change than
it was in this study. The difference may originate froem the
use of an enki;hed culture in this study as opposed to a
mixed culture in their study. ~
From this study it can be concluded that for .initial
attachment in the low velocity range, highest velocity al-
lows better transport of bacteria and nutrients to the sur-
face,'the;gby Eacilitating‘attachment, and.unfavorable shear

-

effects do not appear.

5.1.4 EBffect of Suspended Biomass Concentration on Attached
Biofilm Formation Rate

The increase of bicfilm formation .rate with higher sus-
pended biomass concentration found in this study has been
observed by various authors in aerobic as well ;s in anaero-
bic studies (Fletcher, 1977; B;yers, 1989; Shapifo and
Switzenbaum, 1984). |

The £ilm- develcopment rates measured by Shapiro and

Switzenbaum are summarized in Table 5.4 along with rates

measured in this study.

136
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Shapiro's results do nof Indicate the existence of a
limiting VvSS concentration, Instead the data constitute a
saturation-type curve starting from zero (see Fig. 2.9).,

Table 5.4 Blofilm development rates In Shapiro's étudy )
(1984) and in this study

Shapire' study This study
VsSs lg CoDn/ VsSs Hg COD/
mg/L ¢cm?+h mg/L cm?*-h
§ 40 0.125 510 1.26
400 1.17 522 5.53
1100 1.88 848. 3.90

Culture mixed enriched methanogen
SRT, d 5 7.7

Presence of + -

substrate

Flow velocity 3.3 1.04

cn/s

The increase in aécumulation rate with increasing VS§S
concentration was very modest in thelr study (Table 5.4).
The difference probably results from the use of a mixed cul-
ture in their study.

The indication in‘the present study of a’ limiting
biomass concentratipn that affect AF development rates was
surprising and was the result of the experimental design,
viz., the absence of substrate.

Tt was found in Experiment #3 - that increased biomass
metabolic activity had a positive effect on film formation
rate. During the experiments Investigating the effects of

biomass concentration none of the cultures were actually ac-
7

v



tive. However, it is not known whether the lack of activity
causes a decrease in £film formation rate which is propor-
tional to the VSS present.g; whether attachment is impaired

disproportionately at 1low VSS concentrations. It is possi-

138

ble that the cumulative effect of low biomass concentration.

5
and the absence of substrate resulted in an unusually sharp

dreop in attachment raée for reactors B and C. It is not ex-
pected that such a liﬁit should exist in the case of active
substrate-metabolizing cultures.‘

In spite of the 1limited applicability of the results,
certain general concluéions regarding the process of attach-

ment can be derived from them.

AF polysaccharide accumulation rate 1is less dependent

on SPS concentration in the reactor, than COD and PR on S5COD

and SPR concentrations, as indicated by the slopes of the

'

regression lines ?Table 4.11). " These were 0.0303 £f£or AFPS,’

as compared to 0.0449 for AFCOD and 0.0467 for AFPR. In
other words, polysaccharide will accumulate at only a
slightly slower rate when there is 1little biomass present
than when the biomass concentration is high. This is rein-
forced by the fact that PS concentration in the AF was about
the same for each of the runs. ©On the other hand, AFCOD and
AFPR deposition rates depend on the reactor biomass more
strongly. This fact is also reflected in the higher COD and

PR concentrations in the AF observed for Run D (Table'4.1l6).



5.1.5 Effect of Blomass Metabollc Activity on Attached
Bloflilm Formatlion Rate

-

From the data of Part I 1t is concluded tﬁat the.gen-
eral metapolic state of the bioméss influences the rate of
biofilm development. Much higher (2-5 times) biofilm forma-
tion rates were observed with a previocusly active culture
than with a previously lnactive one, even though neither of
them exhibited actual ac;ivity during the experiment (Table
4.19). In Part I it was found that biofllm accumulation
rate increased with higher actual activity.

There are cohflicting reports in the literature on the
effect of metabolic gtate on attachment. In some experi-
ments with aerobic bacteria (Fletcher, 1977) logarithmic
phase cells attached better than stationary or death phase
cells. In an experiment by Bott and Miller (1983) a lag pe-
riod of 1 day was observed before biofilm formation started
in the piesence of substrate, as comparéd to a 4-day lag
seen in the absence of substraté. Note that in both cases
the bacteria were fed until the experiment commenced, thus
they possessed a potential activity. In a continuous flow
systedi Bryers (1980) found increasing attachment rate with
higher biomass growth rate. Harris and Mitchell (1973),
however, in their review conclude that most microorganisms
have a greater tendency to aggregate under declining growth
conditions. It is 1likely, that this tendency is dependent

- on the organism and cannot be generalized.
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" In this experiment, the starting culture was an inac-
tive, dormant culture (E). Because of the absence of sub-
strate for over 6 months, the culture was in a stationary or
declining growth phase. It was subsequently actlvated, and
reactors D, F and G are considered to have beem in an accel-
erating growth phase. In the case of an enriched
methanogenic culture, it must be concluded that under condi-
tions of prolific growth, attachment occuyrs much faster. 1In
the activity .range studied (0-0.83 mg COD/mg VSS-d) biofilm
accumulation rate increased linearly with increasing spe-
cific activity. . The above observations indicate an attach-
ment mechanism involving active participation of the bacte-
ria (discussed later).

To achieve actual activities of 0.38 and 0.81 mg COD/mg
VSS-d, organic loading rates of 300 and 570 mg COD/L-d
needed to be employéd, respectively. Although it 1is the
higher organic' loading rate that allows £or a higher spe-
cific activity, it is thought that "the specific activity
rather than the organic loading rate affects film formation
rates dikectly. This conclusion is supported by thé daﬁa of
Shapiro and Switzeﬁbaum_(1984). In the experiments with 15
d SRT a drop in bieofilm accumulation rate occurred coin;
cidentally with a sharp drop in specific activity, regard-
less of the steadily increasing organic loading rate and VSS
concentration. The sharpegt' increase in £film development
rate was observed when speciflc activity, organic loadling

rate and VSS concentration increased simultaneously. In

140
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other cases the beneficlal effect of VSS increase overrode

the adverse effect of‘the decreasing specific activity.

5.1.6 Biofilm thickness

* .
When summarizing the results of all the experiments, it

becomes clear that biofilm thickness does not show thé‘saﬂs'

behavior as the biochemical indicators used to cha;actezize
the film. While the indicators increased linearly during
most of the éxperiments, bicfilm thickness zeached a plateau
value and did not increase further over the course of the
experiment.

It was found that regardless of the experimental condi-
tions, the approached maximum thickness value was very simi-
lar in all experiments (exciuding ?he« results with Tygon
tubing). This value was 250-270 Um, calculéted using Eg.
4.1. The rate at which this plateauw was reached however,
was different for the different reactors.\ The highest rate
constant was obtained for data from reactors D and G (0.117
1/h), followed by reactors E and F (0.063 1/h), and reactor
A vielded the lowest rate constant (0.028 1/h). Data from
reactors B and C had a still lower slope, but no curve could
be fitted because of the lack of data £from the nonlinear
part. The curves are shown in Fig. 5.1.

The results suggest that higher rate constants corre-
spond to high VSS-high activity cultures, but the pattern is
not fully consistent. It isqpot readily explainabte for in-

(
stance, why reactor A should produce such a low rate con

-
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stant. The different origin of culture A may cause thls
deviation. | '

It iIs suspected that the plateau wvalue is relateg.- to
the support material and test section geometry, since these

were the only factors common to all the experiments.

5.2 Attached Biofilm Characteristics

5.2.1 Effect of Flow Velocity on Attached Biofilm Character-
istics

Flow velocity 'did not have a significant effect on
biofilm characteristics in the case of silicone tubing. For
Tygon tubing, the biofilm contained the most ;;/COD and
PS/PR when the flow velocity was lowest (0.054 cm/s}. No
tendency relating flow velocity to the concentrations of in-
dicators was foun& (Tables 4.5 and 4.6).

-

5.2.2 Effect of Support Material on Attached Biofilm Charac-
teristics .

Biofilms developed on the two plastlic tubing surfaces
showed marked differences. As iliustrated in Figs. 4.17,
J.5 and J.6, bicfilm formed on the silicone surface con-
tained much more COD, PR and PS per unit £ilm volume %than
blofilm formed on Tygon tubing (Table 4.5ff

Ratios of indicators in the biocfilms were different
from those of the reactoE suspended biomass, but very simi-

lar to each other.t The ;ratios of PS/COD and PS/&E were

4 i
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S,
found to be substantially higher (1.4 times) in AF on both’

]

tubing surfaces than in the reactor (Table 4.7).
It is seen that support media differences significantly
affected the density of anaerocobic biofilms formed on the

surface. The mechanism underlying this phenomenon is}not

s
yet clear. Tﬁe composition of the blofilm was not dependent

on the support material.

5.2.3 Bffect of Suspended Blomass Concentration on Attached
Biofilm Characteristics

Higher «reactor blomass concentrations resulted in

Vi

higher COD and PR concentrations in the biofllm. PS concen-
tration in %he biocfilm howéver,'was somewﬁat higher for the
reactor with less biomass (Table 4.16). It is an indication
of the fact that blofilm PS concentration is not as directly
a function of reactor biomsss concentration as biofilm COD
or PR concentrations are.

PS/COD ratico 1in the biofilﬁ for reactor D (highest
biomass concentration) was half of the wvalue obtained for
culture €, and one-third of the number found.for reactor B
(Tables 4.13 and 4.14, Fi?s. 4.30 and 4.31). These numbers
resulted hecause there wa;'much more COD and PR attached in
the case of reactor D, than for réactors B and C. At the
same time, attached PS wvalues for culture D did not differ

amatically from those of the other two reactors (Table
( 2}, This observation again supports the conclusion that

PS attached is not related@ to SPS concentratlion in the reac-



: ~ :
tor as. strictly as attached COD and PR are related to SCOD

and SPR 1ln the reactor.

A tendency of AF PS/COD decrease (Fig. K.8) and a defi-
nite AF PR/COD increase (Fig. 4.29}) with time may be the in-
dicatioﬁ of an instant PS deposition and accumulation oq the
surface as the primary event of biofilm formation, followed

by the attachment of the bacteria and possibly more in situ

~
1)

E§ Productiog. )
5.2.4 Effect of Biomass Metabolic Activity on Attached
Biofilm Characteristics

In Part I somewhat higher biofilm concentrations of in-
dicators were found for reactor E (inactive culture). The
difference may be an artifact, stemming from the different
duration of +the experiments. Experiment D lasted 11 hours,
during which biofilm COD and PR concentrations showed a

steady increase, PS concentration was constant (Table K.4).

Experiment E lasted 58 hours, during which biofilm COD and

. PR concentrations showed only an insignificant increase, PS

concentration was constant (Tables K.4 and L.4). COD and PR
concentration values reached by 11 hours 1in experiment D
wete similar to those measured in experiment E at the first,
10.5 hour sampling. Thus in experiment D samples were taken-
in a period of bicfilm concentration Increase, while in ex-

periment E the Sampies were taken later, when the plateau

value of biofilm';oncentration had already been reached.

-n 1

Biofilm PS concentrations were constant in time and al-

most identical for reactors D and E, indicatiné that in both

>,
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cases the amount of PS on the éupport surface increased con-
currently with blofilm volume and tkickness £rom the begin-
ning of bleofilm-formation.

PS. enrichment in bilofilm as compared‘to the suspended
biomass was observed for"both cultures D and E (Table 4.21).
Therefore it was necessary that the extra amount of PS in-
volveé in film formation was available or was prodpced even
in the Jinactive culture. The available gquantity of the
polymer involved might have determined the corresponding
amounts of other substances such as;ﬁﬁ that may attach, thus
constituting the rate-limiting £factor in attachment:

In summary, the lack of poténtial activity did not have
a very pronounced effect on biofilm composition and density

when actual activity of the culture was zero.

In Part II the concentrations of PR and PS, in the

biofilm were doubled for culture F and tripled for culture G

compared to culture E (Table 4.30). COD concentration in-

crease was somewhat slower with lIncrease of activity. These

findings indicate that as the biomass becomes more active
(actual activity), the biofilm £formed becomes more dense,

more tightly packed.

The ratios in the biofilm showed some characteristic
/\‘ N
dependence on biomass* activity. PR/COD ratio in the biofilm

was much lower and PS/COD ratio somewhat loyer for the inac-

tive culture (E) than for the two active cultures (Table

4.27).
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It is conceivable, that dhanges in metabolic brocesses
and possibly 1in membrane structure occurring as a result of
renewed activity are responsible- for the above noted differ-

ences in biocfilm densi%xignd composition.

5.2.5 Summary

Summarizing all the results, it is seen that in each’

experiment PS/COD and PS/PR ratios in the AF were higher
€

than .the corresponding ratios of the reactor’ suspended
biomass. PS/COD ratiogb tn biocfilms exceedea tho;e of the
reactors by 40-500%. On the contrary, AF PR/COD ratios
seldom reacheé the value characteristic of the reactor
biomass. PR/coﬁ&:atios in biofilms were 50-110% of the
'SPR/Scod ratios of the correqunding reactors.

The aboﬁe fesults suggest no involvément of proféinar
ceous materials in the attachment of 'acetoclaskic
methanogenic bacteria. The results also indicate a signifi-
cant role of polysaccharide in the Dbiofilm formation of
these bacteria.

The results of this study agree with those of Beeftink
(1987), who alsc found an increased polysacqhéride content
in anaerobic microbial aggregates compared to free suspended
cells. In a study of acidogenic bacterial aggregates he
noted that steady-state aggregafes gontained 15-20% ‘ﬁugar

(as glucese, w/w on a dry weight basis)} while freely %us-

pended cells of a low dilution rate culture contained three

-



times less polysaccharide. The origin of the extra amounts
of PS 1s not yet clear. )

Tago and Alida (1977) have found a polysacchariée frac-

tion appearing in flocs exclusively. They have shown that
affer treatment with a defloccuiating enzyme, no such
polysaccharide was present in the resulting freé cells. How-
ever, it 1is not clgar, how much of this polysaccharide the
freely suspcnded ceils contained prior«to £loc formation,
i.e., whether. the presence of tpis fraction is the cause or
the reéulf of floc formation. 3 )
Marshall (1%85) 1in his review raises the possibility
» that some bacteria may produce a polymer for solely adhesive
purpoces and £following adhesion they may produce a second
polymer. The £function of thé second polymexr can be either
to "cement" the adhesive bond, to provide an amenable sur-
face to other micfoorganisms or to érotect the bacteria from
~adverse environmental'éﬁfects and predators. |

In this study, the high percentage (12-30%) of soluble
PS suggested that it may be the souéce-of the ;xt§3 PS in
the biofilm. Increase of soluble PS c;ncentration, however,
coincided with decreasing rates .of AFPS formation (Fig.
4.21). ‘Furthermore, increase rathe? than decrease of solu-
ble reacE?r PS concentration with time was observed during
all expetriments, with the-exception of reactor E. The abqve
evidence does not support- - the participation of soluble

polysaccharides in bilcfilm formation. It does not, tﬁough;

exclude the possibility that a pérticular fraction of solu-

N~
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ble PS ‘13 involved 1n attachment, the quantity of which is
not related to the totallsgluble PS concentration. The.im-
portance of suspended PS 1Is emphasized b} the positive rela-
tionship between . SPS concentration and AFPS fbrmation'rate
(BEig. 4.25)1 In s%tu PS production may also play a role in
the case-of.active cultures.

It is concluded that the available information is not

sufficient to identify the source(s) of the extra PS-amounts

found in acetoclastic methanogenic biocfilms.

Trulear and Characklis (1982) -also cbserved change in
bicfilm density. In their‘éxperiment biofilm formation was
due solely to growth and exopolymer production, not attach-
menéf The-~increase in biofilm density was observed as a re-
sult of increaéed glucose loading rate. 2an increased glu-
cose reaction rate of the biofilm biomass was also noted and
was thought to be due to the density increase.

In tﬁis study, act?yityl increased in parallel with an
incréase in acetate loading rate. It is believed that load-
ing rate affected biofilm density indirectly, through the
increase of biomass activity. As high biomass activity was

present prior to the start of the attachment experiment, it

(is likely té be the cause, not the result of high biofilm

density.
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5.3 Loose Biofilm Development and Characteristics

The presence of a loosely held biomass within the test
éecthn was detected in every experiment. The rate at which

the LF developed and its composition was dependent on the

experimental conditions.

5.3.1 Effect of Flow Velocity on Loosé‘Biofilm Development
and Charzcteristics '

-
A negative correlation was observed between flow veloc~

ity and 1loosely held bicfilm formation rate. This suggests
that at sufficiently high velocities ne loose biofilm’woéld
form, the shear exerted by the liduid flow would be greate;
than the forces keeping the loose Dbiomass in place. Flow
velocity did not affect noticeably the composition of the
loose biofilm.
5.3.2 Effect of Support Material on Loose Biofilm Develop-
ment and Chagacteristics

On silicone tubing, loose £film deveiopment rgtes were
much higher than on Tygon tubing. LF development rates de-
creased linearly with £low velociéy on silicone tubing. On
Tygon, the LF formation rate at a low velocity was. dispro-
portionately higher than rates measured at highexr velocities
(Figs. 4.14, 4.15 and 4.16). : .

‘For silicone tubing the estimated flow-velocity above

which no loose deyelopment would occur was 3.3-7.8 cm/s.

‘l\
-
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For Tygon tubing, the corresponding range of 4.1—16.8_cm/s
was estimated.

In Experiment #1 an interesfing phenomenon'was cbsexrved
in the development of the loose biofilm on silicone tubing
surface. The amount -of loose biofilm increased at a high
rate uﬁtil a certain maximum was reached. With higher lig-

uid flow velocity, the maximum was reached faster and its
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value was lower. The maximum value was 820-860 ug COD/cm2

for the two higher wvelocities, and 1100 ug COD/cm’\for the
low flow ‘velocity. After reaching the maximum,‘the amount
of loose 'biofilm started to decline, more rapialy with
higher flow velocity. At the termination of the experiment,
almost no loose biofilm couid be detected in silicone tubing
(Fig. 4.9). |
Loose film values on Tygon tubiné were lower than those
measured on silicone support, except the wvalues obtained
-with the lowest velocity. These values were almost identi-
cal to the maximum amounts obtained on silicone with the
lowest velocity. It .is seen, that COD values at €64 and 72
hours show a sharp decline (Fig. 4.5). PR value measured at
72 hours indicate that the increase of LF PR had stopped.
Unfortunately, thg last two PS data are missing. -
It is concluded, that the same mechanism has been ob-
served for both support surfagces. It is not clear, why and

how the phenomenon happens.

v



5.3.2.1‘ A Hypothetical Mechanism of Aétaéhment at Low Flow
Velocitles o
Several possibilities were considered to identify the
cause of the decrease and disappearance of LF. {t was firﬁt
suspected that the decline of the loose blofilm is connected
with the attainment of the plateau film thickness. Herver,
in all cases, biofilm thickness was well below the maximum
value reached,qwhen the decrease of loose biomass started.
The change in flow velocity as a‘result of decreased
cross-sectional flow area was also investigated. It was
found, that in the presence of a 200 um thick biofilm, ve-

locities employed in silicone tubing would increase only
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slightly, resulting in 1.15, 0.81 and 0.06 cm/s velocities,

respectively (Appendix I/b).f These velcocitlies are not high
enough to account for the disappearance of the loose

bicfilm.

It was also considered that the commencement of the de-

cline is associated with a certain value of biomass indica-
torgvreached in the AF. This reasoning is contradicted by
the cht that attached biomass on Tygon tubing was far less
than én silicone. For Tygon ‘tubing, AF was actually lowest
for the 1low velocity in which case the commencement of de-
cline was observed.

It seems that it is a ﬁaximum level of the loose rather
than the attached biomass, which leads to the decline cf the

loose biofilm, once the maximum level is reached. The maxi-
I

mum value is somewhat 'dependent on the flow velocity. The

»




observation that loose bdoflim Iin Tygon tubing started to

decline at similar loose COD, PR and PS concentraiions as in-w"

silicone tubing supports the above explanation. It is also
possible, that a critical level of the total blomass has to
be reached for the decliné of Ioosé biofilm to occur. This
possibility is supported by the observation that total
biofilm values reached a plateau relatively soon (within 18-
24 hours for COD and PR} and séayed at that 1éve1 thereafter
(Figs. J.7-J.9, Table J.2A).

Examining the data o¢f the other experiments, similar

decrease or -disappearance of loose biofilm was not found.
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It is thought to be due to the fact that sufficiently high .

total COD, PR and PS accumulations were not reac?ed, except
as the last wvalue in experiment E.

From the above observations a mechanism of biofilm for-
mation at 1low velocities (0.05-1.42 cm/s) 1is pictured as
follows. Along with a steady attached biofilm formation
from the very beginning, a large, loosely held biomass es-

tablishes itself rapidly in the test section. The forces

allowing this biomass to stay in place are not known. It is

possible that polysaccharide products have a 1zole in this
attachment, as polysaccharides In excess to the suspended
biomass were £found in 1looze bilofilms. It is hypothesized,

that some and possibly most of the bacteria Jjoin the at-

‘tached £ilm via the loose biofilm; as an intermediate stage.

The loose biofilm may be in dynamic equilibrium with the

suspended biomass as well as with the attached biofilm. The

-

0
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loose biofilm can accept bacteria from the suspension as
long as Bacteria can eventually join the attached blofilm.
After a critical total biomass is rea -~ no more bacteria
join the 1loose biofilm, but the g:;i22i:;ation of 7loose
biofilm into attached bicfilm continues until loose biofilm
almost completely disappears. It is not yet understood what
factors determine the magnitude él?the critical biomass.

The above mentioned mechanism may exist at low flow ve-
locities, but it is not expécted te play any role at suffi-
ciently high velocities. Instead of loose-attached trans-
formation, at higher velocities the bacteria may join the
biofilm constantly _és they £flow by. Thié?hrocess may be a
slower one, as attached biocfilm development was found to

slow down when the loose biofilm disappeared.
5.3.2.2 Loose Biofilm Characteristics
| A

PS/COD‘and PS/PR ratios in loose DDicfilm were higher
than in the reactor for both suppoxrt surfaces. Loose
biofilm on Tygon tubing contained 1less PR/COD but more
PS/COD than LF on silicone tubing (Figs. 4.18 and 4.19).
Also, for Tygon, the loose fraction constituted a higher
percentage of the total biofilm thﬁn for silicone (Table
4.3).

In the case of Tygon tubing, more polysaccharide was
needed per unit of protein to hold the 1loose biomass 1in
élace than was required in the attached blofilm (Table 4.7).

The differences in loose biofilm formation rate and

£ilm characteristics between the two kinds of tubing may be
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p
explalned by assuming that surface properties can affect
processes more remote from the ’‘surface, such as loose
biofilm formation. The observed difference may also be due
to the slightly larger diameter of the Tygon tubing. Per-
haps because of the larger diameter more polysaccharide was
required to hold the loose biomass in place.

5.3.3 Effect of Suspended Biomass Concentration on Loose
Biofilm Development and Characteristics

Loose biofilm development rate increased linearly with
the concentration of suspended biomass present in the reac-
tor. The incregse was such that the loose biofilm develop-
_ment rate was about‘ twice as high as the attached £film de-
velopment rate at each suspended Dbiomass concentration
. (Table 4.11). It 1is concluded that loose biafilm develop-
ment rate 1is more sensitive to suspended biomass concentra-
tion than attached biofilm development.rate. It may be an
indication of an intimate coqqection between suspended and
loosely held biomass.

It can be seen in Figs. 4.26-4.28, that while deposi-
tion 6f COD and PR in attached and loose films was a paral-
lel process, PS deposition in attached f£ilm occurred in the
absence of loose PS formation as well. This £finding sug-
gests a sequence of events of biofilm formation at low flow
velocities. The starting step would be deposition of PS on
the surface, followed by tﬁe appearance of loose PS and sub-

segquently loose and attached PR and COD.



A certain limiting concentration of biomass was found

1}
to be needed for loose £ilm develeopment to occur. For loose
" PS8 this VSS concentration was found to be 320 mg/L, for LF-

~ COD and LFPR it was 370-390 mg VSS/L (Table 4.12).
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The PR/COD ratio in the loose film was found to in- -

crease with increasing reactor biomass. PS/COD and PS/PR
ratios were not affected significanhtly, although PS/COD was
highest in the case of lowest reactor biomass (Figs. 4.31
and 4.32). The results indicate that the protein coﬁtent of
the loose bicfilm reflects the suspended biomass concentra-
tion, while the polysaccharide content does not.

Higher percentages of the total COD and PR and a lower
percentage of‘ PS were found in loose film when suspended
biomass concentration was low (Table 4.15). 'Possibly the
loose-attached conversion happens more slowly in the case of
low biomass concentration, because the loose biofilm itself
is %ess dense. This possibility 1is supported by the de-
creasing LF PR/COD ratio with decreasing biomass.

5.3.4 Effect of Biomass Metabolic Activity on Loose Biofilm
Development and Characteristics

In Part I the inactive culture loose £ilm development
rates were nmuch slower (5-8 fold) than the rates predicted
based on the biomass concentration of the reactor (Table
4,19). It is therefore concluded that lack of activity im-

pairs locse £llm development more severely than‘it retards

attached £ilm formation.
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A

. Tﬂe above observation 1is also reflected 1In loose
biofilm char;cteristics. In the case of the inactlve cul-
ture, loose biofilm contained less PS/COD and PS/PR than in
the case of the preJiously active culture (Table 4.20).
PS/COD and PS/PR ratios in LF exceeded ratlos in the reactor
only slightly (Table 4.21). A somewhat higher percentage of
the total PR and PS was found in attached form for the inac-

tive culture E (Table 4.22).
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In Part II it was found that a six-fold increase in .

loose £ilm development rate occurred with an actually active
culture (F) compared to the inactibe one (E). However, when
biomass specific activity increased further (culture G), no
further increase 1in loose biofilm development rate was seen
(Table 4.25). Similar 1loose biofilm development rates to
those measured with cultures F and G were found using reac-
tor D (Table 4.10), Dbut higher rates were not observed in
any of the experiments. The stagnation of loose film forma-
tion rate did not bring about similar behavior in attached
film forgation rate. AF development rate remained linearlf
proportional to biomass acetoclastic activity. The rates of
attached and loose film developments obtained with culture G
were almost identical.

The above findings suggest that under the experimental
conditions employed, there may be a limit to the loose £ilm
development rate above which it cannot be increased with in-

crease of metabollic activity. This limit may be a function

of VSS concentration, but 1t may also be a function of the
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exberimental system (test section surface and.geometry). It
was also noted that attached film formation rate was not -
significantly higher than loose biofilm development rate in
any of the experiments. This osservation supports that in a
- low velocity systeﬁ there may indeed be an intimate connec-
tion between loose and attached biofilm formation.
In the two active cultures (F and G) PS/COD ratios in
loose £ilm were higher than in the case of culture E. As
biomass activity increased, a higher percentage of the

biomass indicators was found attached.
5.4 Active versus Passive Attachment

Previously it was found that biofilm formation rate was
linearly propogzzahal to the suspended biomass conceﬁtra—
(S tion. This observation suggests a passive mechanism,pf‘ft-
tachment. in Experiment #3 howevexr, it was found that re-
gardless of the VSS concentration culture E was unable to
produce the expected film development rates because it was
inactive. ﬂVIn Part 7II, higher f£film formation rates were
found as biomass specific activity increased, again regard-
,less of even lewer VSS cencentration. The results of these
experiments suggest. that an attachment mechanism assuming
actively participéting bacteria pas to be censidered in

L]

these cases. -
The fundamental zrole of polysaccharides in the attach-
ment of acetoclastic methanogens was demonstrated in all the

experiments. It is therefore the guantity and quality of
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polysaccharides present that Is expected to affect attach-
ménx significantly. _ .

It is known (Ellwood and. Tempest, 1972)‘ that PS
molecules produced by the cells'may be different depending
on nutritional conditions and metabolic state. Tago and
Alda (1977) studled the role of exopolysaccharides in floc-

formation of a dJ¥seudomonas strain. They found that it was .

not the total amount of extracellular polysaccharide which
o

-

participates in éggregate formatlion, buf only a certain
small fraction of it. The PS fraction ﬁresent in flocs was
not detectable in cells released from‘the floc by a defloc-
culating enzyme. The £ilm mesh in which the cells of the
floc were embedded also disappeared as a result' of the
treatment with the enzyme. The fraction unique to the floc
was.identified as a mucopelysaccharide and accounted for
only ten percent of the tétal poelysaccharide.

In‘the light of the above data the results of this ex-
perimentrmay be intexpreted 1In the £ollowing way. It is
possible that 1in the case of methanogenic bacteria there is
leo a specific type of polysaccharide that is involved in
attachant. Active~cells may produce this polysagcharide
continuously or upon stimulu§. In a starving culture these
moleculés may be decomposed and not reproduced, leading to a
polymer concentration insufficient for attachment. Some at-

‘tachment may be possible in this case by making use of cell

lysis products (Harris and Mitchell, 1973}.

XY
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The appearance of substrate provides a stimulus leading
‘to various changes in metabolic activities, which may in-
/,clude the production of a PS for -attachment purposes

{Marshall, 1%85). The presence of- these PS5 molecules

160

greatly increases the rate of attachment, even Iif the

molgcules may not be actually produced during the aﬁtachment
experiment. This is thought to be the case regaraing reac-
tor D. ‘Increasing metébolic activity‘may result in a more
rapid production of the specific PS, thereby increasing the
concentration of the bridging polymexr in solqtion.

bThe'production of a cementing material (presumably PS)
after reversible adhesion may further contribute to the posl
itive effects of high metabolic activity.

Metabolic changes may also involve changes in membrane
structure, such as appearance of binding sites necessary for
attachment on the cell surface (Fletcher, 1985).

Factors enhancing passive and active attachment are ex-

pected to exert a cumulative positive effect on attachment

when they occur simultaneously.
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CHAPTER 6 . g
Yond

CONCLUSIONS e’

- Initial attachment properties of °~ acetoclastic
methanogenic bacteria were investigated in a downflow sys-

tem. The following conclusions have ‘been drawn from the

. study.

1) - Bio%&lm formation rates found in this study were sub-

stantially higher than those reported in the literature with

- mixed anaerobic cultures. Thus acetoclastic methancgens are

likelf to have better adhesive properties than acidbgens.

2) . A loosely held biomass formed in the fest sections si-
multaneously with Fhe attached Eilm development. It is
thought to be an_intermediate,sfgaé of bi?film formation at
the low 1liquid flow velocities (0.05-1.42 cm/s) used .in

these experiments,

w
~

3) The ratlo of polysaccharide tp COD_éxéeeded that of the

. - . . 2 - -
reactor suspended . biomass in both attached .and 1loose

biofilms. PS/COD was 40-500% higher in the attached film
thaﬁkin the reactor. Thus the polymér involved in biofilp

formétion is most llikely a polysacchariagffhﬁgzsfé%ggifous‘

materials were not found to play a role in attachment. -~
‘ _ N
4
“ . . : . ’
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4) For silicone tubing the maximum biofilm thickness
reacped Iin each experiment was 250-270 uUm, regardlessy of
different experimental -~ conditions. The rate of film thick-
ness increase was different for different experimental con-
ditions. The plateau value 15’£5591Y to be zelated to the
test ‘section material and gecometry.

. o -

5) Liguid flow velocity . changes in the range of 0.05-1.42

cm/s did not significantly affect biofilm characteristics.

A small linear increase in attached film formation rate was

.observed with hﬁgher flow velocities. = On the ‘éontrary,

loose‘film development was- increasingly retarded by higher

-

flow velocities.
S ”

6) -Both attached and loose biofilm developed at a lower
rate on Tygon surféce than on ‘silicone surface. Attached
biofilms on silicone surface were thicker and denser than
films on Tygon surface. Tﬂus silicone proved to be a better
support material £for biofilm formation than PVC (Tygen),

likely owing to its larger-poge size.

7) Biofilm development rates were directly proportional to

the suspended biomass concentration 1in the reactor. Loose

L .
£ilm development rate was twice as sensitive as the attached

film development rate to changes in reactor VSS concentra-

tion. In gbsence of substrate a limiting VS5 concentration
; . ] i
of 120 mg/L was found, below which.no or very slow £ilm for-
' Q} i L ]
mation would be expected. T

//a *
, . -

/
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8) Polysaccharide concentration in blofilms did not re-

_flecf chanqes of suspended polysaccharide concentration in

thé reactor. PS deposition ratis depended on the reactor
SPS éoncentzation.ﬁto a lesser.deg;ee than PR and COD forma-
tion rates depended on SPR and ' SCOD concentrations in the
reactor. The results show a distinect behavior of PS from

-y
PR, a measure of the bacterial cells.

'9) Lack of general specific acetoclastic activity impai:zzd
both attached and loose film . development , rates. Loose

biofilm formatiom was more severely affected.

10) Attached biofilm development rates were directly pro-

pbrtional to -actual specific acetoclastic activities in the
} . .

"range of 0-0.813 mg COD/mg VSS-d. The density of the at-

tached biofilm was also a linear function of actual activ-

‘ity. These results imgly active participation of the bacte-

-

ria in the attachment process. -

%
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3 ' FUTURE STUDIES

The followlng topics are suggested as possible subjects
L J

for further investigatian:
1) Verify experimentally the existence of an attachment

limiting V5SS concentration in-an actually inactive culture.

2) Conduct further experiments to determine the effect of
reactor VSS concentration and subsfrate concentration on the

attachment of an active metabolizing methanogenic culture.

3) Isolate the specific polysaccharide compound(s) in-
volved in the film formation of acetoclastic methanogens.

Identify the origin of the PS molecules and the way in which

their production L&\i:fuced.

4) Conduct experiments to determine attachment properties

of acidegenic bacteria.

5) Recirculating an enriched methanogenic culture prior to

the normal procedure of anaeroblc reactor lnoculatlon nay

T

greatly reduce ’'the startup time. Verify this experimen-

tally. /
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6) Investigate the effect of channel diameter on bilofilm
attachment rates, ultimate biofilm thickness and bilofilm

. charaéteristics.

-

A

b

R i o
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-A,1 Biofilm Volume Determination by Volume-Displacement
Technique

The measurement is based on the fact that the volume of
an immersed 6bject equals the liguid volume displaceé by it.
The volphe of lfigquid digplaced was determined by measuring
the cha&ge of the height of the liguid surface i; a measur-
ing dish after the test section was.immersed.

Fifty mL of glass distilled water was used as the im-
mersion liguid. A stainless .steel dish of 3.8100-1 0.0127
cm inside diameéer (da) and 6.35 Em hegght was used as a
measuring dish. A micrometer capable of measuring a 2.54 cm
height difference in 0.000i inch gradations was used to.ﬁea-
sufe the "liquid height. The micrometer was mounted on a
plexiglass platform and it was supported by three legs in
such a way that the measuring dish could be placed under-

-

neath. A circular depression was created in the plexiglass
plate to \Qqure the exact same placement and stability off‘“h‘“\\\\\
the dish iF each measurement. The distance between the
platform and the tip of the micrometer-was 3.8 cm when the
micrometer was set to the 0" gradation. . A photograph of the
yolume measuring device is Qéown in Fig. A.1.
A reading was taken when the tip of the micrometer just
tguched the—quiescent water surface. The height of the wa-
ter surface was recorded before and after a clean or blofilm

containing test section was immersed. The height difference



2t el i i

{ he or hese) multiplied by the cross-sectional area (Aa)

" of the dish yielded the volume of the test section (Ve) or

the combined volume of test section and biofilm (Vz.<).

Aa = qy=n/4 = 1.767 in=

One inch helight difference corresponds to an 1.767 in?
or 28.958'Em’ volume displacement.

A he height difference corresponds to Ve volume dis-

placement.

Ve [cm®] = Ahe - 28.958

The volume " of biofilm (Ve) is the difference between
thé volume of the biofilm containing test section (Vzwe) and

-

the volume bf the clean test section (Ve).

{

.  Example calculaticon 1s shown for the duplicate samples

taken at 10.5 hours in Run E.
~
(1) Liheee = 0.13075"; Ahe = 0.12378"

Veee = 0.13075 - 28.958 = 3.78626 mL
Ve = 0.12378 - 28.958 = 3.58442 mL
Ve = 3.78626 - 3.58442 = 0.20184 mL

-

(2) Ahz.e = 0.11960"; Ahe = 0.11443"
Veee = 0.11960 - 28.958 = 3.46338 mL

Ve 0.11449 - 28.3958 = 3.31540 mL

1)

Ve

1]

3.46338 - 3.31540 = 0.14788 mL
Average Ve = 0.17491 mL
_The volume displacement method had a standard deviation

of 0.0019" in terms of Ahe, which resulted in a standard de-
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- ~

viation of 28 Mm in terms of biofilm thickness (calculation

not shown). - A

P

!
Flgure A.1l Photograph of the volume measuring device

LR

s
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APPENDIX B

B.1 Calculation of Blofilm Thickness

B.1.l Calculation of the Inner Sgrface Area- of the Test Sec-
tion (Ae) .

. R
A« 1s calculated from the volume of the clean test-sec-

tion meazured by the volumé élsplacement technique and from"
the dimensions of Fhe plastic tub!ng.‘

The volume of the test section gqualé the length of the
section (le) mﬁltiplled by . the ring-shépe cross-sectional
area of the tﬁbing (a=) . e
Ve = 1e - A?

' where

Ao

(0.d.)*n/4 ~ (1.4.)3%xn/4
. . . 7
For silicone tubing of 1.111 cm o.d. and 0.794 cm i.4.,

Ao 1s 0.475 cm®*. Then the tubing length is

le = Ve/Ac = Ohe - 28.958 / 0.475 = &ahe - 60.959
1

The inner surface area equals the inner, circumference
of the tubing multiplied by the length of the section:
Ac = (1.d)x - l¢

0.795 - = - OAhe -.60.959

Lhe ™ 152.01

~

o An example calculation is shown for the duplicate sam-

-~

ples taken at 10.5 hours in run E.

“

P
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(1) ohe = 0)22378"
"Ae = 0.12378 - 152.01 = 18.816 cm?

L _
-+ (2) ohe = 0.11449"

+

Ac = 0.11449 - 152.01 £ 17.4036 cm?

B.1.2 cCalculaticon of Blofilm Thickness
v .

Biofilmsthickness (FT) is obtained by dividing the

biofilm volu;;\\TV:} by the inner.’surface area of the test

section (A«). .; ‘ . ' .
\ - . - . ] . .
FT [um) = Ve [(cm®}] / Ac [cm®)} - 10,000
, T
The £ilm thickness is then

“FT = Ve/(Ahe . 152.01) - 10,000 = (Ve/ O he) - 65.785

A
%
"An example calculation is shown for the duplicate sam-
ples taken at 10.5 hours in Run E.,
. r .
(1) PT = (0.20184/0.12378) - 65.785 = 107.27 um
(3) FT = {0.14798/0.11449) - 65.785 = 85.03 Em

Average FT = 96.15 um (Table L.2)

7
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1

C.1 Calculation of Attached Biofilm Indicators

AFCOD (as well as AFPR and AFPS) were deterﬁiﬁed fro&
the 55 mL of liquid in whicﬁ the blofilm vas dispersed after
volume measurement and sonlcation. .Thexefore the COD con-
tent of the whole biofilm is‘given by

AFCOD {mg] = AFCOD (mg/L] - 0.055 L

COD values as Ng/cm® are obtained when the COD content
of the whole biofilm is divided by the inner surface area of
the test section (Ac):

AFCOD [ug/cm?]

AFCOD [mg/L} - 55 / Ae

AFCOD [mg/L] - 55 / (Ahe - 152.01)

(AFCOD [mg/L] / 4ohe) - 0.3618

AFPR and AFPS values as. pug/cm® were calculated simi-
\|

\

larly.
The above " calculated value needs to be corrected with
the blank value. The blank values were: 12.61 ug COD/cm?,

0.00 Mg PR/cm® and 2.26 ug PS/cm=.

184

An example ‘calculation is shown for the duplicate sam-

ples taken at 10.5 hours in Run E.

(1) APCOD {mg/L} = 71.5 mg/L

AFCOD [Mg/cm?)

"

(71.5/0.12378) - 0.3618 - 12.61

-

196.38 pg/cm?
N



AFCOD [mg/L] = 40.8 mg/L

AFCOD ing/cm?]

\

Average AFCOD

(40.8/0.11449) - 0.3618 - 12.61

116.32 Mng/cm?

156.36 pg/cm® (Table L.3)
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APPENDIX D

p.1 calculation of Loose Biofilm Indicators

.

coD, PR and PS values as mg/L were determined from thé_
llquor. removed from the test section .during sampling.
(CODe1).: The corresponding values mgasure& in samples taken.
from the sampling ports (CODp) were then subtracted £rom
‘these values. In this way COD, PR and PS concentrations in

excess to those in the liquid £lowing through the sect1§n
/

were obtained and/}ermed losse biofilm.
CODea Img/L} - COD» [mg/L} = LFCOD [mg/Ll .
/ .

LFCOD [Mg/mL]

n

tl

From the length of the test section (le) and the cross-.
sectional area of flow (Aex) the volume of liquid inside of

/ _the test section is calculated (V). For sillcone tubing:

Ve {mL] = (i.d.)3wx/@d - le 0.495 - Ahe * 60.969

F s Ahe - 30.164
The amount of loose COD present in this volume is

LFcbD fngl

LFCOD [pg/mL] - Ve [mL]

LFCOD (Mg/mL} - Ahe - 30.164 .

LFCOD as Ng/cm® is obtained when the above amount is
divided by the inner surface area of the test section (A<):
LFCOD [Hg/cm?] = LFCOD iNg) / A icm?] | —
= LFCOD (pMg/mL] -Ahe - 30.164 / Ahe - 152.01
= LFCOD [pg/mL] - 0.1984



ples

(1)

(2)

An example Ealculat%on is

taken at 10.5‘hours‘in Run

CODea2 = 2298 mg/L; COD»

LFCOD [mg/L) = 2298 - 1312
LFCOD (pg/cm?] =
CODgsx =

2148 mg/L; CODo

LFCOD [mg/L] = 2148 - 1413

LFCOD [ug/cm3] =

~

Average LFCOD =

986 - 0.1984 =

735 - 0.1984 =

170.72 ug/cm®

‘ . 188
\ .
|

Qhoun for the duplicate sam-

E.

1312 mg/L

]

986 mg/L . *

195.62 ng/cm*®

1413 mg/L

"

735 mg/L

145.82 Hg/cm®

{Table L.3)



APPENDIX E

139



. 190

APPENDIX E

E.1l Calculation of Concentration of Indicators in Blofllm

Concentration in b;ofllm is obtained when ug/cm"values
are divided by the film thickness.

AFCOD (Mg/cm?®] - 10~* = AFCOD [mg/cm?*]

FT {um]l - 10-* = FT [cm)

(AFCOD [ug/cm?®*l / FT {umi) - 10

AFCOD (mg/mL]
»

An example calculation is shown for the duplicate sam-

ples taken at 10.5 hours in Run E.

(1) AFCOD = 196.38 png/cm?
FT = 107.27 um

AFCOD [mg/mL]} = (196.38,107.27) - 10 = 18.307 mg/mﬂ

(2) AFCOD = 116.32 pg/cm?

e
~
FT = 85.03 Mm

AFCOD [mg/mL] = (116.32/85.03) - 10 = 13.680 mg/mL

N

Average AFCOD concentration = 15.99 mg/mL (Table L.4)
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APPENDIX F

’
-

F.l Calculation of Ratios in the Reactdbr and in the Blofilm

An example calculatiqn is shown for the duplicate sam-

ples taken at 10.5 hours in Run E.

ﬁﬂggctgg ratlo

SCOD = 1248 hgﬁL; SPR = 689 mg/L

SPR/SCOD = 689/1248 = 0.552 ﬁg/mg at 16.5 hours
Average for the experiment:

SPR/SCOD = (0.552+0:571+0.646+d.601+0.595)/5 = 0.593

s

{Tables L.1, 4.18 and 4.24)

v -

AF ratio , ’

(1) AFCOD = 196.38 ug/cm*; AFPR = 86.15 Mug/cm?

AF PR/COD = 86.15/196.38 = 0.4387 mg/mg

(2) AFCOD = 116.32 ug/cm?; AFPR 56.3% ug/cm®

AF PR/COD = 56.39/116.32 = 0.4848 mg/mg
Average AF PR/COD = 0.462 mg/mg at 106.5 hours

Average for the experiment:
AF PR/COD = (0.462+0.531+0.469+0.403+0.442)/5 = 0.461

{Tables L.6, 4.20 and 4.27)



c’-
AF PR/COD for the experiment normalized to the
SPR/SCOD ratilo:
(AF PR/COD)/(SPR/SCOD) = 0.461/0.593 = 0.778

(Tables 4.21 and 4.28)

-

Ratlos for loose blofilm were calculated similarly.

.

reactor

193
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APPENDIX G

*
G.1l Chemical Oxygen Demand Analysis for Dilute Samples

The method is sultable to measure COD of undliluted sam-

ples up to 145 mg/L concentration.

ReaTents

1. Standard solution: 850 mg/L potassium acid phtalate. Rep-

resents 1000 mg/L COCD.

2. Digestion solution: 0.03 N potassium dichromate solution.

Contains - 1.4709 g KzCrz0~ (dried)
- 10 g HgSO0a.
- 100 mL concentrated HzS50.

~

in 1 L glass distilled water.

3. Catalyst: 22 g silver sulfate in a 9 1lb bottle of concen-
trated H2504 (9 g/L)

4. Titrant: 0.011 N ferrous ammonium sulfate sclution.

Contains - 4.312 g Fe(NH4)2(504)=2-6 Hz0 -
- 20 mL concentrated HzS0.

in 1 L glass distilled water.
Standardized in ‘triplicate daily against & mL digestion so-
lution diluted with 54 mlL double distilled water after addi-

tion of 20 mlL concentrated HzS0«.

5. Indicator: £ferroin. Three (3) drops were used. The

sharp color change from royal blue to brown indicated the

endpoint.
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Procedure

N

Samples were digested in KIMAX screw-cap culture tubes
(25x150 mm; GPI thread 24-410).

Between uses the tubes were cleaned by rinsing with
distilled water several times and with double &1st111ed wa-
tez,three- times. After rinsing the tubes were dried at
150°C. ) :

Ten, (10) mL of sample, six (6) mL of digestion solution
and fourteeg (14) mL of catal?st soldi}on were pléced in a
culture tube. The tube was then capped and mixed with a
Vortex mixer. Three blank; and duplicate standards contain-,
'ing elither 20'mg/L or 100 mg/L COD were prepared simultane-
ously and analyﬁed with each set of samples. All the tubes
were heated to 150°C in an oven for 3 hours. After cooling,
the excess dichromate in each sample was determined ' by
titration with standardized ferrous amﬁonium sulfate. The

titration was performed directly in the culture tube, while

the sample was mixed rapidly with a magnetic stirrer.

COD was calculated with Eg. G.1:

_COD [mg/L] = (bl - s)-N-8000/Va | (G.1)

~

where

bl is the volume of titrant required for blank (mLl]
s 1is the volume of titrant required for sample [mL]
N 1is the normality of the titrant

Ve 1ls the sample volume [mL]
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Precision

-

-—

Standardféeviations of + 2.72 mg/L and * 1.1 mg/L were
£6und at 100 mg/L and at 20 mg/L COD concentratlon respec-

tively, using potassium acid phtélate samples. The results

are summarized in Table G.1.

Table G.1 COD analysis on.potassium acid phtalate samples

COD concentration

mg/L 100 20
Measured COD 100.20 19.70 ‘
mg/L : 98.80 21.05 =
100.03 19.10
$7.10 19.08
97.80 17.70
91.30 20.09
99.97 20.45
98.10
98.23
Mean value, mg/L 97.95 15.60
Standard
deviation, mg/L 2.72 1.096
Standard . .
deviation, % 2.78 5.59

——————— . TEr W e SR A A ek M ;S ————— —— — . — .

osep
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APPENDIX H

H.l Protein Determination Method for Dilute Samples

The method 'is a modification of ‘Lowry's method, sug-
gestéd for protein values under 25 mg/ﬁ in the publication

by Lowry et al. (1951}).

a

ReaTents : —

1. 2% wt NazCOs in 0.1 N NaOH

2. 1% wt CuS0.-5H=z0

3. 2% wt sodium citrate

4. 1 N Folin reagent

5. Standard: bovine albumin in saline'polution, containing

0.05% sodium azide

drocedure

Reagent I was prepared freshly by mixing 1 oL of 1%
CuS0. with 1 mL of 2% sodium citrate and adding 50 %L of 2%
Na=zCOs in 0.1 N NaOH. A 2.5 mL voluﬁe of Reagent I was
added to 2.5 mL sample, mixed and let stand for 10 minutes.
Thereafter 0.5 mL Folin reagent was added to each sample and
mixed rapidly. Absorbance was read after 30 minutes at 750
nm with a Beckman DU-40 spectrophotometer.

| Duplicate blanks and standard series were prepared

along with each set of samples.
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APPENDIX I

I.1 Measurement of Actual Aéptoclastic Activity

Actual acetoclastic activity was measureq during the

Al

attachment experiment.

-

In a continuously fed reactor acetate consumption rate

¢tRa) 1s computed according to Bg. I.1l.

Ra [mg/L-d] = (Cea. - Cez + Ce) - 24/5t (1.1)
" where |
Cea 1s the.acetate concentration in the reactor at t = ta,
Cex ngghe acetate concentration in the reactor at t = ti,
ng

At is the time elapsed between tz and tz, hours
ce is the acetate concentration added to the reactor in the
t interval, mg/L

ce [mg/L]l = (Ca = Va) / Va - (2t/24) : {I.2)
where

Va 1s the volumetric feed rate, L/4
ca Is the acetate concentration in the feed solution, mg/L
VYmn i3 the volume of the reactor, L

~

An example calculatlion is shown for reactor A.

Va = 0.048 L/4; Ca

36725 mg acetate/L

It

Va = 3L; at 30 h

Ce = (36,725 - 0.048) / 3 - (30/24) 734.5 mg/L

Ceax= 1100 mg/L; Cea2= 1176 mg/L

Ra = (1100 -1176 + 734.5) - (24/30) 526.8 mg/L-d
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Computations for the whole experiment are summarized in

Table I-l- =

_ Table I.l1. Activity calculations for reactor A

Va Ca Vn At Ce Cez Cea Ra
L/d mg/L L h rg/L mg/L mg/L mng/L-d
0.048 36725 3 30 734.5 1100 1176 526.8
0.042 36725 3 17 365.9 1176 1109 611.2
0.042 37325 3 6 131.4 1108 1123 469.6
0.042 37350 3 18 394.4 1123 1080 583.2
0.042 37287 3 24 525.0 1080 1077 528.0
0.042 40500 3 48 1140.5 1077 1183 517.3

J
v ' iy
The average acetate consumption rate duf@ng the experi-

v

mént was 539.4 mg/L-4. Expressed in COD equlvaients

Ra = 539.4 - 1.066 mg COD/mg acetate = 575 mg COD/L-4
/

/
The average VSS concentration was 610/ mg/L during the

experiment. _ ¢

o

R L
The actual specific activity of‘ths\?iomass (U) during
the experiment was

U = 575/610 = 0.943 mg COD/mg VSS-d (Table 4.2)

The reactor volume was kept constant during the experi-

ment.

_
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4
I/a.1l Calculation of Zero Potentlal Specific Acetoclastlic
Activity : 3

3

fn a batch activity test performed in a manner de-

scribed in 3.9.9. the following results were obtained for

stock culture II: _ >
Time‘elapséd Specific Acetoclastic Actiwvity
{hours) : {mg COD/mg VSS-4d)
17.30 0.181
29.55 0.597
42.25 0.3917

The data show an increase of specific activity with
time. Linear regression analysis of the data yielded a cor-
relationd coefficient of 0.996, a slope 6£ 0.02%85 and an y-
intercept of -0.31. The negative intexrcept indicates that
at t=0 the specific acetoclastic activity of the culture was

zero, and the activity started to increase after a lag pe-

riod.

R RS
BERRRRE et
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APPENDIX I/b

I/b.1 Calculation of Reynolds Numbers apd Ligquid Flow
Velocities

1

P - v - d where the density and viscosity of the
Re = ———==—-—u—- ; water at 35°C were used to approximate
U those of tﬁE?reactor contents

o
i

993.95 kg-m~—?*

0.7255 E-3 Ns-m~=

=
1]

.
d is the internal diameter of the test section
v is the liquid flow velocity through the test section,
calculated as the flow rate divided by the cross-sec
tional area of the test section
In absence (FT=0 um} and in presence (FT=200 um) of
biofilm diameter, flow wvelocity and Reynolds number values

differ slightly.

Silicone tubing FT = 0 um .~ FT = 200 Um
Pump delivery i d v Re | d v Re
rate | |
mL/min | .cm cm/s - | cm cm/s -
30.78 10.794 1.08 117 |0.754 1.15 119
21.66 10.794 0.76 82.7 10.754 0.81 83.7
1.60 10.754 0.058 6.09 10.754 0.060 6.20
Tygon tubing FT = 0 im FT = 200 Um
Pump delivery { da v Re | @& v Re
rate I | '
mi/min | ecm cm/s - | cm cm/s -
107.95 11.270 1.42 247 11.230 1.51 254
48.865 (1.270 0.64 111.311.230 0.68 114.6

4.10 11.270 0.054 9.40 11.230 0.058 9.77

L e ik e i o ko A e ey ek ML M o okl B ks b D Mk chp o b Sk o Wt o g o e Ak . W WP W W P e e o e o o — o —
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Table J.1 Reactor data

A
SCoD SPR 8PS VsS
a mg/1 mg/1l mg/1 mg/1
1 1351 594 57.2 655
2 930 580 61.8 - .
3 1191 511 58.2 586
4 1017 522 46.9 -
5 1299 587 75.2 -
6 929 450 56.2 541 \
7 809 374 46.0 656
ave. 1084 517 57.4 610

SCOD/VSS SPR/VSS SPS/VSS
mg/mg mg/mg mg/mg

2.06 ¢.907 0.087

0.872 0.099

1.72 0.832 0.104
1.23 0.570 0.070

ave. 1.76 0.795 0.090

~2 U N (o ¥
~n
L]
o
1 W

SPR/SCOD SPS/SCOD SPS/SPR
mg/mg mg/mg mg/mg

0.440 0.042 0.096

0.586 0.062 0.107

0.429 0.0495 0.114 E{
0.513 06.046 0.090 -~
0.452 0.058 0.128

0.484 0.060 0.125

0.462 0.057  0.123

——— ———— —————— —t— v v e wrw —

ave. 0.481  0.054  0.112

AU WN o
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Table J.2 Attached and loose film development vs time

AFCOD
)Jg/ cm2

®

AFPR
‘pg/cmz

v=1.420 cn/s

11.84
7.14
8.05

55.65

31.54

65.91

82.68

322.49
213.26
372.28

3.40
0.68
3.3}
25.15
6.09
29.64
45.49
189.40
112.92
199.24

v=0.644 cm/s

12.69
9.87
27.07
14.80
19.67
33.02
35.97
67.39
106.01

3.20

3.12
12.14
11.30

9.96
17.36
19.36
32.95
58.87

279.73~ 157.39

v=0.054 cm/s

7.28
33.96
16.24
22.12
71.98
71.34
75.37

181.79
110.15
247.9%

5.39

1.65
0.00
7.17
9.47
28.60
34.67
70.09
105.27
64.61

TYGON

AFPS
Pg/ cm2

1.47
0.00
1.42
3.67
0.00
3.50
5.10
25.95
14.67
24.66

1.47
0.00
3.96
0.32
0.63
1.77
2.03
4.73
8.08
20.43

0.26
2.10
0.17
1.47
4.17
3.91
10.63
13.63
6.86

LFCOD
yg/cmz

2.82
0.00
16.93
28.22
0.00
55.25
36.83
108.27
233.36
404.81

0.00
0.00
5.64
0.00
110.49
41.28
50.80
159.07
259.40
425.45

0.00
0.00
0.00
28.22
0.00
317.50
178.12
542.29
1115.70
605.79
913.13

LFPR
Pg/cmz

2.63
0.00
2.59
64.20
0.00
11.51
37.46
84.13
188.62

0.00

2.05
14.45
38.70
40.64
45.88
52.45

77.26
224.69

3.84
$.90
19.23
0.00
145.79
54.81

412.20

"437.52

LFPS
Pq/cmz

3.90
1.60
2.08
6.15
0.78
4.15
5.10

21.71
27.84

0.85
3.15
--8.73
3.68
7.56
7.15
11.20

23.43
39.72

0.00
5.57
0.95
1.5¢6
1.34
26.73
18.15

76.97
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Table J.2

AFCOD
Pg/cmz

o

Attached and loose £film development vs time

{cont.)

AFPR
)Jg/cmz

v=1.038 cm/s

17.92
49.70
14.19
69.51
93.47
301.49
568.43
668.08
1288.11
1509.95

1.78
21.42
4.62
33.93
52.03
169.60
310.33
350.39
612.21
740.73

v=0.760 cm/s

13.95
29.67
15.88
121.44
52.21
299.73
641.70
758.77
981.36
1466.90

0.0%
8.87
6. 39

61.47
29.07

166.80

331.04

401.95

477.20

705.85

v=0.056 cn/o

14.18
11.60
43.62

69.08

80.17
219.22
394.48
572.07
584.37

1224.64

12.61

1.87
2.56
18.26

31.34 -

43.91

135.27,

235.93
307.90
251.69
567.12

0.00

SILICONE

AFPS
yg/cm2

1.53
2.68
5.80
5.66
6.30
22.43
43.1¢
45.71
115.44
114.39

0.91
0.52
0.12
9.97
3.05
22.37
43.50
54.67
125.37
114.52

3.14
0.00
4.68
8.31
7.32
17.71
29.66
41.49
64.54
115.55

2.26

LFCOD
}lg/cmZ

0.00

0.00
0.00
14.11
0.00
857.09
664.24
738.64
29.16
51.98

0.00
0.00

10.58 -
 141.08

23.01
440.05
8lo.81
823.56
382.52

38.89

0.00
0.00
31.74
61.72
97.81
621.39
854.11
947.16
1144.77
0.00

LFPR
).lg/ cm?2

¢.00
0.00
23.16
12.36
12.48
198.3
285720

16.97
£ 40.50

0.00
0.00
0.00
22.95
28.53
361.00
354.95

145.18
20.99

12.58
15.19
7.23
67.31
76.70
329.80
455.17

457.93
0. 00

. LPPS
pg/cm2

2.99
2.09
2.33
2.80
0.87
29.95
38.43

4.42
3.77

0.45
2.43
2.14
8.87
2.98
53.94
58.85

23.01
6.50

0.74

4.61

11.33

9.49
46.14
50.04

64.38
0.03
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Table J.2A Total biofilm development vs time

TFCOD
)lg/cnz

14.66
24.99
83.87
31.54
121.15
119.51
430.76
446.63

777.19

12.69°

32.72
14.80
130.16
74.30
86.77
226.45
365.40

705.18

7.28

16.24
50.34
71.98
388.84
- 253.49
724.08
1225.85
853.78

TYGON
TFPR TFPS
‘pg/cmz yg/cmZ
v=1.420 cm/s
6.03 - 5.38
0.68 1.60
..5.90 3.50
89.34 9.82
6.09 0.78
41.14 7.65
80.95 10.20
197.05 36.38
387.87 52.50
v=0.644 cm/s
3.20 2.32
5.17 3.15
26.58 12.70
50.00 4.00
50.60 8.1%
63.24 8.92
71.80 13.24
136.13 31.51
382.09 60.15
v=0.054 cm/s
5.48 0.26
9.90 7.67
- 1¢12
28.70 3.02
28.60 5.51
180.45 30.63
124.90 28.78
476.81 83.83

TFCOD
)Jq/cmz

17.92
14.19
83.61
93.47
1158.57
1232.68
1406.72
1317.27

1561.93

13.95
26.46
262.52
75.23
739.78
1458.51
1582.32
1363.88

1505.79

14.18

75.36
130.81
177.98
840.61

1248.60
1519.23

-1729.14

1224.64

SILICONE

TFPR
Pg/cm2

209

TFPS
‘yg/cmz

v=1.078 cm/s

11.78
21.42
27.79

46.29 -

64.51
367.90
595.53

629.18
781.23

4.52
4.77
8.14
8.46

7.17 =

52.38
81.59

119.86

118.16

v=0.760 cm/s

0.00
8.87
6.39
84.43
57.59
527.80
685.99

622.39"

726.84

1.36
2.94
- 2.25
18.85
6.02
76.31
162.35

—

148.38

121.02

v=0.056 cm/s

14.45
17.75
25.48
98.65
120.61
465.07
691.10

—-—

709.62

567.12

3.88

4.61
19.63
16.82
63.85
79.70

128.91
115.58
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Table J.3 .Biofilm thickness me) vs time

TYGON

v=1l.420 cm/s

0.00
0.00 -

0.00

0.00

0.00
34.46
0.00

! 0.00
'0.00

87.65

SILICONE
v=1.078 cm/s

0.00
0.00
0.00
0.00
.00
0.00
74.73
89.00
248.63
241.92

v=0.644 cun/s ’

0.00
0.00
0.60
¢.00
0.00
0.00
4.31
.00
37.15

103.42

v=0.76 cm/s

0.00
0.00
0.00
61.91
0.00
0.00
209.60
144.67
215.67
220.98

v=0.054 cm/s

0.00
0.00
0.37
15.87
26.27
0.00
65.36
37.57
36.35
66.26

v=0.056 cm/s

0.00
0.00
.00
0.00
30.45
27.286
124.53
498.70
52.94
204.19



Table J.4

Tygon, v=1.42 ca/s

CcoD

coD

PR

I,
!

PR

PS -

P

PS

9.47
g.92
1.59

1.63
3.63
1.89

Blofllm\ggncentrations vs time (mg/mL of blofilm)

Silicone, v=1.08 cm/s

coD

———————————— A P T — . 2 oy o T oy, e

Silicone, v=0.76

CoD

L ks . ey — T ——— —— ——— ———————

26.32

80.42

31.%8
11.47

- 110.39

PR

PR

PR

Ps

-

Ps



- 212

Fable J.5 Blofilm ratios (mg/mg) vs time, TYGON

Attached biofilm Loose biofilm

LT Y ST PR

v=1.42 cm/s R

hours - PR/COD PS/COD PS/PR PR/COD PsS/COD PS/PR
1 0.287 0.125 0.434 1.035 1.536 1.484

2 0.095 - - - - -

3 0.411 0.177 0.430 0.146 0.117 0.802

4 0.452 0.066 0.146 2.198 0.210 . 0.096

6 0.193 - - - - -
12 0.450 0.053 0.118 0.208 0.075 0.361
18 0.526 0.062 0.117 1.017 0.139 0.136
24 0.587 0.080 0.137 - - ’ -
48 0.529 0.069 ~ 0.130 0.361 0.093 0.258
72 0.535 0.066 0.124 0.466 0.069 0.148
ave. 0.407 0.087 0.204 0.295 0.117 0.300

v=0.644 cm/s

hours PR/COD PS/COD PS/PR PR/COD PS/CoODb PS/PR
1 0.252 0.116 0.459 - - -

2 0.316 - - - - 1.538

3 0.448 0.146 0.326 2.528 Y. 528 0.605

4 0.764 0.022 0.028 : - - 0.095

6 0.506 0.032 0.064 0.368 - 0.068 G.186
12 0.526 0.054 0.102 1.112 0.173 0.156
18 -0.538 0.056 0.105 -, 1,032 0.221 0.214
24 0.489 0.076 0.143 - - . -
48 0.555 0.076 0.137 - 0.298 0.090 0.303
72 0.563 0.073 0.130 - 0.528 0.093 0.177
ave. 0.496 0.072 0.166 0.398 0.129 0.248

v=0.056 cm/s

hours PR/COD PS/COD PS/PR PR/COD PS/COD PS/PR

1l 0.226 0.036 0.159 - - ) -

2 ~ 0.062 - - - 0.563

. 3 0.442 0.011 0.024 - - -
- 4 0.428 0.066 0.155 0.658 0.053 0.081
6 0.397 0.058 0.146 - - -

12 0.486 0.055 0.113 0.459 0.084 0.183

18 0.930 0.141 0.152 0.308 0.102 0.331

24 0.579 0.075 0.129 - - . -

48 - 0.587 0.062 0.106 0.369 0.069 0.187

ave. 0.509 0.063 0.123 0.449 0.077  0.196

.
[}
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Table J.5 Bilofilm ratios (mg/mg} vs time, SILICONE (cont.)

At:tached. biofilm Loose bioflilm
v=1.078 cm/s

hours PR/COD  PS/COD PS/PR PR/COD  PS/COD PS/PR
L4

1 0.099 0.085 0.859 . - - / -

2 0.431 0.054 0.125 - - -

3 0.326 0.409 1.255 - -.___/0.101

. .4 0.488 0.081 0.167 0.853 0.193 0.227
6 0.557 <« 0.067 0.121 - - 0,069

12 0.563 0.074 0.132 0.231 '0.035 0.151
18 0.546 0.076 0.139 0.429 0.058 0.135
24 0.524 0.068 6.130 ' - - -
48 0.475 0.090 0.189 0.582 0.151 0.260
72 0.491 0.076 0.154 0.779 0.073 0.093
ave. 0.450 0.075 0.145 0.575 0.102 0.148

- v=0.760 cm/s

hours PR/COD Ps/CoD PS/PR PR/COD PsS/COD PS/PR
1 - ¢.065 - = - -

2 -0.299 0.017 6.058 : - - -

3 0.402 0.007 0.018 - 0.189 -

4 0.506 0.082 0.162 0.157 0.061 0.387

6 0.557 0.058 0.105 1.240 0.129 0.104
12 0.557 0.075 0.134 0.820 0.123 0.149
18° 0.516 0.068 0.131 . 0.435 0.072 0.166
24 0.530 0.072 0.136 - - -
48 0.486 0.128 0.263 0.380 0.060 0.158
72 0.481 0.078 0.162 0.540 0.167 0.309
ave. 0.482 0.065 0.130 0.466 0.114 0.212

v=0.054 cm/s
-

hours PR/COD PS/COD PS/PR PR/COD PS/COD PS/PR
i 6.132 0.222 1.681 = - -0.058
2 0.221 o= - : - - 0.303
3 0.419 0.107 0.256 0.219 - -
4 0.454 0.120 0.265 1.054 0.177 0.168
6 0.548 0.091 0.167 0.784 0.097 0.124
12 0.617 0.081 0.131 0.531 0.074 0.140
18 6.59¢8 0.075 0.126 0.533 0.059 0.1190
24 0.538 0.073 0.135 - - -
48 0.431 0.110 0.256 0.400 0.056 0.141
72 0.463 0.094 0.204 - - -

ave. 0.442 - 0.094 0.192 0.493 0.093 0.149



hours

TYGON
CoD PR
v=1.42 cn/s
80.75 56.39
160.00 . 100.09
32.23 56.12
66.35 28.15
100.00 100.00
54.40 72.03
69.18  53.72
74.87 -
47.75 57.30
47.91 51.37
67.34 63.90

. v=0.644 cm/s

100.00 100.00

100.00 60. 40
82.75 45.65
100.00 22.60
i5.11 _— 19.68
44.45 27.44
41.46 26.96
29.76 -
29.01  43.24
39.67 41.19
58.22°  43.02

v=0.054 cm/s

100.00

100.00

100.00
43.94
100.00
18.35
29.73
25.11
8.99
29.05

30.01
0.00

33.00
100.00
19.21
56.12

13.55%

PS

100.00
27.34
15.46
48.50
75.67
12.76
36.95

coD

" Pable J.6 Attached percentage (%) vs time

SILICONE

PR

v=1.078 cm/s

100.00
100.00
100.00
83.13
100.00
26.02
46.11
47.49
97.79
96.67

100.00

100.00
16.64
73.30
80.65
46.10
52.11~

97.30
94.82

214

P3S

v=0.760 cm/s

100.00
100.00
60.02
46.26
69.41
40.52
44.00
47.95
71.95
97.42

100.00
100.00
72.81
50.47
31.60
48.26

76.67
97.11

v=0.056 cm/s

100.00
100.00
57.88
52.81
45.04
26.08
31.59

37.66.

33.80
100.00

12.93
14.42
71.64
31.77
36.41
29.09
34.14

35.47
100.00
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‘Table J.7 Biofllm attachment :ates vﬁ liguid flow velocity
Attached blofilm. ~ =
Flow : . : *
velocity Rate . Intexcept Correlation
cm/s pg/cm2/h Loty coefficient
COD *
L s T s T s
0.054 3.13 - 26.9 - 0.869 -
0.056 - 15.95 - 18.3 - 0.968
0.644 3.34 - -2.85 - 0.954 -
0.750 - 20.80 - 43.0 - 0.970
1.078 - 22.93 - 22.3 - - 0.982
1.420 4.87 - 4.51 - 0.991 =
. PR & -
T s T S T s
0.054 | 168 - 15.0 - 0.710 -
0.056 - 7.30 - 21.3 - 0.935
0.644 1.90 - -3.5 - 0.953 -
0.760 - 10.06 27.6 - 0.958
1.078 - 11.15 - 17.9 - 0.978
1.420 2.67 - -2.1 - 0.991 -
PsS
e e e e e e e e e e o o e e e e e e e e e e e
T S T ) T S
0.054 0.195 - - 2.24 - 0.630 -
0.056 - 1.54 - -0.04 - 0.993
0.644 0.245 - ~0.32 - 0.937 -
0.760 - 1.92 - 1.08 - 0.951
1.078 - 1.82 - 1.€3 - 0.967
1.420 0.328 - 0.00 - 0.987 -
Film thickness, pmdh ~
T s T S T 38
0.054 0.886 - 9.00 - 0.739 -
0.056 - 4.72 - 2.95 - 0.929
0.644- 1.314 - -10.48 - 0.928 -
0.760 - 5.12 - 30.64 - 0.83
1.078 - 5.36 - -24.47 - 0.975
1.420 0.883 - -4.56 - 0.726 -
T: TYGON S: SILICONE
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Table J.7 Bioflilm attachment rates vs liquid flow velocity

- Loose blofilm
Flow ..
velocity Rate ) Intercept Correlation
cr/s )Jg/cmz/h coefficient
COoD
T s T s T S
0.054 14.70 - 11.11 - 0.848 -
0.056 - 47.48 - -88.68 - 0.978
0.644 5.81 - -5.25 - 0.969 -
0.760 - 41.02 - ~-83.07 - 0.968
1.078 - 40.45 - ~69.69 - 0.870
1.420 5.53 - -16.22 - 0.986 -
PR
- T S T s T s
0.054 B.54 - -20.1 - 0.954 -
0.056 - 28.53 - -47.7 - 0.986
0.644 2.55 - 7.99 - 0.931 -
0.760 - 25.64 - -58.8 - 0.937
1.078 - 18.19 : - -43.6 - 0.972
1.420 2.31 - 0.757 - 0.921 -
PS
T S T S T s
0.054 ~ 1.63 - -2.76 - 0.975 -
0.056 - 3.18 - ~2.40 - 0.960
0.644 0.49 - 2.72 - 0.982 -
0.760 - 3.97 - -7.56 - 0.947
1.078 - 2.41 - -4.52 - 0.950
1.420 0.38 - 1.16 - 0.972 -

T: TYGON S: SILICONE
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rTable 3.8 Relationship between film development rate (pm/h
or/pg/cn2.h) and 1liquid flow veloclty (cm/s) .

TYGON .~ SILICONE
Slope Intercept Correlation Slope Intercept Correlation
FT - 1.049 NONE 0.619 4.676 0.997
AFCOD 1.460 2.810 0.940 6.840 15.570 0.999
AFPR 0.837 1.535 0.967 3.793 7.110 0.999
AFPS 0.112 0.183 0.953 0.318 - 1.560 0.853
LFCOD -6.388 13.200 0.839 - -7.259 47.566 0.972
LFPR -4.419 7.610 0.843 -9.122 29.880 0.894
LFPS -0.876 1.450 0.866 - 3.470 NONE

Table J.9 Ratio of biofilm development rates on silicone
and Tygon tubing at flow velocities of 0 cm/s and I cm/s

0 cm(s , N 1l cm/s

FT 4.07 4.46
AFCOD 5.54 5.25
AFPR 4.63 4.60
AFPS 8.52 6.38
6.23 5.41

LFCOD 3.60 5.92
LFPR 3.93 - £.49
LFPS 2.75 5.23
3.43 5.88

’ >

e
e
Bigd]
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Table K.1

B&C

SCOD
mg/L

864
711
707
689
638
594
718

721
SCOD/VSS S

1.607
1.372
1.339
1.460
1.125
1.227
1.551

SPR/SCOD SP
mg/mg

0.541
0.533
0.518
0.520
0.514
0.587
0.522 .

Reactor data -

PR/VSS

0.870
0.732
0.694
0.759
0.578
0.720
0.809

s/SCOD
mg/mg

0.055
0.061
06.056
0.058
0.045

0.064

0.055

~

SPS
mg/L

47.6
43.2
39.7
39.8
28.8
38.1
39.7

—— —

39,6
SPS/VSS

0.088
0.083
0.075
0.084
0.051
0.079

SPS/SPR

 mg/mg

0.102
0.114
0.108
0.111
0.088
0.109
0.106

i

- vss

ng/L
645
538

518
528

472

567
484
463

510

224
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Table K.1

Reactor data, cont.
D
SCOD SPR SPS vse
hours mg/L ng/L mg/L mg/L
0 1350 643.7 90.81 959
3 1225 569.7 72.39 892
5 1090 559.6 75.12 778
7 1009 538.1 63.19 767
9 891 497.0 70.99 626
11 978 517.1 69.89 703
12 1289 667.8 56.93 853
ave. - 1142 570.4 71.33 7917
hours SCOD/VSS SPR/VSS SPS/VSs
0 1.408 0.671 0.095
3 1.374 0.639 0.081
5 1.401 0.719 0.097
7 1.315 0.702 0.082
9 * 1.424 0.794 0.113
11 1,391 0.736 0.099
12 1.511 0.783 0.067
ave. 1.403 0.720 0.081
SPR/SCOD SPS/SCOD SPS/SPR
hours mg/mg. mg/mg mg/mg
0 0.4717 0.067 0.141
3 0.465 0.059 0.127 ’
5 0.513 0.069 0.134
7 0.534 0.063 0.117
9 0.558 0.080 0.143
) 11 0.529 0.071 0.135
- 12 0.518 0.044 0.085
ave. 0.513 0.065 0.126
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Table K.2 Atfached and loose £ilm development vs time

AFCOD LFCOD
ﬂg/cnz Pg/cmZ
hours B c 3] B c D
2 5.54 - - 5.81 - -
3 - 16.04 31.3 - 34.84 6.07
4 7.53 - - - - -
5 - 17.88 54.1 - 49. 36 106.2
6 10.16 - - 49,36 ~ -
7 - 36.26 124.6 - 65.32 213.9
8 13.08 - - 29.03 - -
9 - 13.02 128.2 - 110.33  247.2
11 57.44 57.44 233.2 200.33 200.33 403.5
AFPR . LFPR
D . o A e
hours B Cc D N B c D
2 4.28 - - 1.47 - -
3 - 4.30 6.1 - 15.55 14.2
4 0.37 - - - - -
5 - 7.46 28.0 - 21.64 29.3
6\ 2.47 - - 12.54 - -
Te - 18.71 93.3 - 33.29 90.1
8 6.43 - - 17.07 - -
9 - 8.83 58.9 - 42.74 121.2
11 28.38 28.38 111.5 88.31 88.31 203.1
AFPS LFPS
/qg/cmz ).lg/ cm2 \
hours B c - D B c D
2 3.21 - - 1.87 - -
3 - 1.90 6.0 - 1.98 0.7
4 2.97 - - 0.12 - -
5 - 4.66 5.7 - 3.55 6.2
6 4.26 - - 5.26 - -
7 - 8.81 12.7 - 6.55 29.5
8 5.12 - - 3.44 - -
9 - 4.91 11.7 - 8.55 21.% .,
11 9.67 9.67 21.9 13.80 13.80 33.3



Table K.3 Biofilm thickness (pm) vs time

" Film thickness

hours B
2 0.0
3 7
4 3.5
5
6 21.2
7
8 31.2
9
11 38.0

r

70.9
42.3
123.8

165.6
131.0

Table K.4 Biofilm concentrations vs time (mg/mL bioflilm)

=
Q
(=]
N
(1]

E

RPWYWOJAhNdwN

| ol

v
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Table K.5

hours

HFWOUOIAnatoN

-

]
<
(1]

0.54
2.97

2:90

3.77

2.54

PR

D

0.6;
5.96
8.1;'
5.40
8.46

. e

5.73

Attached percentage (%) vs time

coD
B D
- 4.60
14.04 -
7.60 11.66
- 10.32
5.30 -
- 11.53
7.17 17.70
8.53 11.16
.
CoD
B&C D
48.8 -
30.4 83.2
27.0 31.7
14.1 -
36.2 43.0
31.6 -
10.6 36.5
34.2 36.5
29.1 46.2

PR

=]

w
[wr

[
-]
*
S B - TR I - B B - o T

t
(%
.

B&C

PS



Table X.6 Bloflln rat1os

Attached blofilm

(mg/mg) vs time

. -Loose blofilm

—————— iy S — — T — ——— — — —— T ———— - o T . " . T S e S T ———————— ——— ———r {38 — T o [ — —— — — ——

—— s —————————— — T . S T —— T T T T S T s e S S S S S S S S T A — T . T

-

PR/COD
hours B Cc D
2 0.064 - -
3 - 0.341 0.199
4 0.054 - -
5 - 0.438 0.516
6 0.419 - -
7 - 0.519 0.742
8 0.494 - -
9 - 0.678 0.459
11 0.496 0.49¢6 0.478
ave, 0.305 0.494 0.47%
PS/COD.
hours B c >}
‘/
2 0.579 - -
3, - 0.158 0.189
4 0.432 - “ -
= - 0.285 0.106
6 0.259 =" -
7 - 0.252 0.102
8 0.392 - -
9 - 0.377 0.091
11 0.168 0.168 0.095
ave. 0.366 0.248 0.117
PS/PR
hours B C D
2 0.44 - -
3 - 0.44 0.425
4 7.95 - -
5 - 0.64 0.206
6 1095 - -
7 - 0.48 0.169
8 0.83 - -
- 9 - 0056 0-200
11 0.34 0.34 0.199
ave. 0.537 0.493 0.2490

B C
0.253 -
- 0.450
- 0.600
0.221 -
- 0.511
0.605 -
- 0.387
0.385 0.385
0.366 0.467

B C
0.323 -
’ - 0.060
- 0.105
0.141 -
- g.102
0.134 -
- 0.077
0.059 0.059
0.164 0.081

B (o]
1.27 -
- 0.13
- 0016
0.23 -
- 0.20
0.21 : -
- 0.20
0.15 0.15
0.198 0.167

228



Table K.7 Biofilm attachment rates vs shspendgd-piom@ss

-

229

o — — ke i YD T S . S S S S UV T e —— . — A P A A YR S M SN A Sy Sy S S S G SRS M N S SN W SN V. CES. W e -

Correlation
coefficlent

0.996

Rate
ug/cm2/h

4.87

Intercept Correlation

coefficient

0.683
0.957
0.972

P ———— © AR e ke e ettt

[ ———— PP R et e e K L R

Correlation
coefficient

0.985
0.982

Rate
ug/cm2/h

2.624
8.331
23.470

intercept Correlation

coefficient

0.999
0.914
0.952

—— S S S S R R R T GeS M M S S A A S G S S e W S S S R R R Sl S S S S S — ————

. S S S S —— . " . T S S S T S e S ———————— ————

Correlation
coefficient

0.913
. 0.778

concentration
APCOD
_ Rate Intercept
ug/cm2/h :
1.262 2.76
5.533 -4.06
23.895 -52.98
AFPR
Rate Intercept
ug/cm2/h
1.515 -6.00
3.166 -5.86
12.085 -25.04
AFPS
Rate Intercept
ug/cm2/h
0.712 0.63
0.790 0.79
-1.890 -1.63

ug/cm2/h

0.830
1.135
4.043

Intercept Cofrelation

coefficient

0.637
0.993
0.958

[ ———————————— P PP e e e e ke B R

———— i —— ———————— o ————————————— T} Y T oy oy S

4.78
2.96
12.18

-10.83
-9.7¢6
-21.50

Correlation
coefficient

0.971
0.558
0.606

R ————— AP
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Table L.1 Reactor data

hours

10.5
23.0
32.5
48.0
57.5

ave.

hours

10.5
23.0
32.5
48.0

57.5
X

ave,

hours

10.5
23.0
32.5
48.0
57.5

ave.

8006
ng/L

1248.0
1203.5
1036.5
1117.5
1167.5

SCOD/VSS

1.470
1.107
1.424
1.406
1.463

SPR/SCOD

0.552
0.571
0.646
6.601
0.595

SPR/VSS

0.812
0.632
0.920
6.845
0.871

—

SPS/scCoD

0.058
0.050
0.057
0.061
0.060

SP8/VSs

0.085
0.055
0.082
0.086
0.087

SPS/SPR

0.104
0.087
0.089
0.101
0.100

vss
mg/L
849
1087
728
795
798

793
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Table L.1 Reactor data, cont.

hours

0.0
6.0
14.5
26.0
21.0

ave.

hours

0.0
6.0
14.5
20.0
21.0

ave.

hours

0.0
6.0
14.5
20.90
21.0

ave.

F

SCOD
mg/L

1163
409
1022
968
1453

1147

SCOD/VSS

1.081
0.499
1.450
1.539
1.432

SPR/SCOD

0.757
1.703
0.553
0.583
0.519

SPR/VSS

0.818
0.849%
9.807
0.897
0.744

SPS/SCOD

0.075
0.182
0.059

10.058
0.059

SPS
mg/L

87.3

T4.7
60.5
56.1
85.3

69.1

sPS/Vss

0.081
0.091
0.086
0.089
0.084

SPS/SPR

0.09%
6.107
0.107
0.099%
0.113

vss
mg/L

1076
819
700
629

1015

790
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Table L.1 Reactor data, <ont.

G

hours
0.0
7.0
11.0

ave.

hours
0.0
7.0
11.0

ave.

hours
0.0
7.0
11.0

ave.

A

SCOoD
mg/L

1227
968
1004

986

SCOD/VssS

1.545
1.395
1.635

SPR/SCOD

0.520
0.576
0.508

SPR/VSS

0.804

0.804
0.832

SPS/SCOD

0.058
0.055
0.053

spg
mg/L

71.4
53.6
53.0

53.3

SPS/VSS
0.090
0.077
0.086

SPS/SPR

0.112
0.096
0.104

| ————

Table L.2 Blofilm thickness (pm) vs time

houzrs

WO Wwi

=
o

|
=

14.5

[V
o

32.5
57.5

96.2

172.
l91.

80.

89.

I 31 1 o e b

[
ot
-3

L] . L)

Il &nn | & | 0|

vss
mg/L

794
694
614

654

7)
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Table .4 Blofilm concentrations vs ‘time (mg/mL biofilm) i

' coD PR Ps
mq /oL mg/mL =g/ mL
hours E r G E F [+ E F G

3 - - 21.4 - - 11.0 -7 - 2.3

4 - - - - - - - - -

5 - - 14.3 - - 8.6 - - -

6 - 21.7 - - 12.2 - - 3.1 -

7 - - 29.5 - - 16.8 - - 2.9

8 - 24.1  115.3 - 13.7 -64.3 - 2.3 19.8

9 - - 52.2 - - 28.5 - - 5.4

10.5 16.0 - - 1.3 - - 1.8 - -

11 . - - 50.1 - - 26.4 - - 5.2

14.5 - 28.6 - - 14.3 - - 2.9 -

20 - 26.0 - - 11.6 - - 2.4 -

23 7.7 - - - 4.1 - - 1.0 - -

32.5 15.3 - - 6.8 - - 1.3 - -

48 14.8 - - 5.9 - - 1.2 - -

57.5 19.3 - - 6.4 - - 1.6 - -

ave.  14.62  25.09  33.50 6.50°  12.95, 18.26 1.38 2.66 3.95
Table L.5 Attached percentage (%) vs time

cop PR PS
hoﬁ:: E F G E F G E F G

2 - - 43.3 - - 49.3 - - 88.2

3 - 60.2 81.7 - 39.0 76.6 - 83.0 75.7

4 - - 49.3 - - 50.2 - - 56.5

5 - - 52.5 - - 46.2 - - -

6 - 54.4 - - 52.1% - - 53.2 -

7 - - 61.5 - - 58.7 - - 67.0

8 - 43.2 37.6 - 43.8 41.0 - 50.1 56.1

9 - - 44.6 - - 4.3 - - 54.6

10.5 47.2 - - 43.6 - - 51.5 - -

11 - - 55.5 - C - 54.6 - - 63.6

14.5 - 40.0 - - ép.z - - 38.6 -

20 - 40.3 - - 2.2 - - 36.6 -

23 44.3 - - 43.8 - - 64.1 - -

32.5 47.2 - - 38.4 - - 54.7 - -

48 49.3 - - £5.2 - . - 57.7 - -

57.5 39.8 - - 36.5 - - 49.3 1, - -

ave. 15.6 47.6 53.3 41.5 16.6 53.6 ss.s © [s2.3 65.9

. ~ 4
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Figure L.6 AFPR deposition rate vs biomass specifle
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Figure L.T LFCOD deposition rate vs biomass speciflic
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