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ABSTRACT

Petrochemical and refinery liquid wastes werelinvestigated on
a laboratory scale with regard to their amenability to biological
.treatment by means of a completely mixed, high-rate, activated sludge
process. The principal study consisted in designing and operating
a model bio-treatment facility serving as a secondary step in the
whole detoxificdtion process after a pretreatment designed to free
the raw waste from excessive amounts of ammonia and hydrogen sulfide
by air-stripping and neutralization. Aé acclimated sludge was de-
“veloped, capable of more fhan 70% COD removal and practically total
elimination of phenol and sulfides. Ana]ysés for COD, MLSg, phenol,
D.0., and biomass characteristics were carried out daily and response
of the system to altering operating parameters was recorded, so that

optimal levels of these parameters wereobtained:

Detention Time 8 hr. MLSS 1400 mg/1
pH 7' ‘ Sludge recycle 67%
“ T 25°% SVI 37-49

02 Uptake Rate 66.5 mg/1-hr. é}ﬁdge yield 1.788 mg MLSS/mg COD
Also examined were nutrient Cequdrements, high-ion concentration ef-
fects and the relationships among COD, BOD and TOC in raw, ﬁretreated
waste and in effluent.

The qua]iggtive and quantitative information gathered from the
study should se;ve for sca]inglup the process to a field-scale bié-

>

oxidation facility.
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Nous avons éfudié en Taboratoire des eaux résiduaires
provenant des opérations de raffinage de pétrole, en ce qui
concerne leur susceptibilité au traitement biologique au moyen
d'un procédé de boues activées complitement mixte. a

- L'étude principale consistait a la mise en point et
1'opération d'une installation ée traitement biologique servant
comme un etape secondaire dans le procédé de détoxification
entier, aprés un traitéﬁent préliminaire prévu pour libérer
les eaux usées originales de quantités excessives d'ammoniac /

et de sulfide d'hydrogéne au moyen d'‘“air-stripping" et de
3 )

/
neutralization. Nous avons developé une boue acclimatizée qui

permettait une élimination de, ¥ limination

< .
presque totale de pheno]‘?t sulfide. Nous avons effgctué

[
d'analyses quotidiennes de DOC, solides biologiques, phenol, 0.D..

et characteristiques de la boue activee et la réponse du systeme
aux variations de parametres d'operation etait enregistree de

R
fagon a obtenir le niveau optimal de ces parametres:

Temps a detention: 8 hr MLSS: 140%'mg/1
pH 7 Recyclage de boue: 67%
T 25° - SVI: 37-49
Taux de.consommation d'0p: V Productivite de 1a boue:
66.5 mg/1-hr. 1.78 mg MLSS/mg DOC
Fd
3
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celle aprés le traitemept préliminaire et au effluent.
i f’(-

. )
Les informatiohs qualitatives et quantitatives obtenues

per cette étude permettraient 1'extention du procédé de ,

’
4

traitement biologique au niveau operationnel, .

e

SRR
i o

h g
$ BN SN

w
e
.

e
3

3

\

a2

u ot
i

+s

[N

. N - T = L TR PR PR L




e




ACKNOWLEDGEMENTS

I should 1ik§ to express my sincere gratitude to all of the people
who, in one way or another, contributed to ihe completion of the present
work. In particular I extend my thanks:

To my supervisor, Profes§or B. Vé1esky, for hi1s assistance 1n thé
project ‘and patience through all disasters that made me get acquainted
with the real aspects of applied research. Also for his criticisms,
especially the fair ones. '

To Professor W.J.M. Douglas, Chairman of the Department of Cheﬁica]
Engineering and PYofessor R. Clift, of the same Department for the;r
deep human undersﬁanding and counselling both during my research gffgrt
and while implementing my preliminary steps towards my academic future.

To my fellow/graduate students Messrs. Yani Doganoglu, Christian
Roy and Sami Sournour for their help and ﬁoral support throughgut my ,work
on the project. \

To thé techhica] personnel of Guif 011 (Canada) Ltd. and Petrofina
(Canada) Ltd. Montreal East Refineries for their assistance in the col- \
lection of waste water and activated sludge samples.

Lastly to my Shadie, for her inspiring presence that helped me sur-
vive during the long and tedious research period and face the future with
confidence and optimism.

Partial financial assistance jointly from an Imperial 0i1 (Canada)

Ltd. Research Graﬁt and from the National Resea:&h Council of Canada

is appreciated.

Montreal, August 1975 Spiro Agathos =

LN



RSN

o

}Page
fit]e Page . . . . L L e e e e e e e e e e e ]
Abstract . s . . . ... .. e e e e e e e e e e e e e e 2
BDrége . . . . . e e e e e e e e e e e e e e e e e 3
Aéknow]edgeménts ........................ 6
Table of Contents . . . . . . . . . . . .. . ..., 7
List of Figures . . . v v v v v v v v v e e e e . P 9
ﬁist oi Tables . . . . . . . . . Lo e 10
ﬁtmdmtmn. e e e e e e e e e e e e e e e e e e e 12
Chapter I. Treatability Evaluation: A Survey of Chrrent

Practices and Trends . . . . . . . . . .. .. ... 14

I.1. Petrochemical and 0il Refinery Waste Treatment. . . . . 14
1.2. Theoretical Considerations. . . . . . . . . . .. ... 19
[.3. Scope of investigation. . . . .. . ... ..... 28
Chapter 1T1. Experimen;a] Lay-out . . . . . . . o 0. 32
II.1. Materials and Methods . . . . . e e e e .32
I1.1.A. Description of Equipment. . . . . . . . . .. . 32

II.1.B. Operational Procedures (Experimental Design). . . 39 7

I1.1.C. Analytical Methods. . . . . . . . ... .. ... 49
Chapter III. Results and Their Discussion . . T . . . . . . . 58
IIT.J. Prelimingry Studies . - - - « - .« v oo v v v v v 58
II1.1.A. Feed Origin and Composition. . . . . . . . . .. 58
I11.1.B. Continuous Flow Experiments. . . . . . . .. .. 62

/,v A 7 ;



~
II1.2. Main Treatability Studies. . . . . . . . . . . ... 85
[I1.2.A. Feed Origin and Composition . . . . . . . . .. 85
[I1.2.B. Hydraulics and General }reatabi1ity ...... 88
II1.2.C. Efﬁ;ﬁ:of jemperatare on Biological Treatment. . 101
II1.2.D. Hydraulic Studies - A Close Look. . . . . . ., 105
III.2.E. Variation of Oxygen Uptake Rate . . . . . . . . 118
[11.2.F. Oxygen Requirements . . . . . . . . . . .. .. 122
IIi.Z.G. Nutrient Requirements . . . . . . . . . . . .. 128
[11.2.H. Removal of Toxicants. . . . . . . .. PR 130
ILI.2.1. Effectof pH . .'. . . . . . . . .. .. ... 132
I11.2.J. Effect of Sludge Recycle . . . . . .. .. .. 137
IT11.2.K. Effects of High Ion Concentration . . . . . . . 141
II1.2.L. Correlation of Organic Parameters . . . . . . . 152
IIT.3. Conclusions. . . . . . . . . .« ¢ v v v v v oo .. 156
References . . . . . . . .. .. ... e 160
\
!
2



|

LA

Figure
Figure
Figure
Figure
Figure

Figure

Figure

Figure
Figure
Figure
Figure
Figure
Figure
Figure
Fi;ure
Figure
Figure
Figure

Figure

LIST OF FIGURES
)
No . Page
e G e e e e e e e e 22
-1 o o e e e e 33
II-2 . o e 36
) 48
11-4 K ........................ 53
8 0 66
0 76’
0 S e e 81
O 95
III-6 . . o o e e e 103
[mr-6 . . . .. ... .. .. S 110
-7 . . ot . 114
<
) 115
8 120
ITI-10 . . v o o e e e s e e e s e e e e e e 125
519 5 T D136
0 146
I11-133, b« v v v e e e 147
/
9



LIST OF TABLES
Table No. ) Page
Table TII-1 . . . . . . . o o o e 59
Table I11-2 . . . . ... ... e e e 61
Table I11-3 . . . . . .‘. N o, 63
N

- e e . ... 65
Table ,III 4 . ... ’\. . \ . . .\\ // ’é’,
Table TII-5 . . . . . . . . . . . .o .. P R 72
Table II1-6 . . . . . . . . v v v v v ... T L 74
Table ITI-7 . . . . . . . . o . o oL . 79
Table III-8 . . . v . v v v e e e e e ~. 80
Table I11-0 . . oo v v .. 87
Table ITI-10 . . . . . . . . . . . . .. . .... .
Table TI-T1 ..o 89
Table IT1I-12 T e e e e 89
Table I11-13 S 91
Table 11114 . .. . .. R J}“O
Table III-15 . . . .o o 102
Table TI1-16 « o v v v oo e e et e 108
Table TII-17 . . . . . . . o i e 113.
Table IT1-18 . . . . . . o oo 119
Table III-19 . . . . .« @ @ v v v e e e e e e e e e e e e 124
Table TII-20 . . & v v v v e o e e e e e 135

’
10



Table No. Page

Table I1I-21 143

able 1011-22 o o v e e e e a5

Table IIT1-23 159

by

bl

.I.I Ld




»
INTRODUCTION

’

v

The dive%sity of the characteristics and toxicity of industrial
efflue;ts contribute to the problems associated with their purification.
Treatment procedures of industrial waste waters become far more, involved
and research-demanding ﬁhan relatively well established grocedureﬁ for
hun1c1pa]1pype wastewater decontamination.

Industrial waste waters from oil-refining operations present a very
specific problem in terms of detoxification and suitable treatment which
woyld render Fhem acceptab]e.¥or discharge into the receiving str ;m:

The similarity of any two refinery raw effluents is highly unlikely
due to the wide range of potentially polluting substances present at
various concentrations in the waste streams collected in refinery
sewer faciiities. The.characteristic compounds for the typical refinery
waste water may often include:

(a) Dissolved organic materials eXerting high BOD and COD, often.
of toxic nature (phenolics, mercaptans, hydrocarbons, o011s, etc.)

(b) Potential biological inhibitors as inorganic'ions in high, con-
centrations (chlorides, sulfides, sulfates, sod}um cations, etc.)

(c) Potentially toxic metal ions originafing from refinery catalytic
operations (chromium, ‘copper, nickel, zinc.)

4

- {d) Physical contaminants (suspended solids, oil globules, etc.)
’ . {
Processes for biological oxidation and removal of contaminating sub~

stances from refinery effluents have been widely used and are well-

J
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established. ihey have been proven to be very effective in attaining sig-
nificant reductions in oxygen demand, organic load, toxicity,

odor and éenera] appearance of the treated waste stream. However, rela-
tively 1itt1exis known of some basic phehomena and relationships involved

in biological treatment of industrial wastes and due to its complexity

the process lends itself to a more in-depth investigation.

.
~

Biological treatment techniques make usezef\microorganisms to meta-

bolize organic matter into harmless end-products such as CO2 and water.

Principles of basic biochemistry and-microbiology invoTved~have been

described in considerable detail iq the literature. On the’other hand

Y

the general engineering approach to testing and optimization of the per-
form;nce of biological treatment facilities in oil refinerie§ has been
rather empirical and of a triai-and-error nature, due to lack of adequate
understanding of the mechanisms involved at a microscopic level.

" The objective of the present research work has been to study the

effects of some. physical and chemical parameters upon the performance
TN
of an Activated STudge process as it is applied to the treatment of oil

»

refinery effluents.

k &
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CHAPTER 1

TREATABILITY EVALUATION:

)’ A SURVEY OF CURRENT PRACTICES AND TRENDS

AiY

I.1. Petrochemical and 0il Refinery Waste Treatmert

Waste water streams Oﬁiginating Trom petrochemt nd dil-
réfinery plants have been thehsubject of particular concern as efflu-
ent criteria imposed by the various regdlatory authorities’becoﬁe
more stringent. Efforts towards the effective handling of these
liquid wastes have been intense in the past decade not only because
of théir extrémely diverse toxic, inhibitory or simply objectiggab]e

ingredients, but also because of their volume, as the oi]-refining

and processing industry represents one of the largest and still

-expanding areas of industrial enterpyise, particularly in North

- e

America. R
There is a vast literature on problems and practices-in the
field of refinery and petrochemical waste treatmept dispersed in a
variety of technika1 journals, coﬁference proceedings, individual
treatises and reports. However most of the informétion available

in these sources consists of case histories on waste abatement of a
S

‘mainly descriptivé nature. [e.g. Skoan (1967), Huber (1968), Arm- - -

strong (1968), Denbo and Gowdy (1971), Harr%son (1972), Ross (1972),

etc.] ) -

14
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A strikingly common feature,among them is the absence of rational

design approaches derived from basic engineering (and possibly bio-
chemical and microbiological) principles. This is especially true in
Q.

°

the area of secondary (biological) waste treatment.
Certain reports, while not quite fitting the above-mentioned '
"descriptive"majority in that they attempt a more systematic evalua-

tion of the waste's amenability to bio-treatment still show no direct

> 1ink between bench- or pilot-plant scale data and actual (or proposed)

design. Te.g. Stensel et al. (1973), Rose and Gorringe (1974)].
There exist only a few actual treatability studies in published

form, which show how the field-scalé facility can be desigﬁed on the
basié of information gathered from lab-scale (or pilot-plant) studies
[Riemer et al. (1972),'Voiesky et p].(1974)].

.. The above findings from theléxisting litterature reflect the
fact that the design of bio-treatment facilities (actjvated sludge
processes and their mo&ifications, ;rickﬂing filters, aerated lagoons
and oxidation ponds) has been gnd still is generally based on "rule- :

of-thumb" re]at{onships‘that have been obtained from experiehce with

successfully operated units. [Jorden et al. (1971)1. Municipil;ynd

-

military facilities of biological waste -treatment have provided the

bulk of this information and as a result these "rule-of-thumb" design
P * .
values are naturally biased toward design for domestic waste water
Y . :
treatment plants.

B I L TL Lok IR P R (s v e
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It is being fncreasing]y_recogniied that a rational .approach to
the design of secondary treatment facilities in the petroleum process-
ing industry should'be based on results of freatability tasts (o? the
actual waste streams that are to be éontrgllgd) and should be evalua-
ted in the 1i§ht of sound chemigal eﬁgineering and biochemical kine-
tics considerations, with regard to inherent Timitations to the treat-
ment imposeéiby the waste in 'terms of: :

rate of biological degradation

possible nutrient deficiencies

aeration requirements

production of biological siudge.
The adoqtion of fhis approach.aséumes the detailed knowledge of the
waste streams' characteristics. Beychok (1967) authored an almost
complete and still up-to-date guide to Ehg/!ggjgus/fypes of refinery
and petrochemical waste waters a;dtéaé complete spectru% of‘treatment
gossibi]ities, 1né1udin§ design—grientgﬁ recommendations. The publi-
cation of the new, revised edition of the "Manual on Disposal of
Refinery‘wastes" by the American Petroleum Institute [API, (1969)]

x

made availablesa wealth of informatioh on the characteristics and
treatment of vg

. []
rious refinery and petrochémical effluents that should
serve as a good basis for the initial investigation of a particular
treatability problem. However much of the supporting literatqre is

outdated especially as far as biological treathent is concerned.

~

2
$

o

!t



-

[y

The relatively recent reports published by regulatéry authori-
ties such as EPA* are indicative 6f the current trend towards more
design—qriented treatability 1ﬁvestigat10ns. The vo]ﬁm? on "Pre-
liminary Investigational Requiéements" [EPA, (1971)] is a clearly
written and adequately comprehensive guide on the compilation, mean- -
ingfr] intérpretatioq.andfeffective‘presentation of- the important
aspects cons?ituting a gaod treatability study for the pet}ochemical
and 01l refinery effluents. 4 '

’ Another useful réport by EPA (1972) points to the direction of
successful treatability fest;,.inc]uding the description of polluting
problems and abatement proceéures, classification of wastes ;nd general
suggestions ¥s to pertinent treatment techniques including biclogical ,

[

treatment. ‘

McKinney (1967) ha§ also given a comprehensive survey on the
evaluation of‘waste‘characteristics, effluent requirements, waste water
pretreatment, selection of biological treatment systems and some
basic design criteria that could be still useful, although’based on
"case his_tor“?esir from'already successful refinery wastewater’ treat-
ment units. ) ‘

Continuous completely mixed activated é]udge systems are becomr

ing increasingly common in the process industries, however there are
i T

*.S. Environmental Protection Agency

[
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very Tittle experimental data available in thﬁ literature to help

guide thetr design for petroleum Féfinery waste water treatment. Most

N
c¢losely-controlled lab-scale studies of waste treatment are still being .

conducted on synthetic (hence we]]—def%ned) wastes.
from cont1nuous stud1es rather than from batch stud1es - interpreta- ‘
t1ons of batch-unit derived dat&‘and their ejtension. to the design of
continuous system is difficult and usually misleading because of .
largely uncontrolled env1ronmental factors < (Volesky et al. 1974).¢ Also
in batch techhiques the initiai Toading is‘much higher than for tﬁe ‘
CSTR ~system Bperating ai‘steady-staté. For a refinery waste this
can lead to inéccuraqies QUe to the toxic effects of the wasfé‘?n the
biota at the inj%gal,ﬂﬁgh loadings.
Moresver the cont1nuous units s1mu1ate much more closely the

commercial-scale pTant in operation [EPA (1971)1.

. o
: his v b gl g
|

In deve10p1ng the des1gn parameters it is best to us% data derived"

~ P amey "
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1.2. Theoretical Considerations

It-§s increasingly felt that a rational apprgach towards the quan-

titative description of a continuous-flow Qio1ogical treatment system

4

should be based on Qalid mathematica) relatiofships of the kinetics of

micdrobial growth and substrate removal, ) '

Seyg}éﬂ_formulations of models for the bio-oxidation of a soluble
‘shbstrafe (1iquid waste) in the completely mixed activated sludge process
have been proposed and accepted in the current practice of waste water
treatment o} both_municipal_and industrial origin. The most widespread
among the models--in their most recentufdrmg--include that of Eckenfel-

der and Ford (1970), of McKinney and Ooten (1969)*, :j/‘Bodman and

Englande (1974)--which is actually a demonstration of the fundamental

 mathematical identity between Eckenfelder's and McKinney's equations that

* are based on the concept of:"food-to-microorganism ratio"--and that of

Lawrence and Mccgrty (1970) --employing the concept ofl"mean cell resi-
dence time" and\bégéd sibnificant]y on the kinetics of the chemostat
as developed originally for pure microbial cu1ture§ by Monad (1549).
While many beﬁcﬁ- and field-scale systems of activ;ted s]udgg have been
testedqaﬁd found to fit, to various extents, a]l the above models, there
are certain wéak theoretical points in them with implications on their
generéifusefulness in"the design of treatment facilities. For example
the émpirica]]y since long known and well-substantiated idea [Cf:’wedd1e
. i i : D -

*Basica11y the same as reported later in McKinney (1974).

0
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and Jenk}ns (1971), Nutt (1974)] that only a port1on of the micro-
organisms in the sludge flocs is viable has led Eckenfelder, McKinney

¥

and Goodman to incorporate in their models the cupcept of inactive,
nonlb1odegradab1e solids, which if not disposed oﬂ through sludge was-
tage, they would build up with increasing mean celf residence times,
causing a reduct1on in the active cell fraction of %he biomass. This
has been disproved through exper1mentat1;n by many wesearchers including
Gaudy and co-workers [e.g. (1970), (1971)1, Er1ck§01 Fan and their
associates (1972), Grady and Roper (1974), etc. TA% trouble with models
such as Eckenfe]der's and McKinney's {ies in-that. they were conceived
main)yva1ohg traditional hydraulic engineering lines without an adequate
insight into the biological facts of the process. Also the model of
Lawrence and McCarty, although far more compatible with the facté'égd
c6ncepts of continuous microbial culture, predicts that the biomass
resu1t1ng from the treatment of a completely soluble waste (substrate)
w111 "be 100% v1ab1e which does not happen in actua11ty [Grady and
~Rop§r (1974)1. . ,

It is increasingly felt that the sys}ematic approach t6 the study
of the completely-mixed activated sludge process sh}u]d be based on
the simple and adequately tested formulations of c/ntinuous culture -
theory as proposed and advanced by Monod (1949), Nﬁbggg”and Szilard .
(1950) , Herbert (i956) and Herbert et al (1956}, a]gng with bperationi
al assumptions for the peculiarities encountered in a heterogeneous

population of microorganisms functioning within certain ranges of

ks

-~ -
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environmental conditions. This approach has been successfully employed y
by Gaudy and his associates [Refs. (1969), (1971), etc:] and Erickson,
Fan and their co-workers [Refs. Cﬂiu et al (1972)a and b} who have ¥
been working mainly with synthetic wastes. Jorden et al (1971) have
exemplif%gd{the apq]icabi]ity of these concepts in testing the t%?at- ‘
ability o% actual industrial wastes.

The following formulation is based on material balances in terms

of cell population and gubstrate (&rganic load to be removed) around

. a completely-mixed, continﬁbys-f]ow)reactor with‘cell recycle from the

+
0
s
i
s
.

cell separator (see Fig. I-1) ) In ;aditjpn, the kinetic model of \ 0
Monod relating specifjc growth ;§te u with limiting substrate concentra-
tion S is employed, not only bec;h§e it is the most commpn]y in use, b
but also because it has been shownEgo be satisfactory in both pure and | T
mixed microbial cultures [Cf. Gaudyxgg_gl_(1967), Ramapathan and Gaudy
(1969) , Gaudy et al (1971), Chiu g}_éi_(]972) a, b, Surucu g;}gl
(1975) , etc.] and besides describing é%peﬁimenta] data mathematically,
it offers mechanistic implications aboét the process [Chib.gg_gl (1272fa].

The cell mass balance around the éeactor can be written as follows,

i

equal to the sum of the rates of increase in cells due to inflow, re-

since the rate of change in the amount of‘ce11s present }n the system is-

cycle and growth minus the rate of outflow and cell death (decay):
Increase = inflow + recycle + growth - outflow - death

1

\\ V-.g_g(=k[:xo+ rFcX + uXV - (14r)FX - kX . (1)

l\\ '

Sacts o .

s
L
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5]
Figure I-1: Flow Diagram of a Completely Mixed
Activated Sludge Process
"~ ¥ [Symbols explained in text]
1
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where: V: volume of bioreactor (broth volume)
F: volumetric inflow rate of wastewater

X : influent~biological solids (cell) concentration ‘k

X: cell concentration in reactor at any given moment

p: specific growth rate of cells .

r: recycié ratio (= ratio of uﬁgerf1ow rate from ée]]
separator to waste inflow rate)

c: concentration factor (= ratio of the Bio]ogica& solids
concentratioé in the cell separator underflow to the
biological solids concentration in the reactor)

kd: cell death or decay constant

. Assuming no biological solids in the inflow (Xo = 0) and setting F/V =

D = diluting rate, equation (1) becomes:’
{ \
B~ Drex + ux - (r)DX - kX (2) N

Under steady-state operation dX/dt = 0, hence equation (2) can be
rearranged to give:

‘ W= D(1+r-rc) + ky QJ/ (3)
or, ifweset T+r-rc=A
p = D(1+r-rc) + k

+u=DA+k (3a)

d d

~ , Equatior (3) or (3a) shows that the net growth rate, i.e. u - kg s -
not wholly controlled hydraulically as in a once-through system, where
u = D, but is also subject to the effect of a non-hydraulic factor,

namely the concentration factor c. /

: The substrate (or organic load) mass b{?ggz; around the reactor




can be written as follows:

24

(Increase) = (inflow)+(recycle)-(outflow)-{consumption for ‘growth)-

’ (concumption for maintenance)-(consumption for product

L4

formation)
v(ds) % apX
S = FSo 4 s, - (140)FS - 4 - mX - = (4)
where: ’
So * inf]ggnﬁ substrate concentration
r .
Sr = recycle substrate concentration »
S = substrate concentration in reactor .
Y = (dX/dt)grbwth/(’ & )growth = cell yield, i.e. ratio of‘the
concentration of substrate consumed for growth [as i5 known
j . ‘
(%%)growth = qu hence the fourth term of e.g. (4)]
+m = cell maintenance coefficient
qp = specif{c proauct formapfbn rate .
Y = product yield -

Usually the effects of substrate consumption for cell maintenance

. ! -
and intermediate product formation are negligible compared to the term

. N s .
of substrate consumption for growth. In the 1imited(1qfs-when their

order of magnitude is signif%cant, they can be also dropped.with the
understanding that their effeét is conceptually "1umbed" into
yield constant Y. It can also be assumed tﬁat essentia]ly(sr
"With the above agsumptions and with steady-state operatioq"(ﬁ.
eg. (4) leads to X =

after some réarrangement.

a

DY (So-5
u

.

o
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the cell
S.
e. dS/dt=Q)

\
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Combininy equations (3) and (5) we get the following expression %

for the relationship between steady state cell concentration and steady %
. LA

state substrate concentration: o “

" J ‘v

DY (So-S) [ o .

K=o (6) j

If we invert and rearrange equation (6) we obtain: ;

%

So-S _ Y

This equation is of the general formy = ax + b, i.e. the "spec1f1c ;

So-S

remova]" is a linear function of the detention time t = B, there-

X
?%¥e if —X—r is plotted vs. the inverse of d11ut1on rate the equation (n*
should produce a straight line with a slope of kd/Y ana~ah intercept of
,%.! Thus from, experimental data of Sg =S and D the b1o]oglca1 constants

Y and ké can be evaluated.

:
e

g

- t

Now in order to obtain the 'steady state concentration of substrate

as a function of the dilution rate D we use the growth model of Monod: ’ ;

_. S -
b o RS (8)
where u is the maximum growth rate of the cells and Kg is/the saturation

. ~ {
constant, numerically equal to the substrate concentration at which . “

= %'”m; substituting for u in the above equation from eq. 3a and )

i

solving for S.we obtain

*

. - KS(AD + kd) (0
- - (AD+ k) ' )
» , R KS .
By inverting eq. (9),_mu1tip]ying both sides by ™ and rearranging we .
. - m :
/ p

KT s o S WOV
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] s 1
AD+kd umS

1 .
+ —
. '(10)

Equation (10) shows that t@e reciprocal of the specific growtﬁ rate

-~
-

( l—; Eﬁ%%—Egzzis a linear functioa of the reciprocal of substrate
concentration, and, in a manner evocative of Lineweaver-Burk recip-
rocal plots in' enzyme kinetics, one could plot experimental data of
—Trfrjz- (kd is already known from the plot of eq. (7)) vs. % to ‘

| obta1n estimates of the remaining biological constants H (from the

,

intercept l— )} and K (from the slope ;—-)
It shoﬂ]d be emphas1zed that in apg1y1ng chemostat theory to»the
activated sludge orocess the problems of
(a) 1dent1f1cation of the growth-l1m1t1ng nutr1ent
(b) variations in species predom1nance ' ,
(c) changes in the concentrat1on of organic matter "in the 1nfluent

(13

are a]ways present, especially in the case of complex industrial waste
‘“’"&aters. R L ,‘

With regare~to “problem (ai“’a“genera]ized assay for disso]ved'
organic matter such as COD (or even 8005 or TOC) is used, ‘assuming
this as repVesenting the limiting substrate. The above "problem (b)",
which has been adequate]y demonstrated by Jannasch (1967) and sub-
sequently by Chiu et al. (1972)b as the "selective pressure" of the

chemostat fdt di(terent organisms evén,at steady state, is probably

. ./\_ - e e e 4 an 4 A b 3 b BN Lt o b s ot U a8 i by 8 T ket o+l ERTYRIL")
.

e

v tme AR



“

g

27

N A
s TR e S0
-

=g

-
o
PR B

the moét serious limitation in the general succeisful application of

déterministic/chemostat models such as the one formulated above. ‘Thus

.-

Tes BT S ik

. B ? .
. when the values.of the kinetic parameters or "biplogical constants”

[“m’ KS, Y and kd] are measured for heterogeneous populations it has

-

been found that they are best represented‘ﬁy ranges rather than by '

PSR L &

unique values, even for a.single substrate [cf. Gaudy and Gaudy (1966)
A .
and (1971)]. In actual treatability tests such as the ones reported

~ e 3y

in the present work this limitation must be recugnized when deriving .

PR N

values of biological constants., Hence no systematic use of the

-
9

' i chemostat model presented prgviously was made in the "Results” ¢ oo 4
section of this study, as it was judged of more importance to deauce ° ’ ‘

the bio-treatability profile of the particular refinery wastes

. dirvectly from \the cpntinuous flow long-term experimentation with

varying controllable\parameters.
_Finally the above "prob Flects the fact that it is ¥ \ ;
pot possible to predict the final steady-sfate conditions (in terms of . )
biomass and substrate levels) for various substrate (or organic load) RV
input§; since continuous culture theoéy shows that ;he effluent ‘
substrate concentration %s jndependént of the influent substrate con-_

centratioqg [see Equakjon (9) abovel, despite the rather common ex-

PR

periméntal fact “of some'degree of dependence [see e.g. Eckhoff and

et T ¥

S
PEE

Jenkins (1966), Grady et al. (1972)]. -Statistical correlatiens have Ty

beentdeveloped and there is evidenée that the measurement of substrata -

H

through a generalized asséy (such as COD) contributes to this ‘ ,

discrepancy from chemostat theory [Grady et al. (1972)].

A
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1.3 Scope of Investigation

In accordance with the principles outlined above, the central idea \
behind the present work was to examine in a rational and organized way .

the biological treatability of actual real-life oil refinery and ﬁetro-

chemical waste water by means of a completely-mixed activated sludge
process'on a 1aboratory scale in order to derive optimal ranges of'de;
sign parameters; these should be readily available and’ utilizable in
the scaling-up of the treatment process.

It should be pointed out here that, g{ven the particular type of
waste, the &reatability studies wefe not undertaken to decide the best

(i. e.; most economical and efficient in terms of meeting pre-existing

public health standards) mode of treatment, but rather werea priori con- -

fined to the notion of biological treafment, so that they could serve
as an operat%onaI guide or model in cases where preliminary investi-
gations would éhow that the activated sludge process is-actually the
treatment method of choice.

In this spirit it was decided to first demonstrate the amenabili-
ty of a particular waste water to bio]og1ca1 degradat1on through a
’comp1ete?y mixed activated sludge process by deve]opzng a biomass

appropriately acc]ymated to the waste, with the desirable properties

<
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of remoQa] efficiency, flocculation and compaction charécteristics, and ,

effective sglf-maintenance of the system, i. e., attainment of a i
o | reasonaﬁ]y steady state. Only affér’estab]isning this.would it seem ! ' %
. - appropriate to proceed with the exploration of interaction of variables . f
5 and the respdhse of the-overall treatment to various perturbations. i
. | Te illustrate theﬂiﬁportance of this primary step a Preliminary
Study was undertaken on a high-phenol “mixed (i. e., oil refinéry ggg‘ i
petrochemical) waste water originating from the Montrea] East Norks of ;
Gulf 0i1 Canada Ltd. Following the analytical characterization of the '
raw waste 1iquor, the feasibility of a stable perfprmancé of the\bio-'
treatment was explored in a sjmﬁ]e chemostat by periodical assessing of
the 1eve]s,gf'reéidual‘substrate (as coD), of cell concentration and
of residual phendﬁ in thq‘gff]uent, on a reguldr basis. - Lo

-~ ' |

Expef?ence from the coarse overall behavioug of this fa- N~
cility was helpful in the design and operation of the final
N ' ~ system, in which the Main Treatability Studies were conducted.

B L P

¢
1
®

The objesfive of éhese latter inﬁestigétions has been to develop |
a ré]iab[e, stab]g and closely controlled bio-oxidation process on an
0il refinery waste water, which should ﬁreviously be proven clearly
" . susceptible to treatment in a high-rate completely mixed activated
'sludge Tab-scale reactor {fermentor), so that the optimal operating
conditions including the biological constants could be assessed amd E

confirmed subsequently in a series of long-term continuous-flow experi- ) ¥l

B R R T A5 L1 R S RO SRR TR T
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ments. The waste water chosen to be tested came from the Montreal East ~ ¥
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Works of Petrofina Canada Ltd.; in oéder to have an absolutely bio-
treatable feed to the fermenfor it was judged tgat, after an adequate
ana]ytica] characterization of the raw waste Tiquor, it should be pre-
0treate& physfcal]y-chemically in case of excessive presence of poxi-
cants that are known Eo interfere with the biological oxidation process.,

The continuous-flow experiments ‘on the bioreactor comprisedE

Hydraulic Studies: . Exdmined'Was the effect of dilution rate, D,

(or mean reactor residence time) on the characteristics of the system
(. e., residual COD, phenol, sustained Heve] of biological solids gnd
general sett1eabflity of biomass) aqd tﬁe meqsured amounts of substrate
and biomas; in the broth at various dilution rates served for the cal-
culation of "mean” biological "consfants“ (i. e., yield of_biomass
pér unit of substrate removed, cell Jeath or decay ;pnstant,
maximum growth rate and substrate saturation constant). In this con-
nection it appeared desirable to increasé the dilution ratg to the
maximum possible value with essentially the same quality of overall
treatment pérformance, as such an inéreaée, given.é constant f]oy-rate
\of waste lﬁqubr, wou}d entail a correéponding reduction of reactor
volume and, hence, of capital cost in the full-scale facility envis«)

aged. Also examined was the effect of the recycling of biélpgicaf

solids from the sedimentation vessel back-to the bio-reactor.

Sludge Charactgristics: Qualitative and quantitative
appraisal of settleability and -compactability of the biomass,was expres-

sed by the Sludge Volume Index (SVI), under different.operating
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. conditions. ‘ X

enance (average values), and finally by assessing the ratio of 02 '

transfer coefficient in the broth vs. the %éme in tap water, all use-

\ 1]
ful in sizing aeration’ equipmept when upscaling the treatment process

N
4 Rl

to a field-scale facility.

t

Nutrient Requirements: Examined was whether theré“are adequate

levels of readily useable N and P in the mixed liquor for an efficient -

bio-degradation of the pollutional load of the waste.

Seléction of a parameter reflecting activity of the biomass: The
{ > ’

\

Oxygen Uptake Rate (OUR) was chosen and monitored in an effort to
evaluate and possibly predict the effects of perturbations imposed on
the system. R > S
Fina]iy; an introductory exam1n§tion of the effects of variations
of Temperature, pHﬁ and High Ton Concentration on the Qerforménce of

the bioreactor- in_terms of substrate removal, residual phenol, oxygen

uptake rate and sludge flocculation-compaction was performed.

“ \ It is recognized that fufther long-term pkperimentat{on is re- T )

quired for the accumulation of detailed results on the exact patterns

N « . * N v

of the system's response to variations in temperature, pH and various
¥ ‘

ionic‘species concentrations, 1yingioufside the scope of’the present

&
work, \ |
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t- CHAPTER II

" EXPERIMENTAL LAY-~QUT

11.1. Mq;grials and Methods

w - - .

é 11.1.A. Description of Equipment

e R R o T R
-
. L A . N o mcas e e
0 W RO EW‘*

. 1. Preliminary Studies -

oy

The Preliminary bio-treatability tests using the strong phenolic

waste liquor were conducted in a simple continuous-flow system con-

R

, , sisting of a 30-1iter aeration tank, a 6-liter sedimentation vesse1,:
. two variable-speed metering pumps for feeding and recycling and re-~
ervoirs for the liquid waste feed and the treated eff1uent. A schema-
tic diagram-of the system is shown in Figure II 1.

> -
’ The cy11ndr1cal aeration vessel was made of 1/4" thick plexiglass,

had a diameter of 16 inches and a height of 25 inches, and it was

N St .
R AR s s, SRR B R e

o *'W‘W%lkﬁ e
&

‘ equjpped with four built-in evenly spaced baffles of 1-1/2 inch width

—

along, 'the inside walls.,

[

Agitation was provided by a oanufactured steel f1ot-b]ade tur-
bine-type‘iope11er with thé\following characteristics: six blades,
overall diameter--3 inches; blade width--1 inch. The impeller was
powered by a variable angular vefocity 1/3 HP Totor ("[ightin Mixer,"

Greey Mixing Equipment Ltd., Toronto, Ont ).
Aeratlon was provided through a s1ngle nozzle in the ogrter of the

4
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o

bio-reactor s bottom, d1rect1y from the 1aboratory air line, Laboratory

air was filtered with an o1l-trap and glass wool prior to its intro-

\ duction ioto the aeration tank.'

-

A working volume, of 25 liters was employed in the bio-reactor and

one of 5 liters in th@ settler, Both volumes were strictly maintained

&
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i ,
; F: Maste Feed §
i E: Effluent i
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B

constant by level control, using thin pieces of plexiglass tubing and o

keeping ﬁhgﬁéett1er at a lower level with regard to the Tevel of the

mixed liquor inside the bio-reactor, so that circulation of the mixed
liquor from the aeration tank and of the treated supernatant from the
. settler were accomplished freely by overflow. The sedimentation tank
was fabricated by modifying a six-liter Erlenmeyer flgsk. Simple ﬁ
gravity separation was used,
N\ The pumps for regulating accurately the flow in the feed and -re-
cycle lines were of the "kinetic c]amp7 type (Sigmamotor Pumps, Model
AL-4E, manufactured by Sigma Motor Iné:, Middleport, N. Y.). pH con: ‘ i

trol was exercised intermittently by\manual corrections using diag-

e

G,

“nostically an Orion Research pH-meter (model 407). No temperature

" apte

control was used in these preliminary tests., However, the tempera-

ture Bf the m%xed liquor never exceeded 24°C, and never dropped Tower g
; 1 than 19°C, ‘ | % \
%, i1, Main Treatability Studies - é ’
é ‘ | The physical-chemical pretreatment of the Petrofina waste took %
| place in either of two plastic (chemically inert) cylindrical vessels ~—_

of a capacity of ZO‘IG and 100 1G respective]y; according t6 the -

temporal quantity\of raw waste water pef batch available for treatment,
The aeratidn—strippingif1otation-neutra1ization process was

accomplished thfough a ring-shaped sparger of a 1-foot diameter coh-

2 structed from 1/2-inch copper tubing, bearing 1 mm. mozzles evenly  ~

spaced around the ring., Adequate mixing and agitating were provided

YRR AR R P BkCens e oA SARAAIAT . . 0 a3 et & oo e Lo PRI
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. »
in the 20 IG vessel simply by the action of the pressurized swarm of
ai; bubbles, whereas complete mixing was obtained in the 100 IG vessel
through a peristaltic pump used for forced circulation of the raw
waste liquor inside ‘the tank. \

The basic experimental unit for the bio-;reatment process was the
"Microferm" bench scale fermentor (Model MF-114, manufactured by' New
Brunswick Scieptific Co., Inc., New Brunswick, N. J.) supplied with
accessory equipment to ensure continuous monitoring and control of
opera%ing parameters such as pH, temperature;D,({. was monitored
toé, but no automatic controller was available.

Figure II-2 .is a schematic diagram of the model bio-ox unit.

The reaction vessel of the fermentor (pyrex glass jar) was cylin-
drical and of a l4-liter maximum capacity. The bio-reactor was of the
conventional standardized New Brunswick scientific design: four vert-
ical baffles agitation through two flat-blade turbine 1mpe%1ers (6
blades each) adjustable on the shaft of the mixer which was mechan-
ically coupled to a variable angular velocity motbr;.heating-cooling
system and air-sparging system incorporated in the design pf the

drin the
user's manual provided by ‘the manufacturer,

The' temperature control system (thermistor-thermo couple) allowed
maintenance of steady temperature with a fluctuation of 1 ss than
+ 0.5°C. A
The pH was regulated through a New Brunswick Scientific pH-

°
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Figure II-2: Experimental Set-up for Main Treatability

Studies ("well-controlled" system)
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controlier (model pH-22) within +0.3 the preset value on the

_pH-scale.
5, "

‘ The Dissolved Oxygen level was continuously monitored by way of
a New Brunswict/Scientific d. 0: analyser (model D0-40) connected fo :

its respective /polarographic sterilizable D. 0. sensing probe. During

-~ \

.the latter part.-of the studies dissolved oxygen measusgmgnté were
conducted intermittently-through an YSI Diéso]ved Oxygen Meter (model

54PP mqnuféctured by Yellow Springs Scientific Instrument Co., Inc.,

v

Yellow Springs, Ohio). Its polarographic probe was modified to fit

. . exactly {air-t%jhp%y) Phe standard 300-m1. BOD bottle aﬁd was also
provided with a mechanical stirrer and a temperaFure sensor (thermis-
tor), thus a]]qwing‘difgct measurements of Dissolved Oxygen under both

equilibrium and -transient conditions; this was particularly useful in ,
e . \ /
- . the determination of Dissolved Oxygen:utilization rates by the micro- /

bial populations in samples of mixed liquor drawn directly from the ,

]
reactor, ) ’

o

A 2-liter pear-shaped separatory funnel (pyrex glass) ‘served as

¥ -~

the sedimentation tank. <

(
1

;Jhe working volume of the fermentor was kept at 10 liters
throughout the Main Treatabi]it& Studies, except for the final period
-o£/éxperimentation on the effect of increased concentrations of'}onic
f ;pecies on the biosystem when a 7-1liter effective volume was employed.

.f / . ) Level control, 1. e.,const:u”v@&ume was achieved in both the

Fam el

reactor and the settler by keeping the whole system slightly "over-—

X

-

~ o
L] | .
N ¥
.

Nt PR

~
—
e @!ﬁt‘&ﬁ%& 2

", -

'

oendiis

€ AR AN B Rme R (8 b 13 LU VIR it e LARALS W T ) § 6% bl 5 R3S i
Bl

o T v - . s 7

- ' N . <
o, Liadt - . . . L oa . )
e AEE L S e PR B S Y R T PR TPORI L RO ey ‘_'3‘&1“;;’;‘“ h—g:l‘;’,;ak—‘:..;;'_é_iw -




38 .

. - g g
RAl>a

“

o

L 4

!
| ~ - l
. ., pressurized", due to the head of compressed air admitted for %
b aeration of the mixed liquor in the }ermentor,which exited via
K’ ihe same |ine as the liquid..Liquid level was maintained by
adjusting the length of the exit-exhayst pipe sxim@ipg the 1i-
~quid surface.

/

~ The pre-treated 1iquid waste was fed in continuously from a 13 1G o

.
. e SEp e VAT
v ert TR & e TR

plastic (linear polyethylene-Nalgene) bottle t\o the bio-reactor
through a vatjiablé speed "kinetic clamp" type f]c‘)w-metering pump
(Sigmamotor, Model AL-4E) with a maximum ‘f]ow\;)f 3000 cc/hr. A simi- =
lar pump was used on ‘E'le‘ recirculation line in qrder tq readmit into g
:_the bio-reactor the bioilogical sqlids“se[:tled out in the clarifier,
'(Maximun‘l fiow was 1200 cc/hr.) The variable speed feeding and re-

Cueld j s L.
cycling pumps served as dilution rate (or mean reactor residence

AR e

time) regulating devices. in the investigation of the bio-system's
hydraulics and the derivation of the biological kinetic constants.
i

Because of the inherently difficult task of simulating a gravity

sediment_ation tank on a 1aborator3/ scale (volume and configurationat

B A L S A

limitations resulting in consfderable hind}ance of and deviation from 3

the "quiescent sett1-1'ng" of the biological so]id;),be;ter separat'ian L.
of the biomass from the mixed 1iquor wasgained b_y’ impart‘ing‘a slight

; momentary swaying motion into the tip,of the--freely _s/uspended from a

\ ~

? stationary stand--separatory funnel at regular time intervals, after

R

having loosely connected the tip of the funnel through a clamp to the

piston of a reciprocating pump, whose motion was determined by a preset &
( " timer device. The clear supernatant from the sedimentation tank was

collected in a plastic 5 IG carboy. . , ' 1;“;
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Transparent flexible plastic tubing was used in the feeding, har-
vesting and circu]ating‘lines, which were‘rep1aced regularly through-
out the 1ong-terﬁ experimentation period wit% new ones, to correct for
losses of flexibility imSairing proper pump functioning and for

accumulation of active and inert solids on the inside walls.

II.1.B. Operating Procedures (Experimental Design)

i. Preliminary Studies . K 4
L 4
The strong phenolic raw waste which was the subject of the pre-

Timinary bio-treatability tests was used directly in the bio-reactor
for processing after its pH had g%en brought down from its alkaline
value (pH=8.5-9.5) to a level close to neutrality (pH=6.5-7.5.), by
85% concentrated "technical grade phdsphoric acid. n

As an(inocu]um for the biolpgica1 oXidation of the wastg activatgd
s]que from tﬁe field scale %xtended Aeration facility of‘Gu%f 0i1 Ltd.
(Montreal East) was used. .Although the Extended Aeration Plant, oper-
:;ting at retention times in the range of 42.to\48 hours was known to
be suffering periodic.spells of poor f;nctioning, mainly ié terms -of
sludge sétt]ing capacitj and, less often, phenol and o}ganié load re-
moval,-it was decided to use sludge from’that féci]ity as the'initia]
‘:eeding material for the lab-scale process, as it was judged to be
gengrally better adju§ted to xhg particular waste water.

In principle fresh sludge was emptoyed, i, e,, it was added to the
waste not later tpén two hours after it had been collected from the

field installations, Whenever it was necessary for the sTudge to be
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usqg later, it'was assured of storage at 0°C to +4°C.

" To initiate a continuous-flow experimeht the reactor was filled
with raw waste liquor and seedig with the heté}ogeneoys biomass at 10%
on a voiume basis: thus 2.5 Titers of fresh activdated sludge was used
as an inqcu]um for a 25-1itér yolume of broth inside the bio-reactor.
The system was subsequently operated in batch (i. e., only aeration and
agitation without feedingy harvesting and recxc]ing) fgr several hours
(typically 18 hours), and then continuous pumping was begun andlthe
system was a]iowed to approach a steady—gkate equilibrium. To this

effett in three long-term continuous flow experimental "ryns" mean

~ residence times of between 26 & 48 hrs. were used, with an exceptional use

of a longer retention within the-same expefimental "eun" at times when

poor phenol (and/or COD) remova]g were observed, as a corrective approach

to relieve the stress off the bio-system. |
Immediately following the arrival of a new batch of waste water in

the laboratory a set of cﬂemica] analyses were carried out in order to

characgerize the quality of the-raw influent Tiquor. These analyses

included tﬂg determinations of pH, organic load as (0D, concentration of °

pheno]ics,‘suspended and dissolved‘solids, and selected ionic species,

-

- +
such as C+ or Na..

The performance of this'éystem was ‘followed quanti%ative]y by
regultar daily and, at times, semi-diurnal assays of bio]oéica] solids, «
residual substrate concéntration in terms of COD and phenol in the

effluent, as well as measurements of D. 0., pH and temperature levels on
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the broth. ' ’ .

The approachment to steady state was judged by the apparent constant

v de Qo md e o

levels of volatile suspended sgﬁids, COD and phenol Eoncentration, ob-

_
served several hours after -the initiation of the continuous flow oper-

' ation. ’ ) ‘

v \

‘ ] A high aeration rate was used, providing Dissolved Oxygen con-
‘}q. centrations close to saturation (280% of the saturation value or,
¥

generally, not less than 6.5 ppm of D.0.) and also contributing to the -

adequate mixing of the broth as only a single turbine impeller was

emp1o;ed. Normally aeration 'was &1 vvm; agitation Speed'“‘*O? rpm.
A'recycle ratio of .25 or less was used according to the observed : :

settling qharacteristics of the biomass and also in order to reduce the

o - rate of oxygen utilization. ‘ "

No temperature control was exercised throughout the Preliminary %5%
Studies, but the temperature remained most of the time within a }ange'of

between 20 and 24°C (ambient-room temperature).

Manual correction of the pH was taken up when it was observed:\ql- . ¢
. .most from the beginning, that the mixed liquor inside the bio-reactor

had a reduced buffering capaciéy and its bﬁ was dropping at a ragﬁer - :

kJ
1

quick pace, resulting in dispersed growth and extensive def]occu]atioﬁméf y
the mixed microbial biota: ' pH control was carried out intermittently - "\
and was aimed at keeping its levels'to values between 6.5 and 7.5., To

this end concentrated "technical" grade solutions of ammonium hydroxide

+

. _or pho%phoric acid were.employed, according to the corrective direction’ ’ g
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|
required, thus contributing at the same time to meeting the nutrient

 zsene rus wole A EE

<

. \ o
requirements of the biomass in N and P, .

The close approximation of complete mixing conditions with regard

o e i g

. to bio]ogicél solids was accomplished by maintaining the fermentor free
) from wa]l,growth: Thus, once a day or, at times even more often, growth ~
. of biota along the wal]s of the aeration vessel, the bafflés (side-
. | . wise) and the shaft of théeimpeller were scrapéd away ﬁeticu]ous]y. ¢
Finally tpe s]udbe condition was assessed fﬁom time to time (not
on a regular basis but upon circumstantial evidence of necessity) by

determining SVI on a sample of mixed liquor directly drawn from the Qio-

reactor, - t

ii. Main Treatability Studieé

}

Pretreatment. lTbe Petrofina refinery and péetrochemical effluent
that was chésen‘for the maiﬁ bio-treatability tests was initiblly chér-
acterized\ana]&tica]ly in the Fermentation Lab of tpe Dept. of Chemical
. ’ Engineeripg at McGill by this investigator and afso in the Aqa]ytical

te e -Lab -of an external é@nsu]fing firm. " The analyses included deter-

: minétions of pH, COD, TOC, phenolics, disgolved solids, suspended \ -
solids, amﬁonia, sulfides and g]oSules of free oil:/ From the analyses -

of bbth 1abor3tor¥es (see "Resgltﬁ,“ Table IIf—9) it beéame oBvious

that; because%of the relatively high concentration of. pollutants and

: . toxicants such as ammonium and sulfide ions and free oil and the *
; decidedly alkaline range of the waste water's pH, a physical-chemical

pretreatment would be in order. To this end the simple aeration-

' -
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stripping system deséribed above in‘the Equipment’section was devised,

As the raw Petrofina effluent had an alkaline pH of around 8.5, its
excess ammonia content was first driven out by‘raising the pH to between
11 and lé (according to the pKOH of NﬁZOH') through the addition of
highly concentrated NaOH. The equilibrium: ‘

OH™ + NHZ:‘“.;NH3 + HOH

-
S

was thus shifted far to the right and the ammonia released was-con=

-

tinuously expelled by the stripping action of the aeration. Subsequently,
N " y |
tn a similar manner, excess hydrogen sulfide was removed by conf*\—~

tinuous aeration of the waste after shifting the simulthneous chemical

equilibria: \ .
HyS ===’ + HS

.. Hs':;::ﬂ:H+ + S \

far tB the left by lowering the pH to around 2 through the addition of
concentrated HZSO4.

A period of 30 to 40 minutes for each air-stripping procedure was

employed according to the Toading of the particllar batch of raw wasté9

liquor to be'pre-treated.

Apart from a substantial reduction in the ammonia and hydrogen sul-
fide content of the raw waste water, the swarm of air bubbles generated '
from the ring-shaped sparger was utilized for removal of free o7l
globules by air flotation as discussed by Volesky and Agathos (1974).
The simulation of air-flotation ("indUCéag") on this small scale was

aided by the high pressure of the particular laboratory air line .
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5 employed (80 psi). The free o0il droplets aécumu]ated‘jn the form of

2 e et FEATSIII

0ily scum were mechanically skimmed from the surface of the pre-treatment

line pH, so most of the free oil was collected during the air-stripping
of ammonia. Fimally, the air-stripped waste water was brought to

neutrality (pH: 6.7-7.3), by addition of NaOH, thus providing the feed

. i
vessel. The efficiency of the progess was markedly enhanced at an dlka- a
|

i

. !
- for the bio-reactor. ;

LN‘, In the very first continuous-flow experiments when the unambiguous
bio-treatability of the Petrofina efflué%t was sought to be established,
" the waste water was simply subjected to the above series of physical ' P
and chemical operatjons by way of primary treatment. l
However, as it became ‘obvious from the analytical data that the
phenol content was rather low (typically 1less than 20 ppm.) it was -
decided to preseﬁt the mixed microbial popu]gyfon of sthe bio-reactor

with the:challenge of a more realistic phenol level, often encountered

-

in refinery and petrochemical industrial eff]ueﬁts. Thus the principal !

[—

portion of the Treatability Tests (i.e., Hydraulic Studies-Determination
g; *
‘& \ of Process Parameters--studies of perturbations in feed) was effected

; on a waste feed pre-treated in the above described physical-chemical

why and in the stated sequence, but‘with the spiking addition of phenol

bt arkt

right after the neutralization step, making up to predetermined levels

of 30 ppm., 60 ppm., and 100 ppm. of phenol.

P -

NI, T M o £ e
2=

Seediqngcclimation-BioFreatment. In‘the first part of the Main

Treatability Study, in which continuous;flow~experimgntatidh was

SN

PORPRIPES PRI ok MU 4@&&%%&& W%(mw&wm&atmh&‘ﬁ“ﬂé4m“”ﬁ AW g

- 3 oo * A
PARI AN ) e, BT 0 A s e




SR F- - X ’ent’;'ﬁg‘?}!
—_—

.

| . carried out in the well-controlled bio-reactor to verify the extent of
\ .
‘ bio-oxidation and the potential of the system in terms of reduced
retention times, the sludge developed in the Preliminary system was used

- " as an inoculum, However, in the principal hydraulic studies and the

detailed gnv?stigations of prbcess variables the seeding material was
obtained from the recycle line of'alsecondary clarifier of the munici- %:\
pal sewage treatment plant at Véﬂ&reui], Que., 20 miles west of ’
Montreal, as it was necessary for the long-term studies to have a .
_reproducible'inoculum and a fairly broad mixed population of microbial

species 'in order for an efficient acclimation to the industrial waste g
to éccur. Also anjincreased diversity of species increasés the eco- %1
logical scope of potentially successful response to shock§ (%audy 1975).

As in the Preliminary Studies, fresh sludge was always used to

initiate a continuous flow experiment in the bio-reactor, i. e.] theé

P

sludge was used less than 2 hours after its collection., In the beginning
the wasfe feed was mixed with the sludge inoculum in the fermentor at

‘ ) a proportion of biomass at one third of the working voiume and of waste

¢ il

ey v

water at two thirds of the working volume, and the broth was subjected
b to aeration and mixing only, for 24 hours. The continuous flow was
S assumed for at least 3 to 4 retention periods until a (pseudo-) steady

state performance was reached. Initial retention times of around 24

§
{

: hours were employed.

i The attainment of acclimation was ascertained in conjunction with ~

v

the relative stability of the steady-state performance: repeated
/
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samplings and subsequent analyses were made for biological solids (as
MLSS and MLVSS) and residual substrate (as COD and phenol content) on
the effluent from the reactor while reasonably constant values for

: MLSS, ratio of ML]SS to MLSS and for COD were established (i. e., fluc-

tuating not more than around +10%). The same procedure wds followed

¥

_whenever a new steady-state was sought to be established aftef imposed
perturbations of operating variables, as in. the ;orfion on hydraulic
studies and in the studies on high ion concentration effects,

Comp]efe mixing with regard to biomass.(which is known for its
tendency to sediment in the absence of sufficiently vigprous agitation
- and efficient mixing régimes) in the bio-redctor was verified by check-i
ing the equality of ce11kconcentrations in the fermeéntor and in the

= effluent before sedimentation in the cell separator, via optical dens-

-

[,
-

. ity measurements, Mixing with regard to substrate was assumed to be
\ngmplete," as residence time distribution studies in commercial New
Bunswick fermentors have confirmed (cf. Chiu.et al., 1972b).

The same efforts to minimize cellular growth in the tubing system
nd on the reactor walls were practiced here as mentioned above in thg
Preliminary Studies. It was also seen that the.vohumetric flow rates of

influent waste water and recycle activated sludge would be maintained
by regularly examining the performance of the pumps regarding their rate .
of delivering fluid and by correcting appropriately to the desired

values whenever deviations were discovered.. The working volume of the |

aeration vessel was fixed at 10 liters, except in the latest //

\
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experiments, on high ion concentration effects when a broth volume bf h

7 liters was employed.

4

- The clarifier had an effective vo1uwe of 2 liters. Through-
out the Main Treatability Studies, the rate of agitation was maintained
at 360 rpm. The temperature of the continuous culture was Eontro]]ed
at 25+0,5°C, except in tg§ts ﬁhere the effects of temperature itself
were examined, The pH of the &u]ture was controlled at 6.8+0.3, except
in instances when pH“was left to fluctuate freely in order to.monitor
its effécts. Controlling buffering solutions were 3N KOH (or NaOH) and
3N HZSO4(or NaH2P04). '

A relatively high aeration rate was employed in order ¥o main-
tain sufficient Dissolved Oxygen concentrations in the broth, i. e.,

at 70% of the saturation level or higher (35.5 ppm. of D.0.) in the

[+)

bioreactor%

Finally, after mainly qualitative obigrvations of the biomass
flocculation and ;edimentqpion of the sludge blanket inside the cell
separator, a cell recycle ratio of 0.67 was ‘empirically chosen and
maintained nominally throughout the main bio-trqatabi11ty study. It is
a well-known fact'that‘a relatively high recycle ratio is employed in

systems in which a biological solids concentration considerably greater

than can be supported in active growth by the avai1abie substrate

. . . " / I
(organid load of industrial waste water) is sought [compare Gaudy(1975)]. ; .é
*This aeratiap was equivalent to 4:51/min."at 14.7 psi and 70°F. 7t
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Figure I1I-3: Operational Sheet of Main Treatability Studies
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" 11.1.C. Analytical Methods
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An overallischematic diagram of the various operations of which the

Main Treatability Studies consisted can be seen in Figure II-3. D '

Measuriments of Substrate A
The organic concentration in the influent and treated effluent waste |

water (filtered gnd unfiltered) was ordinarily assessed by Chemical S

Oxygen Demand (COD) analyses, using the dichromate method according

to Standard Methods (1971).

The filtrate 6bta$ﬁed after a sample of broth had been separated
from its suspended solids through Millipore Membrane filters was used
for "dissolved COD" analysis. Such data were employed throughout the M
hydraulic studies on the performance of the bio-reactor as a chemostat
anH, specifically, for the estimation of mq?n values for the biological
kinetic-constants of the systeml

Samples of effluent drawn directly from the supernatant in the cell-
sepérgtor were used for the determination of COD on the biologically
treated waste liquor when the gross organic 1oad;;emova1 was sought to
be assessed, as was the case in the Preliminary Studies and in Part 1 of
Main Treatébi]ity Studies. Notwithstanding'the Timitations of the COD * &l
testfas'an index of both pollutional load and biologically degradable
sUbstrafe, it is still.regarded as a valuable parameter‘fér éstimating
these physiéa] entities [refs.: EPA;brelimiqéry Investigational Require-

Heﬂ%s (197]); Neufeld (1974); Suyucu et al. (1975)1. Actually the COD /

- -
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test is appropriate to use when the substrate is heterogeneous in nature

- e R SOERER r%:

"[refs.: Jorden et al.(1971); Surucu et al. %1975)] as is the case in

most industrial waste waters.

T e 0%

However, given the fact that in many reports in the literature of
]

/
industrial waste water treatment indexes such as Biochemical Oxygen

~
——

Demand (BOD) and Total Organic‘%%rbon (TOC) are also used, with an
increasing tendency towards the widest use of the Tatter mainly on grounds
of its simplicity and rapidity see EPA-Preliminary Investigational Re-

© quirements, (1971), an effort was made to tentatively correlate these
two parameters with éOD towards the end of the Ma%n Treatability Studies.

The ‘dichromate method for COD analysis was modified by proportional {

.addition of HégSO4 in the reaction mixture,~as suggested in Standard

Methods (1971), to a]]ow'for the rélat4§e1y high concéhtration of

chloride ions in the raw waste from Gulf 0i1 (see "Preliminary

Studies"). BOD was determined by the method of dilutions, also

described in Standard Methods (1971). : i >
Finally, TOC was measured by using a Beckman brganic carbon

analyser (model 115) according to Standard Methods (1971) and user's
A

maﬁud] [see also EPA-Preliminary Investigationai Requirements, (1971)].

* 3 /
-~

-4 .
~Meastrements of Biomass

Miérobia] cell concentrations were estimaxed'By routinely carrying

oit the gravimetric tests, for MLSS (Mixed Liquor Suspénded Solids)

according to Standard Methods (1971). Gravimetric measuréments were .
conducted directly by weigping the dried suspended .sol ids

i

1/
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retained from vacuum filtration of samples drawn from the bio-reactor,
through Millipore membrane filters (or equivalent Gelman filters) of a

0.45n poré size. Less regularly the volatile portion of the suspended

3

solids was determined, also according to Standard Methods, thkough com-

1 . N

bustion of the samples at 515°C and subsequent estimation of MLVSS
(Mixed Liquor Volatile Suspended Sé]ids) by difference between the weight
of the ashed rﬁ;;Sue and the previously determined MLSS.

determination w

The MLVSS
conducted as a check for the relative stability of the
t‘.

% volatile portiongf the solids assumed to be an qdequaté estimate of

cellular material.

The shortcomings of Dry Weight Measurements ére recognized [see
e. g., Weddle and Jenkins,(1971);Nutt,(]974f]-however, thedy use is
proven.qd%te satisfactory not only in full-scale plant opération but
also in modelling of mixed population kinetics in closely-controlled

laboratory scale systems [see\continuing work by Gaudy and his assoc-

~

jates (1967, 1969, 1971, 1973, 1974, 1975) and by Erickson, Fan and
their associates (1972a, 1972b, 1973); also Goodman and Englande (1974),
etc.] as other more "bio]ogica]]}ﬂrationa1" indexes of viable cell
concehtration such®as enzyme activity or ATP are not as yet adequately

refined or even conclusively. capable of‘furnjshing this type of inforf_
mation [Jordan et al%,(1971);Chiu et\gl.,(f973)].

Selected rapid estimations of'microorganism concentration were
carried out photometrically, especiaﬁﬁy in the routifte assessment of

the attainment of a steady-state after initiating a new continuous-flow
’ ’
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g experiment from operation in batch; the optical density was measured)
at 540 Nm in a Spectronic 21 Spectrophotometer (manufactured by Bausch
J

“and Lomb),

D#Ssolved Oxygen Concentration-Oxygen Uptake Rate. , For these

measullemepts the YSI portable D.0. 'meter (model 55) described in the
-~ Equipment segtion was used. The oxygen uptake rate was .determined ag,
follows: Dissolved Oxygen levels were reaq.off the meter at various

time intervals on the particular sample of mixed liquor and a continuous

o
-

profile of D.0., vs. time was visually og rved from a recorder attached
to the output of the'D.O.-sensing,po};rographié\btobe. In tﬁis“Way the
portion of the profile where D.0. depletion was linear could be used to
obtain the oxygeq\uptake rate (OYR) as the s]ope. -d(D0)/dt of the

curve, The asymptotic approach to a Tower but fixed rate of Dissolved

Oxygen uti]iz}tio ‘represented S imply the eventual depletion of

[

D.0. to levels near zero after a few minutes of vigorous uptéke:

A representative diagram obtained directly from the recorder strip of
' ! .
the D.0. monitoring system which depicts these concepts is shown in

f ) Figure I1-4, R .

To ensure sensing of B.0. concentration .in thebblikkoofith

—

— I

: e 4
f sample agitat;::aﬁii/gfgngﬁdjto/fﬁe sample solutigp captive in-
3 side a 300-ml., stan BOD bottle, whereas it was made sure that no

¢

air bubbles were entrapped “inside fhe bottle, in order to avoid surface’

] \

aeration of the monitored solution and a false low reading of oxygen ® .

utilization. . a
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Figure II-4: Oxygen Consumptionyby the Aerobic Biomass of a

Sample of Mixed Liquor Drawn from the Bio-reactor .
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Determination of Phenols. The levels of phenolic compounds we}e
determined by means of the amino-antipyrine cdiorimetric technique in its
two forms: 1i. e., the direct photometr1q method and the chloroform
extraction method--for extreme sens1t1v1ty--a1ways gp1ng through an‘all-

glass distillation step as suggested in Standard Methods (1971). The

ch10rof0rm extraction method was mod1f1ed to accommodate a smal]er total
volume of sample or reaction mixture, i. e., 250 ml. rather than the 4

500 mhr.recommended by Standard Methods: no discrepancy was found

in the accuracy of {his determdnation. In both procedures an addition

. ! ' f/' \ .
of spécifiéd\!glumes of phosphoric acid and copper sulfate solutions is
i

recommended by Spandard Methods,?serving the purpose\of effectively

s eliminating or redﬁ%ﬁng to a minimum the interferences from oxidizing

- and oxidizable soluble species present in the sample and also guarding

against spontaneous biodegradation of phenols upon storage of samples
to be analyzed, It waz found that,.both in samples with relatively high

(close to or more than 100 ppm.) and relatively ]OW‘(é]O ppm.) phenol

i
'

concentrations, the acidification of the sample with H31504 solution and

the subsequent addition of copper sulfate so]dtion before the dis-
tillation were-unnecessary in most cases where, the samples were as-
'sayed within '@ couple of hours or less from the1r co]1ect1on, either
#rom the f1e1d facility (raw waste water) or from the laboratory bio-
neactor and cell-separatdr. The results from assays of the same sanp1e
' with and w1thout H3P04 and CuSO4 addition were practically ident{ca1.

' However this addition did prove to be necessary; and was therefore

-
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practised, in the case of particularly high-ﬁhengq and "complex" wastﬁ
water samples.(such as the ones originating from the Gulf 0i1 facility)
or turbid distillates requiring a second distillation step in the all-

glass apparatus.

r

In the Main Treatability Studies, the direct photometric procedure
| ;

was chosen over the chloroform extraction method for reasons of relative
rapidity and small sample volume requirements. (i. e., samples or ’
aliquots of 100 ml.) and also because of proven, good rebroducibi]ity.

Finally, it was- found that, as a means of Egntatfve rapid estimation
of the phenol” content in a given sample or a]iquoi of waste water or
treated effluent (particu]ariy in the cése of a samp]e)relative1y free
from suspended matter) the disff]]ation stép could be omifté& al- A
together, yielding results with}n 10-20% of the phenbl concentration as
determingd by the Standard procedure whi;h includes distillation as a
necessary.stage in order to separate the volatile phenolic species from
the non;vo]atiTé impurities that tend to interfere with the eventual
colorimetric determination,

Although the amino-antipyrine co1q}imetricltechnique in either of

- s

*its two forms discussed above is clearly the most sensitive procedure

for phenol assays, its chief disadvantage is the relatively long time -

_ it requires, mainly because of the distillation step. Thus a less

cumbersome and far more rapid analytical technique. for phenol deter-
X
minations appears to be a gas-liquid chromatographic assay, which is ’

.actually in use in most industrial quality-control laboratories.

\
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Selected Anion Species

Ammonia. Nitrogen in the form of ammonium ions was determined inf

P

A

samples obtained from the outlet of the raw waste water on field and
from the treated effluent by a direct electrometric technique using a

gas-sensing ammonia electrode manufactured by Orion Research, Inc.

.

Xhm e e oan B o

(Cambridge, ‘Mass, }, model 95-10, according to the user's manual
1 .

(Ionalyzer, Mode1\401§), and was standardized by employing ; 0.1 M

_NH,C1 standard solution, also provided by Oribn Research, Inc. The

4
direct electrometric method was chosen over the traditiona] kjeldahl

determination of organic Nigrogen due to the férmer method's extreme

E rapidity, versatility and accuracy, which has vrompted the U, S. En-

“vironmental Protection Agency (EPA) to endorse it since 1974 (cf. Ana-
lytical Method Guide, Orion Research, 7th edition, May 197§-Ref.)
Phosghates.' The presence of pho;phorous in waste water and treated
effluent samples was quantified in the form of orthoohosphates by '
emp]oyfhg the Vanadomolybdate colorimetric technique, according to

Standard Methods (1971). Particular caution was exercised witr respect

to the glassware used in tﬁe assay: these were rinsed .with Qot dilute
hydrochloric acid\before'and after each phosphate measurement and were
specifically reserved for this particular analysis (detergents were
avoided as most of them contain phosphates which obviously interfé‘e

A

Wwith the analysis at hand). ) L

Sulfides, Chlorides. Sulfide ions such as [HS™] and [S ] were -,

s
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determined through a direct electrometric procedure using a solid-state
specific jon electrode (silver/sulfide, MOQel 94-i6, manufactured by
Orion Research, Iné.) according to user's manual.

In a similar manner, the occasional determination of chloride ions
[C17] was carried out by means of a solid-state selactive ion electrode
(chloride electrode, model 96-17, manufactured by Orion Reséarch, Inc.)b
following instructions in user's manual. Both electrodes were
used on the Orion Specific Ion Meter (Iona]yzer; model 407A), which also

v

served as precision pH-meter.

N

Metal Ions. During Ehe Preliminary Studies phase on the high-
st}ength phenolic waste water (Mixed Feed from Gulf 0il) the levels of\
metal ions such as Cu, Zn, Pb, Fe, and Na wére determinad via atomic
absorption spectrescopy, according to Standard Methods (1971). The
instrument\used was an automated Perkin-Elmer Atomic Absorption Spectro-
photometer, Model 403, However, the measurements Af Na* concentrations
during the studié; of high ion concentratiok effects on the biological
treatability of the Petrofina effluent werg fperformed by utilizing a .
specific ion electrode (Sodium, Model 94-11 manufactured by Orion
Research, Inc.) in a direct electrometric assay. The accuracy of this.
particular analysis was tested and confirmed by qroés-checking with the
results obtained -on the same sampies through atomic absorpticn spectros-

’

Copy-'

Miscellaneous Analyses. Occasicnal or secondary analyses such as

dissolved solids content, sludge volume index (SVI), effluent turbidity,

were performed according to the specifications of Standard Methods (1971).
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RESULTS AND THEIR DISCUSSION ) ‘ ?

*111.1. Preliminary Studies

ITI.1.A. Feed Origin and Composition

The raw waste water used for the preliminary series of experiments ’ !

-

was obtained from a mixed stream (from now on to be referred to as 7
"Mixed Feed") at the Gulf 0il facilities in Montreal East. Three main

streams of liquid wastes made up the Mixed Feed; the first one origina-

ted from 0i1 Refining Operations with a flow rate of 3000 gallons/hr, %

the second one from the Bisphenol production installations with a fiow

rate of 1200 gal]dhs/hr and the third one from the Pheno]/Agetone (Via

Cumene) production plant, with a flow rate of 4OQO gallons/hr. The

011 Refinery waste stﬁeam accounted for around 200 ppm or more of the . /

Mixed Feed's content in phenolic species- (typically around 1000 ppm)’

while the waste liquor from the Acetone/Phenol plant comtributed with (’

the bulk of the sodium ion concentration (mainly as Na2504). 2
A typical composition of the Mixed Feed is.shown in Table III-1, //

based on analyses performed at the Anal}tical.Labo}atory in situ by

; the,Company'§ staff bgfore ang during the time of the study. The /

A )
values of pH, COD, BOD, solids, hydrogen sulfide, ammonia and phenol/

) /
were confirmed by the author's own analyses, performed on each batch ,//

of new waste liquor that was to be treated in the model Bio~oxi af?g;/ ¥
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; Table III-1

Typical Characteristics’ of High-Strength Waste Water

Used in Preliminary Studies (Gulf 0il1 Waste)

-

,f PARAMETER ' AMOUNT
PH " 9.4
BOD (average) 1700 ppm
: ” COD (average) 2900 ppm
Total Solids i 5000 ppm
Hydrogen Sulfide 30 ppm
Ammonia Nitrogen i 160 ppm
Phenol . 909 ppm
Acetone 270 ppm
a-methyl-§¥yrene ‘ 62 ppm
Acetophenone , 40 ppm
Dimethyl-benzyl-alcohol ‘ 20 ppm
Cumene 27 ppm
f Mes{tyl Oxide . 10 ppm
Isopropyl Aicoho1 17 ppm
: Sodium (mainly as NaZSo4f 2500 ppm

MR TR S
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4 \
unit-at the Fermentation Laboratory (Dept. of Chemical Engineering,
McGill University).
It sHou]d be noted that the characteristics of the Mixed Feed
Tiquor fluctuated considerably in the months before and, throughout this
portion of the investigation. According to figures obtained from the
company's Analytical Laborator} the ranges of these fluctuations were |
as shown in Table III-2, with regard to BOD, COD, hydrogen sulfide, {
total solids, sodium (chiefly as Na2$04) and selected heavy metals. .
The rather heavily laden, in terms of COD and phenol content waste
liguor, was fed continuously to an on-field biological oxidation
facility of the Extended Aeration type (mean residence time about 50
™ hours) and, notwithstanding the wide range of fluctuations in the feed
it.had been prev%ous]y reported to operate satisfactorily. However
major upsets and even total failure of this field-scale facility,
mainly in terms of settling properties of the biclogical solids and
less often in terms of % remova]\had been occurring at the time of the
o present investigation.

; . P
As pointed out previously ("Scope of Investigation)" the rationale
behind~these preliminary research&efforts was positively not the search
for a remgdy to the field-scale problems; these problems, however, were
apparent too in conjunction with our primary task of achieving'a
stable high-rate activ;ted sludge treatment (detention times of 24 hrs.
or less) in our 30 Titer laboratory unit, aiming at COD removals of 60%

or better and residual phenol concentrations < 1 ppm. ~ . >

N
Rl o
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Table 111-23
N

Ranges of Selected Pollution Paraéi&ers

of High-Strength Mixed Feed (Gulf 0il)

[Fall 1974 - Winter 1974-75]

PARAMETER

BOD

coD

Total Solids

Hydrogen Sulfide

Sodium (mainly as Na2504)
Copper

Zinc

Calcium

Magnesium

Iron

61

RANGE (in ppm)
1600-3600
2780-4363
47625743
20~40
1500-3000
0.15-0.43
0.02-0.58
14-34
2.6-6.8
1.2-8.0

e
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‘\%% 11.1.8. Continuous Flow Experiments .-
L

N

Over a period of two months approximately, three contlnuous flow
-

experiments were carried out. The Mixed Feed was .kept relatively uni-
" v

//

form 1h gach of the experiments, throuéﬁ storage of each batch* at a

temperature near the freezingfpoint, and was also cpnfirhed by perform-
/;/

ing "grab"-type'6ccasional analyses of the raw waste water throughout

5

the duration®of the continuous-flow, experiment at hand. .

- %

L

Run No. 1 . /
This first series pf~tests on a continuous basis, also referred to
as Run No. 1, was started up at a detention time of 26 hrs: (diletion
rale D - 0.038 pr.']y using as inogulum an activated sludge acclimated
to the high stFength pheno]ic;ﬁesfe ;7ter from the field-scale treatment

process.” The biomass inside the la

"

reactor was adjusted at/a 1eve1‘
close to 3000 mg/1 of MLSS déve]oped at detention times progfiss1vely

b

lowered from 48 to 32 hours in the tw days pbefore 1nocu1q§1on. The
characteristics af the Mixed Feld used in Run\ﬁd. 1 are shown in
Table I11-3:. '/

A recyc1e ratio of 0.25 was employed and no sJudg?/;astage was
exerc1sed, in an effort to keep the blomass at high 1evels owing to the

re]at1ve igh organ1c 1oad of the waste feed ! 4

>

consist of 100 gallons of raw waste. .

/¢K‘b&t¢ﬁ/ef Mixed Feed to be ;reated at the 1aboratory would usually
o

<
- -~
,

4
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Table III-3

14

[J

Characteristics of Influent Raw Waste in Run No. 1

PARAMETER

pH

coD

Phenol

Dissolved Solids
Suspendgd Solids

deium Ions

. Chloride Ions

EPN - S Y

AMOUNT
9.4
2210 ppm
5100 ppm
5000 ppm

40 ppm
1300 ppm
A
270 ppm
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Raw data of the analyses performedbduring this first’ experimental

) R

run are tabulated in Table I11-4. The determinations werevgarﬁjed ;

out dn’samp]es obtained from the bio-reactor dnd eff]uent at 1edsf\once

a day and often twice or even three times a day. The ame datd(are

represented graphically in Figure III-1. :Q | S 1'
In1t1a]1y an acceptable steady-state per%brmance could not be ’

maintained for any appreciable length of tfme (1 e., in terms of a

Iy
oot

number of mean detention periods rather than just a few hoa?s) The |
MLSS- w1th1n three detFnt1on per1ods decreased from 2910 mg/] to 610

mg/ 1 w1th a continuous trend downwards, wh11e at the same time the
residual substrate was stabif@zed at about 1400 mg/1 showing a removal
cqnsiderab]y 1e§s than satisfactory~zremdva1 of COD less than.ﬁ?%):

Also the phenol content of the effluent started rising a]most immediately
after the start-up of continuous operatidn to’reach levels higher than o E
ébo‘ppm, thus manifesting the total failure of the system to handle
phenols efféctfvely (the objective was < 1 ppm of phenols in the
effluent). | : "

\The gradual "kill" of the activat%d sludge Populatdon was cd?robo-
rdted by rising levels of D.0." due to a decrease in oxygen uptake and
3150 by rising pH, clearly a conséquence of continuous "dilute-out" of
the broth inside the reactor, which Qas replenished by dhe highly alka-
‘]ine Mixed Feed/(tde normal metabolic trend is for the pd to drod spon-
tanéﬁusWy in an aerobic bio;oxidation system ireating a mp1ex substrate
.Such as- petrochem1ca1 effluents, as can be shown from the resu]ts )

2

reported in the next section).

.
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TABLE I11-4
DATA FROM CONTINUOUS-FLOW RUN NO. 1
. Effluent Bio-Reactor
Time m mg . .
[hours] €oD [7§J Phenol [ppm] MLSS [ /2] D.0. [ppm] |- pH SVI Remarks
0 710 <1 2910 8.0 7.2 | 120 Continuous flow at
. detention time =
. . 26 hrs
8 1235 100 2100 8.0 7.2
16 1325 120 1510 8.0 7.2 -
32 1480 215 1370 8.1 7.4 | 250
44 1375 245 1140 8.2 7.5 _
56 1480 320 860 8.4 7.7
66 1450 330 610 8.5 8.0 | 290 Start operation in
- batch. Manual
(:" ‘ correction of pH
84 1110 ° 230 660 8.4 7.4
100 766 165 650 8.3 7.2
110 811 95 680 ~ 8.3 7.4 B
122 661 15 770 8.2 7.5 | 270 )
132 777 10 750 ~ 8.3 7.5 Resume continuous f1ow
* at detention time
: ; 32 hrs  °
152 524 2 810 .8.2 7.6
170 840 2 760 8.2 7.5
178 966 <] 835 8.1 7.6 | 275
192 1152 2 715 8.1 7.5
205 706 118 520 8.3 7.7
226 720 125 410 8.1 7.4 Decrease aeration
252 770 125 400 7.3 7.6
274 750 110 400 7.1 7.7
294 760 90 410 7.2 7.5 .
- 7o
/ ..
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. i j
Although the high phenol concentration of the Mixed Feed was the

obvious suspect for this initial disruption of the bio-system at this
rather high dilutidn rate, an anai?tica1 investigation, of the raw
waste water with regard to heavy metal ions was .carried out at that

point. \ !

~ Cu: 0.18 ppm
In: '0.27 ppm
Pb: 0.03 ppm
Fe: 3.25 ppm

The results shown abgve depict less than "troublesome" levels, since it

is well-established that the first three heavy metals do not interfere

'with the bio-oxidation process unless in levels about 1 ppm and, in many

cases levels of even orders of magnitudé higher can be tolerated by the
mixed microbial populations of the biological flocs. It shbu]d be noted
here, in addition, that Cu, Zn and Pb were not detectable in the efflu-
~ent, prohab]y'owing'to concentration by the biomass. [Cf. ﬁﬁﬁ (197),
Neufeld (1974)1. .

The a{most immediate signs of the system's deterioration were also
apparent in the condition of the activated sludge. Whereas the sludge
used as inoculum had an SVI of =120, it réached a value of 290 within
the first three detention periods. Also this sludge "bulking" (with

the appearance of floating aggregates ‘in the secondary clarifier) was

" associated with a severe failure in the filterability of the biomass:
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tendency to reach a steadj state. - The switch from batch opgration in

¢ . . ‘ ° ‘68

—’

Standard Millipore or Geiman Membrane fi1£ers (0.45 u poree) or even
equivalent Whatman filter paper were proven.impractiéa1 due ‘to exces-
sively long times of'quuum fi]pration reqeiredf

After the three initial dezentionlperiods it was decided to oper-
ate the s;stem in batch (complete cut-off of the\feed) in an attempt to
provide the mixed microbial population wifh an additional period of
acclimation to the‘high residual levels of phenol as well as\of organic -
substrate (as COD). At the same time the pH was adjusted back to 7.1
with concentrated "technical grade" phosphoric acid.

By the end of almeet four‘detention periods (accounting for an
approximate turn-over of 95% of the 1iquid volume in the reactor) the
phenol concentration had dropped tog]ess than or around 1 ppm, wieh a
marked dwindling in residual CODH(osci11ating around the 750 mg/1 mark) .
and boosting in MLSS (approaching 800 mg/1), as seen in Fig. 1113%.

It can also beieeen that the COD removal responded coeikderably more
readily than the phenol removal after the complete feed cut-off: *
‘When these signs of "healthy" performance were established the

continuous feeding to the lab unit was resumed thls time round at a

detention time of 32 hours.

4

It is interesting to note the response patterns of substrate and

biomass concentrations, which showeg, for the first time, the clear

,a nearly depteted medium to a continuous flow is equivalent hydraulic-

ally to a switch of a continuously operating bio-reactor to a higher
L%
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dilution-rate. In this respect the response of the residual COD in our’
unit.Was qualitatively. similar to the.pattern obs;rved by George and
Gaqdy (1973a) when studying the response of a completely mixed acti-
vated sludge system to increases in dilution rate, and it involved a
distinct transient rise in effluent COD concentration to a local maxi-

A
mum before the establishment of an apparent steady state, at about the

value achieved previou%gy during the pperation batchwise (750 mg/1).
The responsenoflthe biological sSolids concentration was more gradual
Q

over the trénsient, did not involve the expected local minimum and

stabilized to an all time low of ~400 mg/1). This pattern may be

' explained if one takes into account the concurrent and continual loss

[4

of biological solids at the cell ;epérator because of the poor compac-
tion characteristics of the sludge, since even after the operation
bafchwise the SVI improved on]J marginally (SVI = 270). Finally the
phenol conteént responded with an abrupt rise before the end of the
second detention pe?iod (after the startup of the new continuous-flow
phase) from 2 ppm to 118 ppm with a distinct tendency to stay around

or closely above the 100 ppm mark for the next three detention periods
in a quasi-steady state.

‘ From an engineering point of view, whi]eqthe COD removal isfjddged
as quite satisfactory (66(% COD removal), ti!e plateau reached by the ’
phenol concentration in the eff]ﬁentl(CTOSe-ao or above 100 ppm) is

totally unacceptable in any practical sense. Still it appears that

this poor removal of phenol (in'cgnjunction with the high influent
%

< e le;u -

POREY

” /‘.E...’."fbj&;x Dkt S

B A AR



70

/ s.

phenol éoncentration and a preferential biodegradation of the rest of
the organic load making up the substrate rgpresented by COD) may be :
dictated by the metabolic potential of the particular mixed population "
at the dilution rate employed. ‘

" Also the values of MLSS attained are very low, given the persistent
sludge "bulking"; this could not be conclusively identified in any
particular class of poorly separating sludge casés as suggested by
Pipes (1967), but it is possible that over-aeration was part &f the

problem, as a decrease in aeration (lowering the D.0. to 7.3 ppm from

above. 8 ppm) brought about a slight improvement in settling of the .

" biomass, along with less foaming, which also had appeared to be a

v

problem at times.

&

Run No. 2

A second continuous-flow experiment was conducted using as inocu-
Tum a sludge obtained also from the field-scale Extended Aeration
facility of Gulf Oiﬂ; but differing in ‘its characteristicg from that of
the previous "rur": The sTudge th good settiing‘and~compacting proper-

ties with an SVI of ~100 but was darker in color and its flocs were

more d}spersed than fluffy. ' o

This time a higher mean residence time was employed, i.e. 43;3A;

hours (dilution rate D = 0.023 hrs.”)

) with the expectation that if
the system could reach some form of steady state and maintain it over

a number of detention periods then the objective of high-rate treatment

/



-view of the increased dilution rates to be encountered in the ensuing
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could be achieved stepwise by gradually boosting the diTution rate,
given the we}]-esﬁablished (Cf. for example, Jannasch (1967), Stumm-
Zollinger (1968), Chju et al (1972)) selective pressure of the chemo-
stat on the mixed microbial population for those species with higher
growth rates.

Another feature of this second experimenta] "run" was that, for
reasons of limited hauling capacity (from site of waste collection to '
our Fermentation Research Lab) a second batch of faw waste liquor with
somewhat different characteristics had to bé fed into the bioreactor
after the first 190 hours of continuous operatioq‘(ahout 43 detention
periods), when the first Qatch had been usgd ugl,#ﬁhg}charac%eristics
of the two batches of Mixed Feed are,prgsen%ed in Table III-5.

Sludge recirculation was exercised at a ratio of 0.25 and there’
was no sludge wastage owing to’the difficuitdes encountered in the
flocculation of the biomass and Also since here again an appreciable
amount of-bio]ogical.so11ds in the reactor was aimed for.

Prior to the startup of the continuous operation of the bio-system,
the pH was Towered to 7.1 with concentrated phosphoric acid and in the

58-hour period of additional* batch acclimation the concentration of

'~bio1ogica1 solids was adjusted to 1300 mg/1. Average temperature of the

proégss was around 22+2°C. Data on the values of the parameters tested. '

\

v AY . [l
*The sludge from the field-scale facility was assumed acclimated, but ‘
this 18-hour contact with the raw waste in batch was still exercised in

continuous-flow experimentation.
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First
Batch:

Second
Batch:

A

Table ITI-5 .

Characteristics of Influent Raw Waste in Run No. 2

PARAMETER ~ AMOUNT
pH . 9.1
CoD 2900 ppm
Phenol ~ " 1225 ppm
Suspended Solids ' 30 ppm
pH \ o ‘ 9.2
coD ’ . 3600 ppm
Phenol 1100 ppm
Suspended Solids 33 ppm
L
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Quring this "run" appear in Table III-6, while their graphical repre-

ion is given in Figure III-2.

s seen from this Figure there was an uneven initial period of

<j abou 2% mean residence times for MLSS to build up to around 1500 mg/1
a%ter sagging to less than 1000 mg/1, for COD to reach a fa1r1y constant
level of around 700 mg/1 after a "surge" to more than 1000 mg/1 and
for residual pheﬁo] to fluctuate -to moderate levels between 2 and 5 ppm
after an initial "surge" up to 18 ppm. A1l three parameters remained
fairly Eteady for another two detention periods until pumping of the
new batch was begun into the system at the same dilution rate.

Apparently this perturbation resulted in immediate deterioration
of bheno] removal already within the first detention period after the
influx of the new batch, despite'EBe fact that the influent phenol was
now somewhat lower than before (1100 ppm compared to an 1nitia1’]225
ppm); on the other hand the COD removal not only was not impaired but
" it was excellent (around 81%) although the organic load was now consider-
ably higher (3600 mg/1 c0mpareq’to an initial 2900 mg/1). It seems
possible that some unspecified component of the new feed had aﬁ inhibi-
tory -effe¢t on the segment of organisms particularly respénsib]e for
phenol removal or that the bulk of thé mixed population of the sludge
switched to the more readily biodegradable components of the organic
substrate represented by COD.
" As corrective action for this Phenol remo;a1 failure it was decided

to discontinue the feed as in the previous Experiment and operate the .

%
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TABLE I11-6
DATA FROM CONTINUOUS-FLOW RUN NO. 2
Effluent Bio-Reactor
Time m mg
[hours] ¢oD [TFJ Phenol [ppm] MLSS [ /2] D.0. [ppm] pH SVI Remarks
0 596 2 1244 7.2 7.0 {100 Continuous flow at
- detention time T =
B3.3 hrs
19 954 18 1072 6.8 7.1 )
40 1015 7 1050 6.6 ° 6.9 N
49 903 5 1117 6.5 6.9
68 837 5 1233 6.4 7.0
89 774 4 1372 . 6.1 7.0
104 716 5 1476 5.9 6.8
120 , 683 <3 1525 5.8 6.9 ,
142 *¥ 675 4 1437 6.1 6.9 -
160 744 5 1483 6.0 7.1 175
174 697 2 1480 6.2 7.2 |’
190 721 5 1546 6.4 7.1 New Batch of Mixed
. Feed
204 698 25 1386 6.2 6.8
222 707 37 1305 6.5 7.2 Start operation in
Batch
242 775 32 1532 7.1 7.0 -
260 810 17 1510 7.3° 7.2 230
28Q 840 12 1485 7.0 7.0
304 824 6 1580 7.0 7.1
326 790 5 1460 6.8 7.3
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- TABLE I1I-6: Cogtinued -
_ Effluent .Bio-Reactor , “T
Time mg, | mg, : . .
[hours] €00 [F1 Y- prenot [ppm | M-S U701 | po. rppml | | s Remarks
- 352 818 5 - 1520 6.7 7.4 Resume continuous
flow at detention
. . time t = 43.3 -hrs
. 370 825 6 1478 6.7 7.0 .
390 778 4 1460 6.6 7.1 310 R
~ 407 803 5 1528 6.8 7.1
b 432 833 8 1475 6.9 7.1
460 781 .22, 1448 1.2 7.0 i
476 ‘776 40 1260 7.4 7.0 | 330
< Y : ¢
- -
- % ' -
o]
’ . \ E{] \
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Figure III-2:

Continuous Flow.Run No. 2
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system batchwise for a 130-hour period. By the third detention period | /
of batch oberation quasi-steady values of COD at ~800 mg/1, of MLSS at
1500 mg/1 and of Phenol at ~5 ppm had been (eached.qu were sustainea
by the system for, another 2% detention periods of continuous-f]oQ
operation at the saﬁe dilution rate. Failure of the bio-treatment was
manifested agaip through sludge bulking (thé“SVI had deteriorated cén-
stantly from the time this exberimental “run" was started) and ser1ous
1mpa1rment of phenol removal which was judged as be1ng part1cu1ar1y
dependent not only on the dilution rate, but also on the uniformity \
of the influent's characteristics. JThe “run" had to be terminated by
the end of its ZOtH day of operation not only because ‘of th?/po r sludge‘
conaition (manual %nteryegt;on was neeqed to avoid 1o§§és of biological
solids from the secondary clarifier into the eff]uent)‘Butralso since

soon another batch of raw waste water with possibly diffprent character- <;\

istics would have to be fed into the system,* thus prov1d1ng a new disrup-

" tion. However the trends of the MLSS and Pheno] conc¢ntrat1on prof11e§

“

indicate that these parameters were probably heading for a new steady
state at the Tower MLSS and higher Phenol levels dyctated by the dilu-

tion rate employed (which has a direct bearing on 'the selective pressure
exercised on the mixed microbial population of the sludge). Still the

residual substrate (as COD) showed a remarkab]xﬂsma11 fluctuation and
the COD removal was very good (“78%) up until.the time the "run" was

discontinued. ) ; T
(,’j I
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Run No. 3 ‘ . N ' “ﬁQ

cted !

This series of observations on a continuaga;basig was conducted

on a uniform influent raw waste liquor, whose-characteristics are shown _,
' J

New apparently healthy (SVI = 115) sludge was used directly from
the full-scale facility and a mean hydraulic residencé time of 48 hours
wasdemp]oyed initially (maE%hing that Qf the fuli-sca]e fac%]ity), in
an attempt io carry the rea;5ning of Run No. 2 one step further:
Starting with an even lower dilution rate, iJe. with the same one Qh «
which the activated sludge inoculum had grown in the Extended Aeration
Basfn of the éefinery,'and establishing an adequate steady state with
satisfactory COD and pheno] removals (a kind of scale-downof the field ;;

facility) we could work our way'.smoothly to higher dilutjon rates in

the pursuit of a high-rate treatment. Here again manual pH correction.

'was carried out and the average tempeYaturé ¥1uctu5ted about the 24°C

mark (iZOC). The data points obtained during this-series of tests are

tabulated in'Tab{e I11-8 and are depictéd graghica]1y in Fig. 1I1-3.
The MLSS initiaj1y adjustea to 2800 mg/]iggfe maintained effec- 5

tively constan} at around 2600 ﬁg/l for the first 5 days of operation

and the average COD in the effluent was more or less steady around

&

1100 mg/1 (removal 64% or better). During the same period the residual

phenol concentration ranged between 2 and 8 ppm while the“slhdge quality

'was somewhat inferior in terms of settling and compaction (SVI = ]65)

After 2% detention periods (5 days) a detention time of 40 hrs. was

|
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Table '1II-7 .
| ",
Characteristics of Influent Raw Waste in Run No. g

PARAMETER - AMOUNT

PH ) o 9.3

CoD , 3050 ppm
Phenol ' . ( ’ ] 1170 ppm
Suspended Solids k 47 ppm
Dissolved Solids ‘ 3100 ppm
NH3-Nitrogen T — ) 187 ppm

-

79 e
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- TABLE III-8
DATA FROM CONTINUOUS-FLOW RUN NO. 3 .
Effluent Bio-Reactor -
Time m mg '
fhours], | c00 721 | phenot [ opnl | MESS [79/,] D.0. [ppm] | pH | SVI Remarks
0 - 982 5 2745 6.9 7.2 115 Operation at Detention
- time t = 48 hrs
16 1073 : 6 ¢ 2610 6.7 7.3
34 2 1180 8 2435, 6.5 7.4
50 1125 ~ 5 " 2515 6.8 7.3
65 1050 4 2627 6.7 J.11 160
78, 1117 - 8 2560 " 7.2 7.5 v
102, 1083 3 2670 6.6 7.3
118 940 2 2545 6.5 7.4 Operation at Detention
time t = 40 hrs
140 ~ 885 5 2410 6.3 7.3
156 843 6 2465 6.8 7.5
173 967 - 8 2380 6.5 7.1 267
" 190 -1032 8 2278 6.5 7.0 '}
205 1160 7 2140 6.6 7.2
221 1045 10 2004 - 6.4 7.4 Turbid effluent
. copious foaming
242 903 17 1870 - * 6.7 7.1 1 360
7260 986 27 1610 7.0 7.4 :
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Continuous Flow Run*No. 3

.
*

Figure III-3
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employed. While the COD in thggeff1uent continued to fluctuate around

) -

< 1000 ppm, there was é markgd decline in q£§§ ﬁot_bnly due to\the higher

. /
dilution rate, but also-because of the deterioration of the character-

v

istics of the bjomass, and by the end of the 10th day of continuous

ope§ation it exhibited severe lack in settling and compacting capacity
(SVI =:360) and excessively turbid effluent;’ at the same time there
was copious foaming in the culture and phenol levels exhibited an up-
| ward trend well ;bove the 10 ppm level. .

The run was discontinued as the lack of sludge settling capacity
was persistent;, Hespite the trial use of a flocculant agent [Fe2(804)3].
This multivalent §é1t had beén previously used, reportedly successfully,
on the field scale facility at times of dispgrsed growth and exces-l
sively turbid eff]ﬁent. However,-its use on the Eench-scale\system,
even in excess of 200 ppm, was ineffective. ’

Following this last experimental "run" of the Preliminary bio-
oxidation system, in conjunction with the observatioﬁs made ip the
previous continuous-flow experiments it was concluded that:

.In the strongly alkaline phenolic waste’water ffom Refining and
Petrochemical Operations (Phenol in excess of 1000 ppm, pH 3_%<0) ade-
quate removals of organic load as COD cquid be achieved by high-rate
activated sludge treatment, whereas the elimination of Phenol to levels
below or around 1 ppm on a'continuoqs basis was problematic.

Furthevmore recovery of a disrupted bio-oxidation system seems to‘

- be far more responsive in terms of COD rather than phenol removals.

i
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. The long detention times required for the effective removals of
«phenolics combingd with the instability of the activated sludge system
(inability touattain a se]f-maintainab1e steady state)‘at such high
phenol Tevels clearly points to the fact that the Act}vated STudge ‘
Process might not be directly applicable tg such feeds and that there
might be a need for a prelimirary reduction of high phenol concentra-
tions, e.ﬁ. by air-stripping and/orbailutiop through equalization basin,
mu]tip1e;s;age bio-oxidation systems»as reported by Adams (1974), etc.

Not only "short" (i.e. less than 40 hrs.) detention times, but

a]éo sudden changes in the feed make-up tenh to disrupt the bio-treaf-

ability of high-phenol alkaline wastes both'in terms of phenol elimina- ¢

tion and sludge charagteristics.

The toxic effect of phenolics at the high concentfations fed into
the system seems to be deérfu] enough as not to warrant the iqvestiga-
.tion of inferferences of ionic specigs such as heavy metals on the per-
formance of the bio-sysfem, as was also shown by'the dbsence of such
species in the tested cése (Run No. 1). :

The origin of the inoculating sludge and the concomitant question
of its proper acclimation seemed to play a key role in the performance
of the bench-scale system. Long-range géclimation tests are nequiréd»in
o;der that a'ﬁighly potent mixed microbial population js developed, to
be able to handle a high-strength petrochemical effluent gnq to better’
Fespond to shocks in hydraulic or environmental variables. This was
pfobab1y the case in the present preliminary tesf;, as the sludge

R \
-
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,obtajned from the Extended Aeration Basin of the Gulf-0il Refinery

was often shock-dosed at the time of its col]ggtion, and»the‘point was
coﬁfirmed later on,‘through the marked difference in systeﬁ performance
on the Petrofin; waste:(ﬁain Treatability Studies) between biomass
developed form municiba1~s1udge versus biomass developed from Gulf Qil
sludge. (Effgct of "past gfgwth history".)

In aadition to the above it was\>gfegnized that scaling down the
activated sludge process from even a relatively successful prototype
to a benchescale unit that would simulate the performance of the proto-
type (as in Run No. 3) 1nvoﬁves many: complications, parfia11y arisiaéi
from phe'confineé geometry and inadequate simulation of agitation, aera-
tion, mode of feeding, etc. .

Finally it was also recognized that, besides the need for a waste
water clearly amenable to biodegradation in a high-}ate activated sludge
process without the above problems of the Gulf 0i1 effluent, a closely
contro]]éd bio-oxidation,system should be built and operated in a way
that parameter fluctuations cou!d be interpreted meaningfully and that

a basic process model based on material batances could be app]icable:

<4
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[11.2. Main Treatability-Studies

I11.2.A. Feed Origin and Composition

The waste liquor used for the Main Treatabi]ity.Studies was ob-
tained from the Refinery of Petrofina Canada Ltd. in Montreal East.
Because it originated basically from common oil-refining operations
(e.g. crude coker, desalter, catalytic alkylation and cracking units
etc.) and was diluted with cooling water and "blow down" from boilers,
it was not as heavi]ykaéden with organic pollutional joad (as COD) and
phenoi~as the Gulf 0il effluent studied previously.

On the field of the Refinery the main "oily" stream of waste water
that was to be treated was first passing through a standard API gravity-
type separator and subsequently}through a Holding B;sin‘which was a1so'-
admitting a waste stream from a Polybutene unit, apart from serving as
an "impounding basin" for storm watgrs; finally the stream Fonﬁng out
of the bagin underwent an additiona&vclarificaiion by an air-fTotation
process through a Wemco-type Depurator, mainly for the elimination of

resjdua] 011 globules and suspended solids. It was the stream qriginafy

v

ting from the Depurator that was used throughout the main treatabi1i§y

experimentation as khe raw waste feed to our lab-scalé:physical-chemical
pretreatment unit and subsequently, after its air-stripping And neutra-
lization, as the feed to the fully-controlled fermentor. (Theré has ‘
béen.one exception, dﬂereBy one particular batch of waste ]i&uor was
obtained frgh an ouflet'before the Depurator (by—gasé), as thjs']atter

Unit happened to be out of order at that point.) ° e ;
NN 3 .

/
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A list of the main characteristics of the raw waste water and their

ranges is given in Table II1I-9. The data represent values from'compo-
site samples (over a 24-hour sampling period at the particular 6ut]et)
and were confirmed throughout the present-sinvestigation at our Fecpen-

tation Laboratory after their first evaluation at the analytical labora-

¢

tory of a private consulting firm of Montreal.
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Table III-9

Ranges of Characteristics of Waste Stream

Chosen for Main Treatabtility Studies

PARAMETER

nH

coD *
8

T0C

Total Suspended Solids

Dissolved Solids 1

Phenol

Hydrogen Sulfide N
Fmmonia \QLF

0il

87

AMOUNT
8.2-9.1
250-810 ppm
100-300 ppm
10-795 ppm
2000+5800 ppm
8-75 ppm
10-120 ppm
30-140 ppm
10-160 ppm
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[1T1.2.B. Hydraulics and General Treatability

This first part of the Main Treatability"Studies was aimed at test-
ing and establishing more qualitatively rathersthan quantitatively the sus-
ceptibility of the Petrofina Refinery waste water to high-rate activated
sludge tneatment n terms of obtainable quality of effluent and “to gain
some insight as a first approximation to the system's hydraulic behavior -
with regard-to 1Acrea51ng dilution rates., This continucus-flow experi- |
ment, referred to as Run No. 4, lasted for more than a month (44 days).
Initial sludge 1noc&1ﬁm was obtained from the less sophisticated bio-
oxidation unit that was still in operation, treating the high-strength
phenolic Gulf 011 effluent, and it was subjgcted“to additional batch-
wise acclimation to the Petrofina Waste liquor, as described 1n the
section on Operating Procedures. Duri;g this experiment mean hydraulic
residence times of 24, 16, 15 and 13 hours, were employed, corresponding
to dilution rates of 0.0417, 0.0625, 0.0667 and 0.0769 hr._] respectively.
Because of Timitations 1n the hauling capacity from site of wgste col-
lection on field to our ﬁermentation Research Lab the waste 1i1quor
arrived in the Lab in batches collected at different E§1nts mn time,
thus differing somewhat in their characteristics. Also, because the
physical-chemical pre-treatment unit in the Laboratory operated in batch,
the final “stripped" waste water that constituted the actual feed to
the bio-reactor was not absolutely uniform in its characteristics. In

the results reported in this and the following section there 1s always

mention of the quality of the "raw" and "stripped" feed for reasons of




Quality of Waste Water Batch "A"

fed at time t=0 (Detéqtion time t=24 hr & 15 hr)

Parameter Raw
pH 8.2
COoD- 340 ppm
Phenol 42 ppm
Susp. Solids 47 ppm

Dissolved So]idg
Y

Table III-11
Quality of Waste Water Batch "B"

Stripped
6.7
285 ppm
- 28 ppm
45 ppm

4200 ppm

*

fed at time t=410 hrs. (Detention time t=16 hrs)

Parameter ) Raw
pH ' ) 8.2
CoD 322 ppm
Phenol 17 ppm
Sulfide 53 ppm
Ammonia 98 ppm

Dissolved Solids

Table I111-12
Quality of Waste Water Batch "C"

Stripped

6.9
266 ppm
10 ppm
3 ppm
21 ppm
5700 ppm

“fed at time t=772 hr (Detention time =16 hr & 13 hr)

Parameter Raw
pH B.8
CoD 525 ppm
Phenol - 12 ppm
Sulfide 37 ppm
Ammonia 112 ppm

Susp. Solids

Di'ssolved Solids N

S .

89

Stripped
7.2
480 ppm
8 ppm
Non-detectable
17 ppm
23 ppm:.
3860 ppm

@
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better comparison and 1nterpretation of the resulting biological treat-
ment. ’ .

The init1al biomass concentration for the acclimation period and
the first segment of this continuous run at a detention time t = 24 hours
was adjusEed at 1250 mg/1.

The perfbrmance of the system was quantified through the data of 1
continuous operation listed in Table 111-13 and graphically rendered in
Figure I1I-4, while the characteristics of the batches of "raw" and
"stripped" waste liquor fed at three different points in time durina the
run into the bio-system are shown in Tables III-10, III-11, and I11-12,
1n the following pages.

Throughout fhe duration of this rather lengthy continuous flow run
constant environmental conditions in terms of temperature (T = 25%¢ +
0.2),)agritation (360 rpm), aeration (70% of saturation) and cell recycle
(67%) were maintained. The only variable that was not always controlled
strictly at a preset level was pH, as in two occasions the only pH—“
contrgller available had to be used in a shorter-term pfoaect.

Following the course of variation of the monitored parameters
(Table III-13 and Fig. I1I-4) one can discern the combined effects of
ditution rate, feed make-up and pH variations and step-corrections on the l
levels of effluent COD and reactor biomass.

By the end of the fourth dsy of operatioq at a residence time t =

24 hours an increase in dilution rate was imposed (t = 15 hours). The

initial overshoot of the residual COD is c]eariy the result of the hydrau-
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DATA ON CONTINUOUS-FLOW RUN NO. 4

¢

TABLE TII-13

["Petrofina" Waste;
temperature = 25°C;
agitation= 360 rpm]

’

. Effluent Bio-Reactor
Time
cop (97 | Phenol | miss [M9/ ] ‘
# day|[Hours] 2 (ppm] 2 D.0. [ppm] | pH SVI Remarks
1
1 0 127 2 975 6.2 6.8 Detention time t =
- 24,hrs; Feed Batch
2 25 105 1 920 6.5 6.7
2 31 87 <1 935 6.3 6.9 | 120
2 47 62 <1 875 6.8 6.8
3 56 77 -~ <1 855 6.5 6.7
4 74 55 <1 785 6.7 6.5
4 84 57 <1 795 6.3 6.8
5 100 63 <1 785 6.2 6.8 Switch_to Detention
time t = 15 hr
5 112 110 <1 765 6.1 6.9
5 120 92 21 710 6.5 6.7 | 130 ~
6 140 87 <1 640 6.5 6.6
7 [ 152 72 <1 730 6.1 6.9
7 164 62 <1 750 6.3 6.7
8 172 63 <1 717 6.4 6.9 Start manual control
of pH

8 190 75 <1 682 6.2 6.4 ’

-9 198 63 <1 667 6.0 6.6

.9 212 67 <1 518 6.2 6.2 Sludge: smaller

\ flocs, more hindered
1 settling
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TABLE II1I-13: Continued
Time Effluent Bio-Reactqr
cop. (W97 | Phenol MLss M9/ ]
# dayi[Hours] "Ly [ppm] 2 D.0. [ppm]} | pH SVI Remarks
10 222 64 <] 475 6.3 6.1 144
10 235 67 1 380 6.0 5.8 Step correction of pH
' to 7.2 with NH,OH
11 248 55 2 360 6.2 6.8 .
12 265 122 T 400 6.1 6.2
13 295 83 1 425 6.7 6.6
14 316 87 2 410 6.9 5.4 Step correction of pH
to 7.1 with NH,OH
14 332 79 1 527 6.3 5.9 )
15 346 84 1 580 6.7 5.1 Step correction of pH
to 7.1 with NH4OH
15 358 85 <1 610 6.7 5.2 Step correction of pH
to 7.2 with NH.OH
16 369 85 <] 520 6.4 6.0 .
16 380 87 <1 535 6.2 6.6
17 387 92 <1 504 6.1 6.6
18 410 52 <1 428 ¢ 6.3 5.3 Automatic pH control;
. .o ‘Detention time t =
16 hrs; Feed of
Batch "B"
18 432 64 <1 425 6.2 7.1
18 432 64 <] 425 6.2 7.1 o
19 454 68 <] 387 6.3 7.0
20 478 56 <] 422 6.2 7.0 92 Sludge; darker,
. excellent settling
although too thin
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TABLE ITI-13:

Continued

“Time Effluent ) Bio-Reactor
# day|[Hours] | cop [®d1 | Phemol | wiss (™, 7 | bp.0. [ppm] | pH | SVI |° Remarks
- L [ppm] L

21 488 66. <1 405 6.1 7.1

23 504 72 <1 400 6.3 7.0

22 512 65 <1 410 6.2 7.0 3

23 529 52 <1 383 . 6.1 6.8 Start manual pH

. control .

23 536 70 <] 368 6.7 5.4 Step pH correction-up
to pH = 6.8 w/

NH,OH -

24 558 84 <1 375 6.5 6.2 130 B

25 580 102 2 460 6.3 6.3 Thin sludge, dispersed]

25 600 ~ 122 1 527 6.2 5.9 Automatic pH control

27 630 93 <1 612 - 6.5 7.1 )

28 650 79 <1 600 6.3 7.0 Gradual shift in
sludge color -
yellowish brown

28 670 73 <] 820 6.3 7.0

29 678 56 <1 834 6.5 7.1 | 122,

g%ﬁ 692 64 <1 783 6.1 7.0

700 77 <1 770 6.3 7.1 | 110

30 720 W 83 <1 757 5.9 7.1

31 741 98 <1 762 5.8 7.1

32 749 86 <1 740 5.9 7.1 110

33 772 93 <1 715 5.7 7.0 Feed of Batch "C"

34 816 230 <1 630 5.7 7.1 {100

35 827 230 <1 640 5.6 7.1

\
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TABLE III-13: Continued
«
Time Effluent Bio-Reactor
con [T2] Pheno] MLss [M97 ]
# day| [Hours] [ppm] L D.0. {ppm] | pH SVI Remarks ,
. - g

35 837 210 <1 668 5.6 7.1

36 856 193 <1 625 5.7 7.1 Excellent settling;

farge flocs.
36 864 206 <1 607 5.6 Q?EO 106
37 884 188 <1 596 . 5.8 7.1 Switch to Detention
- time t = 13 hr

38 905 193 <1 635 5.6 7.1

39 930 171 <1 590 * 5.5 7.1

.40 939 168 <] 565 5.3 7.2 90 Turbid supernatant
‘40 958 154 <] 622 5.6 6.9

41 980 144 <1 625 5.3 7.0

42 992 179 <] 575 5.6 7.0

42 1002 196 <1 492 5.5 7.1 98 _

43 1026 159 <1 634 5.3 7.1

44 1038 184 <] 626 5.5 7.0 Turbid supernatant

Sz
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Figure 111-4: Continuous FlowlRun No. 4
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1ic shock, as is the somewhat delayed “"sagging" of the MLSS profile.
However the residual COD retained a constancy reiat1ve]y free of major
oscillations for almost seven detention periods after the initial sdrge,
whereas the biomass followed a distinct downward trend, being obviously

far more'vulnerable to the step changes in pH administered after the removal
of the pH controller at the end of the fifth detention period after-the
dilution ra?% increase. Still the average results up unt1l this point
showed successful treatment of the influent waste:

(coD) 63 mg/1 i.e. a removal of 78%; ?

avg.

(MLSS)an.

(Phenol) <1 mg/1

730 mg/1

SVI : 130

Also the effluent had been particularly clear up/until the 9th day of
operation. A mild disruption was manifest by the second day of manual
pH control as a result of the tendency of the broth to become more
acidic, due to biodegradation intermediates. The mixed population re-
mained under the influence of acidic pH for lengths of time (usually
between 50% and 80% of one deteqtion period) sufficient for ecological
changes to occur, as could be seen by the change in sludge color, the
distinctly smaller flocs and hindrance 1n settling. These changes are
evidence of the established selection of the acidic environment for
yeasts and molds, with an abundance of filamentous fungal species.
[Cf. Gaudy (1975)]. Still the step corrections of pH to neutral hy addi-

tion of NH40H exercised during these 10 days (between day #7 and day #17)
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did not allow g transition to a clearly deflneP new steadf state but |
maintained the environmental disruption 1n a“ﬁay that for the first time
there were detectable - though very Tow (1 and 2 ppm) amounts of phenol
in the effluent for about 5 days. It can also be seen tHat this pH

Al

manipulation although not regular or reproducible, brought about some
kind of adaptation on the part of the microbial popu]at%?n, as the bio-
mass started building up again and the residual COD reached a new lower
plateau in the last three days of manual pH regulation.

The reinstailation of the automatic pH controller followed the
beginning of feeding with Batch "B" and also a slight increase 1n deten-
tion time (t = 16 hrs.). The relatively steady values of MLSS around 420
mg/1 and COD around 65 mg/1 changed markedly again when a new 3-day period
of manﬁa] pH correction occurred. The transient surge of the residual
substrate COD could be attributed to "substrate leakage" [George and
Gaudy (1973a), (1973b); Gaudy (1975)] as can be also 1nferred by the
transient appearance of residual phenol 1n the effluent. The adaptg-
tion of the biomass 1s exemplified by the build-up of biological solirds
level, which continued for almost 5 more detention periods aftgx the new
installation of automatic pH control (end of 25th day), reaching a
steady state at about 770 mg/1. Thgﬂaverage COD n the effluent was
around 72 mg/1 but fluctuated rather widely, while there was practical
elimination of phenol again (<1 ppm). The biomass qua11ty‘yas/§ood,
with an SVI of about 110. On the Qho]e the organic load removal was

Jjudged as very good at 73%.
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In the beginning of the 32 d/day of continuous operation without
any addition of new sludge the waste water Batch “C" was pumped 1nto the

V(€216 hr.).

biosystem at the same dilution rate of 0.0625 hr.~
Bécause this time the influent substrate level vepresented an increase
of almost 45% over the previous inlet COD concentration, there was a
51]eable mmediate increase 1n effluent COD, clearly the effect of
"substrate leakage," as the growth of biqmas§ already existing 1n the
fermentor could not handle this step increase in substrate level imme-
didtely. After reaching a peak value of 230 mg/1 the effluent COD
started decreasing towards some level that would be dictated by the then
prevailing mean specific growth rate of the sludge popu1afion. "The
decrease 1n clarification efficiency of the cell separator (manifest
also by the decrease 1n recycle cell concentration) which was reported
by Chu et al (1973) while studying the dynamic behavior of a similar

system to a step increase in influent organic load was also observed -

here and could be attributed to a change 1n the _physiological state of
e

" the cells 1n the settler. However there was gn initial reduction of

cell concentration 1n the b1oreacfor, which gave way to relatively steady
bijomass values around the 600 mg/1 mark, unlike the cell bu11d-up ob-
served by the®®bove workers. This may be due to the subsequent decrease
of residence time to t = 13 hrs., which was imposed on the system 5 days
after the new feed was administered, but a]s; thé deviations in the quies-

cent settling mode of the clarifier have been responsible for regular

losses of some solids over.the weir, given the fact that no sludge wastage

by
e
A



was practiced throughout the experimentation. In the last 8 days of
operation under the new dilution rate there were wider fluctuations in
the resid&a] C0D and the reactor biomass than in previous steady states,
but the overall treatment was judged satisfactory: Average values of
COD at 172 mg/1 (removal of organics: 64%), MLSS at 596 mg/1, residual
phenol <1 and SVI between 90 and 10g?were exhibited.

From a Qractica] point of view this experimental series of tests in
a continuous-flow mode served to establish unambiguously the biological
treatability of the Petrofina Refinery effluent, under detention times
between 24 and 13 hours, and under perturbations in organic composition
of feed and in pH. The'averqge values of parameters depicting the rela-
tive success of biotreatment are summarized below in Table III-14. In-
cluded is the average ratio of MLVSS over MLSS, following occasional

analyses of MLVSS. .



Table III-14

Profile of Biological Treatment of the

Petrofina Refinery Waste Water (Run No. 4)

Detention Influent Waste Reactor freated Effluent

time t COD  Phenol SVI MLSS MLVSS/MLSS COD COD Removal Phenol

(hrs) (mg/1) (mg/1) (mg/1) (mg/1) % (mg/1)
15 285 28 130 730  0.65 63 7 <1
16 266 10, 110 770 0.63 72 73 <]
13 480 8 98 596 0.68 172 64 <1

-100
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II1.2.C. Effect of Temperature on Biological Treatment ;

There have been thorough investigations on the effeéts of tempera-
ture and temperature changes in continuous systems with pure cultures of
microorganisms and also, recently, detailed reports on temperature

(
effects on mixed mocrobial populations. ,[George and Gaudy (1973c),

Gaudy (1975) 1.

At the end of this continuous flow Run No. 4 it was decided to carry.
out a brief investigation of how the prevai]%ng temperature of the bio-
fggctor affects high-rate activated sludge treatment efficiency. No com-
plete protocol of the process (in terms of other parameters) was kept as :
the main focus was on the degree of organic load removal from a strictly
practical engineering standpoint, in view of the wide variation of tem-
peratures in Quebec.

With the same feed from Batch "C" and the same controlled conditions
of aeration, agitation, recycling and pH and at a deteption time of
t=13 Hrs. the temperature was varied upwards and downwards from 25%.
The results appear grouped in Table III-15. A graphic representation of
the change of organic load removal with temperature is given in Figure
I11-5. _ -

It is apparent, from these data, that, temperatures below 230C brought
about a distinct deterioration in COD removal. At 12°C, which was the
Towest temperature tested, the COD removal reached an unaccéptab]e 40% |
whereas for the first time detectable amounts of phenol (at 2 ppm) were ; -
observed in the effluent despite the relatively low influent phenol con-

centration (8 ppm)i Difficulties in phenol removal were reported also

.
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Table III-15

Effect of Temperature of Biological Treatment

[Feed: Batch “C"; Detention time t = 13 hrs.]
Temperature COD Removal Effluent Phenol
(°c) - % [ppm]
33 65 W <]
30 65.5 <1
25 64 <]
23 60 <]
17 52 <1
12. 40 2

. T
a o 8
102
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i

by Volesky et al (1974) in continuous-flow treatability tests on refinery
waste water when the temperature was dropped at 18°C and 10°C. Above

25°C there was no impairment in COD and phenol removal up to and includ-
ing 33°C, but no marked improvement either. So it was decided to keep

the temperature control at 25°C for the r@Tainder of the Main Treatability

studies, as an optimum parameter value.

-

Y
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I11.2.D Hydraulic Studies -- A Closer Look

~

A long-term continuous flow experiment referreduto as "Run No. 5"
in the following was designed and carried out in order to establish the
effect of‘ailution rate on COD and phenol removal, sus;a?ggg\leye1 of
bio]ogiéa] solids and sludge char;cteristics, and in order to derivé
estimates of the operational parameters on which the Qesign of a
commercial-scale facility should be based.

At the same time Oxygen Uptake Rate (QUR) values were monitored.

Since this parameter has been described as a potential indicator of bio-

mass activity [Heukelekian and Gillman (1955), Ford and Eckenfelder
(1967), Nashinggon et al. (1969), Nutt (1974)] and even of sludge via-
bility [Weddle and Jenkins (1971)], it was felt that its pattern of
change‘;hould have some bearing on perturbations imposed on the bijo-
system. Heukelekian and Gillman (1955) and Brezonik and Patterson (1971)
have shown that OUR correlates satisfactorily wiEh factors affectingg

the metabolic activit® of the biomass, such as the concentration of
heavy metals in the mixed liquor. Therefore, giveH the relative simpli-
¢ity and directness of the determjnation of OUR (see Chap. I}, Apnalytical
Methbds) compared to other proposed sludge activity ipdexes,'such as ATP
and dehydrogenase enzyme actiQity,‘it was decided to study at the same
time the effect of changes in ditution rate and/or substrate coficentra-
tion on)OUR. -

¢

Initial sludge inoculum for continuous'fjow Run No. 5 as well as for

/

the rest of the Main Treatability Studies was obtained from the municipal

A
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treatment facility of Vaudreuil, Quebec, for reasons oﬁ reproducibifity
and in order that a wider spectrum of microorganisms be fepresented during
the acclimation period, as pointed out in Chapter II. Apart from the
closely controlled conditions in our model bio-oxidation lab-scale facili-
ty. the use of municipal sludge as inoculum had a distinct beneficial
effect on the quality of the treatment, particularly Qith regard to at-
tainment of steady states as comﬁ%red to the previous'results.

During the "run" mean hydraulic detention times of 24, 16, 12, 8,
and 6 hours (i.e., dilution rates of 0.0417, 0.0625, 0.0834, 0.1250, and
0.1667 hr'] respegtively) were employed sequentially. Owing to the
same problems of 1imited hauling capacity for ra@ waste water and of
Timited output of odr batcH pre-treatment process, there were frequent
variations in the quality of the ;eed to the bioreaétor. Given the Targe
number of datches of "stripped" waste liquor fed into the bioreactor and
their differences in characteristics, the qua]i%y of the influent stream
in terms of COD and phenol is included in the following tabulations of
continuous flow data from the biotréaggent system. Although analyses for
su]fide'and ammonia were not run on a continuous basis the sulfide con-
centration ,in the "stripped"’ feed was less than 10 ppm and NH3-n1trogen
was around 25 ppm. The detailed performancg of the system is shown in
the data points from parameters monitored throughout Run No. 5 that appear
in Table III-16, whereas their graphical representatien is given in Fi-
gure III-6. The cumulative results from the same “rqn“'appear in Table

5

[II-17. A recycle ratio of 0.67 was chosen empirically as in the previous
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section (I11.2,B) and maintained through all different detention times
used. Occasional analyses of the concentration XR of biological solids
in the recyc]é stream revealed that theé concentration factor C did not
fluctuate appreciably, its average value being ~2.0. Thus the fagfor
A=1+r -¥c (see "Theoretical Considerations," Chap. I) was around
0.33. Also the rest of the operating conditions were kept the same as
previously (part II{.Z.B).'

From the tabulated data and the graph (Fig. I11.6) it is apparent
that the residual COD follows the pattern exhibited previously upon in-
creases in dilution rate, with a discernible “overshoot" and then the
establishment of a steady-state situation. Also the characteristic
"sagging" in the response of MLSS is present here again. It will be seen
that there is, in general, wider fluctuation in the steady-state values
of the biological solids rather than in the ones of the residual sub-
strate. Also it can be observed that the attainment of a steady state
was relatively easy in this closely controlled system, and even when the
stripped feed had to be spiked with phenol, two days after changing
the mean residence time t from 16 to 12 hours along with an increased
organic loading, there was no detectable pheﬁ01\in the effluent and the * ~
period of COD and MLSS f]uctuatjon was almost less than 2 days (or
4 detention periods).

It was 1nt€resting to note that the condition of the sludge, although

*".v
‘%ﬁexce11ent from the beginning of the run, was even improved, in terms of

P

settleability and compactabiiity, as can be seen from the reduction of

gl
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DATA ON CONTINUOUS FLOW RUN NO. 5

TABLE I1I-16

["Petrofina" Waste;
Temperature = 25°C;
Agitation = 360rpm]

De%?"tion Qﬁ? Pherol gg% pﬁiﬂ?] MLSS OERO
Day [h;3$51 [mg/2] [mg/l] [mg/2]{[mg/e]{mg/e] | SVI m%fﬁi";
1 24 .| 187 4 |9 <1 | 1280 69 12.4
2 24 195 | 4 82 <1 | 1190 13.0
3 24 177 4 61 <1 | 1245 57 12.2
4 24 4 181 5 55 | <1 | 1370 12.0
51 24 195 5 60 | <1 | 1400 12.1
6 24 172 5 59 <1 | 1360 12.2
7 24 180 5 55 | <1 | 1260 12.2
8 24 182 4 61 <1 | 1310 12.0
"9 16 180 | 4 63 <1 | 1295 16.0
10 16 180 | 4 77 <1 | 143 15.5
m 16 163 2 | 80 | <1 | 1102 53 15.2
12 16 167 | .2 71 <1 | 1092 15.0
13| 16 166 17 2| 58 | <1 [1009 | 50 15.5
14 16 160 2 | 55 <1 {1085 4.4
15 16 155 | 2 52 | 1037 15.0
16 16 160 | 2 42 <1 | 1074 16.0
17 16 153 2 38 A {1128 55 15.2
18 16 185 | 2 57 <1 | 1088 15.4
19| 12 167 2 64 < | 1070 29.0
20 12 181 2 79 <1 {1034 27.0
21 12 266 | 22 97 SERRIE 28.5
22 12 294 | 22 {8 | < | 1234 28.0
23 12 271 | 23 | 122 Q| 1317 26.0
24 12 285 | 23 (108 | <1 | 1310 28.0
25 12 281 | 23 | 67 <1 K?420 29.0
108
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TABLE 111-16: Continued |
Prad
Diyéﬁzgon COD | Phenol | COD | Phenol
Day Time n in out out | MLSS SVI OUR
26 12 272 | 23 62 <1 |1370 47 29.0
27 12 273 | 22 61 | ~1 |1470 27.0
28 12 202 | 22 96 <1 |1s80 | ™ 27.7
29 12, 292 | 22 62 <1 }1450 51 30.0
30 12 267 | 22 66 <1 1510 29.0
31 8 270 | 24 72 <1 {1433 41.0
32 8 270 | 24 87 <1 | 1361 39.0
"33 8 272 24 93 <1 1303 36.0
34 8 283 22 99 <1 1265 37.5
35 8 287 | 22 92 <1 1322 37 38.0
36 8 274 | 22 83 <1 11298 39.0
37 8 273 | 22 76 <1 {1360 40.0
38 8 270 | 23 85 <1 {1290 36.7
39 8 30| 23 93 <1 | 1285 42 36.0
40 8 290 | 23 97 <1 1320 37.0
47 6 2717 | 23 {127 <1 1210 47.0
42 6 285| 23 |109 a | 1147 46.0
43 6 275 | 22 90 <1107 47.0
44 6 287 | 22 88 <1 {1130 38 47.0
45 6 263 | 22 95 <1 {1080 45.0
, W
b4
p
109
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Figure III-6:

Continuous Flow Run No.
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the SVI and also visually, with regard to the effluent fwfm the clari-
) v

fier, that was particularly clear. This wé%'partly aided by the fact

.that during this run thehsetiler'was mechanically swayed at fixed time

intervals, as explained in "Materials and Methods" (Chap. II).

Because of this particularly clear effluent there was a minimal
discrepancy between effluent COD and’residual C0OD. The improved g]udée
condition can be explained by the continuous selection-acclimation of
the biomass durinyg the length of the run‘and the relatively smooth re-
duction of mean detention times. Only the operation at ;'= 6 hrs could
not be continued because of the amounts of feed that had to be available
due to the high inflow rate.

The pattern of OUR change was somewhag,simiiar to the variation of
residual substrate, but the clear tendency was an almost immediate "over-
shoot" after imposing a higherddilution rate, which was followed, ina *
matter of hours; by a relatively steady state for the-rest of the time
in operation at a particular dilution rate.. The new steady-state OUR
value increased with increa§ing dilution rates as would Be expected f;om
a bioenergetic point of view [cf. Aiba et al. (1973)]. The above patterns
of OUR variation is not obvious from Fig. III-§ because thé_tihe scale
is in terms'of days rather than hours, but it is better appreciated in
Fig. LQI-Q and briefly Qiscusséd in‘}he following section (“Vgriation
of OUR"). The predicted increase of OUR with increasing dilution rates

showed also the absence of inhibiting or toxic agents, overall, during

this experimental run, whereas in at least two cases discussed in the

©

4 “
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-#gl1owing parts (i.e., effect of continuous drop in pH and effect of

high ion concentrations),the/values of OUR decreased appreciably, thus
confirming this parameter's merits as a rapid indicator‘of biomass ac-
tivity. The occasional oscillations of.OUR during the steady-state
regimes (steady-state at least as described by the relative constancy

in terms of residual substraté and‘biologiéa1lso1ids) that were observed
" from tiﬁe to time could be attributed 59 Tocal transients, as it is
Known, for example, that agitation can affect OUR measurements [Rickard
and Gaudy (1968)] and that the rpm of the impeller cannot be kept abso- ‘

.

lutely constant. '
In computing t;:";3eady-state values of parameters such as substrate )
and biomass toncentration and in averaging them in order to obtain the
mean pqrameter values at each dilution rate as they appear in Table
IT1I-17, it was empiricadly decided to choose the last few points during
at least five detention periods in the steady-state regime. Thus forﬁ
detention times of t = 24 hrs and t = 16 hrs the values of the last
five days were averaged; for t =12 hrs the vaTues of the last six
Hay§} for T =8 hrs the values of the last four days; and for
t = 6 hrs the values of the last two days were averaged.
The/profi]e of the biological treatment attained during'thiz con-
finuous flow Run No. 5 which lasted one-and-a-half months is given in
%able I11-17 in terms of the above-mentioned average values of COD and‘

MLSS, the % COD removal, influent-effluent phenol, OUR, and ratio of
volatile suspended solids to total suspended solids (MLVSS/MLSS). The
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' TABLE I11-17
PROFILE ~OF BIOLDGICAL TREATMENT - RUN NO. 5
Detention . ] _ Specifié_Remova1
1 Tim Influent Residual| Residual So-S cob |1 T OuR
=_1 Cop Influent] COD Phenol | MLSS X = =
t=5 Removalju— AD + k., |mg D.O.
- D Se Phenol S [Mg; SX | MLVSS (™ cop/™d MLSS] 9 [hr] d| == T
[hr] [mg/2] | [mg/2]}| [mg/2] 3 [mg/e] | MLSS | "2 %
24 182 5 58 <1 1340 0.65 0.0925 68 47.39 12.1
16 168 2 49 <1 1082 0.67 0.1100 71 35.84 15.2
12 27 22 A <1 1467 0.71 ©0.1354 73 28.74 28.6
8 286 23 i <1 1314 | 0.70 0.1507 69 20.58 37.4
6 275 22 91.5 <] 1105 0.67 0.1661 67 -16.05 46.0
- _ J
Biological Coefficients
Biomass Yield Cell Decay Coefficient Max. Specific Growth Rate Saturation Coefficient
- mg MLSS . - -1 _ -1 ) i}
Y = 1.7857 T=C00 kq = 0.0073 hr Mo = 0.227 hr K, = 357mg/g
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Figure.IlI-7: Graphic Derivation of Biomass
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parameter "specific removal," i.e., (S0 - S)/X = (CODin con, )/MLSSav

vg g
is also tabulated in Table III-17 and is plotted versus the/detention time
t = WD in Fig. {11—7 in order to obtain estimates of the cell yield Y ' \\\
and cell decay coefficient kd’ as described in Seétion "Theoretical ' | ’l
Considerations" (Chap. I). As mentioned in that section, the biological.
“constants," including Y and kd,'are to be regarded only as indicative
of a range of values rather than as "po%nt values" and should be con-
sidered estimates of the relative magnitude of the parameters they repre- .
sent.

\ After the cell decay coefficient kd.is derived from Fig. III-7 the
parameter "inverse specific arowth rate" 1/u = 1/(AD + kd) is tabulated
for different dilution rates D in the same cumulative Table III-17 and is
aiéo plotted against the inverse residual substrate 1/S in Fig. III-8. | \
In evaluating the estimates of mgiimum grqwth rate Mo and saturation
constant KS more weight was g;ven the data points reflecting continuous _
operation at detention times of 16, 12, and 8 hours.

. The values of the biological :constants" Y,'kd, M and KS appear at
the bottom of Table III-17. A

The results accumulated during this Run No. 5, apart from describing

the course of the bio-treatment, contain valuable informafion to be used
in thg\design of a large-scale facility treating the particular waste
water|through a high-rate Activated Sludge Process. Specififally it is

possible to derive‘design implications with respect to ranges of aetention

time , organit load removal, sludge production (through biomass yield)

[
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N
and settling, and oxygen demand.’

»~ It was concluded that the most sa;gisfactory operation in terms of -

stability (in achieving steady states),_ efficiency ahd high-rate or- h 1
ganic Mad removal was achieved at a detléntion time of 8 hours |
(D = 0.125.hr""]). Subsequent ,short-term continuous "runs" confirmed

this not only “in terms of organic pollutional removal, but also in

tlerms of phendl and sulfide elimination in all cases (cf. "Removal of

Toxicants" in the following) as well as excellent sludge characteri-

stics.
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I11.2.E Variation of Oxygen Uptake Rate

In one of the shorter-term continuous flow "runs" that followed
the above Run No. 5 it was decided to examine the pattern of OUR
changes upén increases in dilution rate in an effort to verify the ob- “
servations made dﬁring the hydraulic studies.

'Two step increases in dilution rate were %mposed on the bio-system,
aft?r it had reached steady states: the first from a mean residence
time of f:= 16 hours to a new t of 12 hours, the second from £ = 12 hours
to t = 8 hours. The observed response of the‘OUR appears in Table III:18
and Figure III-9. Within only minutes of the administered hydraulic
shock there was an increase in QUR, which, after reaching a maximum
within the first hour, receded to a plateau of values higher than those
of the previous steady staté. The effect was more pronounqed during the

14

shift from £ = 12. hours to T = 8 hours. It should be noted that the OUR

reachied steady values within the first hgurs of the first detention period

in boﬂh cases, i.e. considerably earlier than required for a quasi- °
‘:¥eady state ig terms of COD and MLSS to set in. The absolute values
of OUR in mg/D.0./1-hr appear considerably lower thag\the ones reported

for the same dilution rates- in section I11.2.D because of a lower biomass
b ¢ .

concentrationg%n the present "run".

A

The initial "overshoot" eharacteristic of the OUR response could
be indicative of a metabolic adaptation process on the part of the

microbial population, as the organisms find themselves suddenly in an

Al

’\

A ! e
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TABLE I11-18
RESPONSE OF OXYGEN UPTAKE RATE TO HYDRAULIC SHOCK

A.

. - _ mg D.0. D O
Sh‘1ft from t = 16 hrs. time [hr] OUR [ mg 2.2
to t = 12 hrs. j

0.0 7.5
0.5 22.5
1.0 | 270
1.5 15.5
2.0 10.0

~

o rmg D.0.
B/-SQ:;iFfrom t =12 hrs. time [hr] OUR [ S hr ]
to T~ 8 hrs.

0.0 9.8
0.5 38.5

- 1.0 1§ 42.0

' 1.5 27.5
2.0 15.0
2.5 12.5

\

10
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Figure III-9: Variation of Oxygen Uptake Rate

upon Changes in Detention Time
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excess of substrate, whereas during steady-state operation the substraté
concentration is growth-limiting. It has been shown before that a size-
able increase in 0U§ occurs upon administering an excess dose of carbon
source to microbial cultures [e.g. Hospodka (1966)].

The Oxygen Uptake Rate can be equated to pX

Y
0
j.e. OUR =2K°
0,
and at s?eady state without recycling
our =D%
Yo
2 ~
where: ='specific growth rate - )
D = dilution rate
X = biomass concentration
Y0 = oxygen yield,(mass of cells )
2 (mass of 02 consumed )

A step increase in D will impart an immediate boosting in OUR, which
should eventually level off, as the dilution rate is staying constant,
since also Y02 is a functioﬁ' pf D, assuming no sizeable reduction in
biomass concentration dee to washout.

However considerable oscillations in OUR might be observed in
later stages of mpparent steady-state operation and could be either
circumstantial, due to local transients (e.g. unsteady agitation and

aeration) or systematic, due to shifts in sPecies predominance, or e-

ven to inherent limitations of the experimental technique.

N
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[I1.2.F Oxygen Requirements

The rate of oxygen demand exerted by a mixed microbial population

is related to the air supply required in a biological waste treatment

4

facility and therefore very usefu] for design purposes.
~ ¢
It is made up of two parts:
(a) demand for oxygen to biologically oxidze the substrate

I
removed for synthesis of new cells

(b) endogenoys respiration required for basiE cell maintenance

g . .
¥ The first term is a function of substrate uptake SO-S
i \
and the second term is a function of the microorganism concentration X
inside the system, neglecting the effects of cell decay [Eckenfelder
(1966)]:
X
So's *
OUR = a — +bX (1)
t .
_ mg O2 consumed mg substrate removed .
i.e. Four = a ouT + b (mg biomass)
where OUR : Oxygen Uptake Rate (or rate of 0, demand)
S0 : Influent Substrate Concentration”(e.g. COD)™ -
S : Residual Substrate Concentration {(e.g. COD)
t : Mean Detention Time
X : Biomass Concentration (e.d. MLSS)
a,b :‘Constants ' N
A Y
Constant b is known in particular as the endogenous respiration con-
stant. If both sides of equation (1) are divided by X we get ,
»
SO-S —
Q. =2 T +b  (2)
( 2 xt . ~
- v
& .
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-where Q0 is the "Specific Oxyz:5§Uptake Rate", i.e. OUR per unit mass
2

. of cells. Because of the linear relationship shown through equation
1

(2) between Q0 “and SO-S " one could plot values of specific Oxygen

2 — e
Xt ) \

Uptake ‘Rates exercised at different dilution rates versus values of

specific removal SO-S multipiied by the correspbnding dilution rates

in order to derivexthe values of the constants a and b. Sﬁecific

Oxyéen Uptake Rates have been computed from the data of Rua No. 5

(see Table III-17) as have been Substrate Consumption values (i.e. -7\3

Specific Removat x Di]utign Rate) and are tabulated in Table III-19,

whereas a plot of 002 against EQ:E is presented in Figure III-10.
xt

The values of constan%@ a and b obtained by this graphic method

mg Oé ; }
are: a = 1.335 57CO0 removed
mg 02
and b = 0.00423

ﬁﬁ—ﬁ[SS-hou?

ATthough the absolute values of‘%UR recorded during Hydraulic Studies
(Run No. 5) -generally reflected the magnitude of microbial oxygen
demand exerted during sybsequent tests, i.e. values ;anging from

~ 50 mg D.0./1-hr to 8 mg D.0./1-hr according to the dilution rate
employed (values around 50 mg D.0./1-hr were encountered at detention

times of 8 hours), for design purposes it should be noted that_the

highest OUR value encountered amounted to 66.5 mg D.0./1-hr, at a
. X

o

x



TABLE III-19
DATA FOR THE DERIVATION OF OXYGEN DEMAND CONSTANTS

[Based on Results from Run No. 5]

Detention Time Substrate Consumption . Specific OUR !
t 2o [etitse ] O 19201 /tmg miss]
[hours] X+ % ™ e T 9
o 24 0.0038 0.0090
16 0.0069 0.0140
12 0.0113 0.0195
. 8 0.0188 0.0285
6 0.0277 0.0416

Oxygen Demand Constants

1.335 _mg 0,

=3
]

o
1§

mg MLSS

124

m02
0.00423 ——het——

mg COD removed

i
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Figure ITI-10: Graphic Deriyation of Oxygen Utilization '
. Constants a and b
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detention time of t = 8 hours, whereas OUR at endogenous respiration
levels was c]oie to 4-5 mg-D.0./1-hr. ’ /

Also tne oxygen transfer properties of the waste water were
Briefly testeJ in an effort to assess the relative capacity of the

waste liquor to absorb air from the aeration line. The volumetric

oxygen transfer rate nb is given by the welationship n‘0 = kLa(C*-C)
2 2

where kL : mass-transfer coefficient in liquid film
a : interfacial area between liquid and gas (air) per unit
volume of 1iquid (broth)
T : D.0. {dissolved oxygen) concéntration in bulk 1iquid
C* : hypothetical value of D.0. in equilibrium with € in

bulk liquid phase .

In most fermentation systems it is common practice to evaluate

the "lumped" volumetric oxygen transfer coefficient“kLa with the ultimate

purpose of calculating aeration and mixing power. However in biological

waste treatment systems there have been developed correlations for
kid (filtered mixed 1iquor)

sizing aeration equipment based on the ratio a=
\ N

k a (tap water)
of the volumetric oxygen transfer coefficients for the filtered mixed
liquor of the bioreactor and for tap water, rendering the specific
derivation of either k a superfiuous.

Filtered mixed Tiquor‘was "gassed-out“, 1:e. first stripped of
dissolved oxygen by way of sparging with nitrogen (the depletidn of
D.0. was foi]owed electrometrically through the YSI Dissolved Oxygen

|
Meter) and then reaerated directly from the laboratory air-line and the

D.0. concentration recorded until saturation was achieved. The same

-



127

i

technique was applied for tap water. The D.0. concentrations plotted
in semilog paper vs. time (in minutes, linear sEa]e) produced eraiqnt
lines whose slope ratio is o. The value.of « waﬁ&found to be 0.831
at T = 25° C.

Another/constant used.in the abeve-mentioned correlation for
sizing aeration eqﬁipment for the fi;]d-scale facility to be designed

/CS (waste water) *

is:a‘ﬁ =

CS (tap water) N

i.e. the ratio of D.0. concentration at saturation in the waste water

(feed to the bioreactor) over D.0. concentration at saturation in tap

water. The va]ué)of g8 was found to be 0.97 at T = 25°¢.

- o

-

L}
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[11.2.G. Nutrient Requirements

Nitrgaéﬁ/and phosphorous are recognized as the two most important
elements which must be p?esent in the waste water, apart from the main
carbon source, for an ef&gctivé biological treatment to occur.

s N ..
There was always an excess of* nitrogen in the form of ammonia in

the Petrofina raw waste watgr, which had to be reduced to non-toxic

levels by the strfpp{n retreatment: Typically the concentration of
ammo ialin the' raywaste water ranged from 120 to 150 ppni while that in
the stripped feed was around 20-30 ppm, a concentration judged to be
adequate, in yiew‘of the accqeted proportion of organic lcad to nitrogen
[according to Sawyer (1956) the BOD:N ratio should be at least 18:1].

As for phosphordus, because of the low levels in which it occurred
in the stripped feed“an®also because of possible interferences in the
me@pﬁd of analysis it was not always easy %o measure its concentration.
However in the analyses performed on the mixed liquor of the bioreactor
there was a concentration of about 2-5 ppm P, whereas the maximum value
recorded was 10 ppm. This P concentration was made possible not only
because of the practical absence c$2any systematic sludge wastage ex-

cept for the biomass withdrawn in the daily samplings of mixed 1iquor,

but also because of tfe acié pH-controlling solution whichjconsisted of
3N NaH2P04. Thus the bio-treatment operation was assured of a satis-
factgry prpportioh of organic load to phosphorous { according to Sawyer
(1956)" the BOD:R ratic should be 96:1 whereas Sherrard and Schroeder

(1972) propose a COD:P ratio equal to 130:1].

+
\

R




In view of the above it would seem recommended to use supple-
mentary phoéphorous source (e.q. phosphoric acid that could be combined
in the pH~-controlling scheme or a phosphate salt in the recommended

proportion) for the full-écale facility to be designed.
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111.2.H. Removal of Toxicants

As was outlined previously the pretreatment facility was instru-
~mental in reducing the levels of toxicants, particularly ammonia and
hydrogen sulfide to levels thaf co be harmlessly handled by the
\ microbial population of the act{vat Sludge.
The most serious/case of heavily laden raw waste occurred during
" one of the shorter-tem continuohs flow experiments at a detention
- time of 8 hours that follows the principal Run No. 5. The raw waste was
. coliected from an outlet situated before the Wemco Depuéator on the
. Refinery field as the Depurator happened to be out of order. The sul-
fide concentration was-125 ppm and that of(émmonia was 197 ppm. The
air-stripping and neutralizing procedure was intensified and a lot of
t effort was invested towards reducing the free oil of the waste. The
stripped waste contained 15 ppm sulfide and 30 ppm ammonia, levels which
. apparently did not disturb the normal course of the biological treat-
ment inside tﬁé fermentor to any detectable degree.
- During the operation of the bio-treatment facility at a detention
time of 8 hours* tpe stripped feed contained on the average less than
10 ppm sulphide and between 20 and 32 ppm ammon1a. At the same time
it was invariably spiked with phenol at around 30 ppm. The effluent
from the bioreactor was always free from both phenof and sulfide

(< ppm). ST

AY

*Including the corresponding portion of Run No. 5:

‘ \
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In an individual continuous flow experiment at a detention time
of 8 hours the stripped feed was spiked with phenol first at 60 ppm
and subsequently at 100 ppm. The biomass used in the first part of
this "run" was already acclimated to 30 ppm of phenol from a previous
continuous flow experiment and could handle the new phenol level with-
out any disruption, not even a minimal one, in terms of residual phenol,
COD and sludge characteristics. After a smooth operation at 60 ppm
influent“phenol over 4 detention periods the feed spiked at 100 ppm
of phenol was pumped into the reactor. It seems that the mixed micro-
bial population had already achieved a high degree of acclimation, as
there was again no discernible upset of the system apart from a mere
2 ppm of effluent phenol 1n the end of the first detention period afteﬁ
the new feed was administered. The degree of organic load removed
continued to fluctuate around the 72% mark (% COD removal) and there
was excellent settling of sludge and clear effluent for the next 5

detention periods until all the spiked batch of waste was consumed.

-
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111.2.1. ¥ffect of pH

As was mentioned previously the normal course for the mixed 1ﬁquor

inside the bioreactor was a gradual drop in its pH when this was not
externally éqntrol]ed. This spontaneous pH drop may be exﬁaained by
acidic metabo}ic intermediates accumulating during the process of bio-
logical treatment of the o0il refinery waste water. It ;as found that
the pH drop was detrimental to the efficiency of the treatment as the
mixed microbial population could not reach the 1eve]s‘of organic load
removals achieved around neutrality and there was a definite tendency’
for the sludge to deflocculate and for hindered settling to set infa
was already exposed when dealing with continuous flow "runé”——or‘po
tions thereof--without pH control. The organic*load (COD) removal was
calculated between the influent and effluent (from the cell separator)
COD, as the supernatant had a tendency to become turbid and entrain con-
siderable amounts of dispersed biological solids over the weir. These
symptoms started appearing at a pH between 6.5 and 6.0, but became !
quite obvious at pH's less than 6.0.

.}t is known that with relatively prolonged operation of mixed
microbial systems such as activated sludge at acidic pH (e.g. 4.5-5.0)
the selective pressure of the chemostat displaces bacterial species 1n
favor of yeasts and molds and also that the concomitant dispersed growth
can be attributed to filamentous fungi [Cf. Pipes (1967), Gaudy (1975)].

In an individual continuous fiow experiment performed at a detention

time of 16 hr. (D = 0.0625 hr'1) the pH was left to drop freely by

»
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turning the pH-controller off after a steady state operation had already
been established. Inflowing COD was 285 mg/1 and residual COD around

50 mg, practically the same as that of the particularly clear effluent
from the settler (% COD removal =82%). After shutting the pH-controller
off ﬁH 1’% recorded at one-hour intervals and also the OUR was measured
at the same time as an index of the sludge's activity. The results
appear in Table III-20 and have been plotted as pH and OUR values vérsus
time 1n Fig. III-11. These data show that initially the incremental
drops in both szfnd OUR were larger than the ones observed later. When
the pH had reached a value of 5.5 five hours after the disconnection of
tﬁe pH-control the OUR was a]rgady approaching endogenous respjrafion”
levels having been reduced by more than 50%. Measurements of residual
substrate (on filtered mixed liquor drawn from the reactor) at points
around pH = 5.0 did not show any dramatic increase (residua] substrate
=85 mg/1 i.e. at 70% removal) but the COD of the effluent was more than
130 mg/1 (less than 50% removal). Still the most serious effect was the’
loss of bidlogical solids with the effluent from the settler. An ele-
mentary biomass balance, taking into accoun& the mass of the samples
withdrawn and the mass of'so1%ds collected in the effluent reservoir
over the period between the oﬁset of the perturbation and the time Lhen
pH = 5.0 (~6% hours later) revealed that there was ap actual overall in3’
crease in biomass but whi]e‘the MLSS at t = O measured 1005 mg/1, 6%
hours‘iéter the MLSS aQ?unted to only 435 mg/1, (i.e. a ~50% loss if

we take into account t@é possible experimental error in MLSS determina-

. /

tions). ' *



134

“

The above observations pointed clearly to the absolute necessity
of a controlled pH around neutrality. .Experience during the long-term

continuyous runs showed than an optimal pH range would be between 6.8
and 7.5.

2
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Table 111-20

pH and OUR variation duriniopération

without pH control (t = 16 hr)

Time . pH OUR
[hr] 'L mg/2~hr
0 7.3 16.0
1 \(- 6.7 12.0
2 ' 6.2 9.4
L
3 5.7 . 8.2
" 5.4 7.6
5 5.2 7.0
E
“
\ '
( [+
[
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Figure III-11: Operation Without pH Control
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I11.2.J. Effect of Sludge Recycling

The cell recycle ratio employed throughout the Main Treatab}lity
) ]
Studies, namely r = 0.67, although chosen empirically upon observations
of the settling properties of the acclimated sludge (degree of combaction)

--concentration factor c¢) and also of the sustained level of biological

solids at steady state, it still proved quite beneficial not only in

terms of the successful lab-scale performance of the system,.but also
in terms of a more general design implication; i.e. that given this
recycle ratio and the degree of compaction of the sludge‘dilution rates
even higher than dictated by the maximg? Epecific gquth rate M, can

be used, since the specific grow}h ra%e.(of 6ours¢ the "mean" u, as we
are dealing wit; mixed populations) is not controlled by the dilution
rate only, but by the factor A =1+ r - rc too.

In mosf field-scale applications of the Activated Sludge Process
comprising the majority of municipal se&age treatment plants the above
ratio would seem rather high (the'usua] figure is 0.25-0.30). Still \
many activated sludge systems do require high recycle ratios in ordgr
to maintain effectively a biolbgical solids level con;iderably hi@ﬁer
than can be'supported in agtive grpw;h by the available ;ubstr;te, as
noted by Gaudy et al. (]967); this was the case with-the Petrofina
-waste (unlike the Gulf 0i1 waste in which increased recycle ratios )
tended to increase sludge "bulking"). At the szme\time the chtor of
cell decay kd tends not to be negligible in sysfems with rather high
recycle ratios and this is why it Qas taken into account in-the formu-
lation of the kinetic equations (in usual'pure culture fermentations of

. A \ ' b

' e
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_ of the rest of the system lacking the cell feedback it was decided that
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particularly rapid-growing microorganisms the cell decay factor is
neglectgﬂjf ) '

} Along these lines an attempt was made to/;ompare our successfully
operatfng bio-oxidation system (with cell recycle at r = 0.67 and a
nominal detentivn time 6f'f = 8 hours) with an identical system lacking
only the cell recycle loop. A New Brunswick Microferm fermentor and its

accessories happened to become 5vai1ab]e towards the end of the Maip
Treatability Stﬁhies and.was used with the same waste feed and fhe same
inoculum as the Qrigina] system. In order to assure complete simulaxiep
both systems be dqpfived of automatic pH controlf as there was only one
automatic pH controller .available. In this way manual pH regulatiop
was practiced on both dnits but both systems were followed closely in
order to avoid as much as possib1e the detrimental effects of a sizeable
pH drop. Fegd to both systems: ~300 ing/1 COD and 35 ppm phenol.

The absence of cell recycle broughthabout the predictable situation -
of very low levels of MLSS in the new system: Starting at about 1300
mg/1 (for both syst;ms) the new system ended up at less than 300 mg/1
by the third detention period both because of the relatively high turn;
over of feed--for a system lacking in recircu]ation*--aﬁa also because of
tonsiderable losses of solids in the effluent from the settler. Another

possible advantage which the "once-through" system was also . lacking

4

\

*Since in this system u was simply equal to D = 0.125 hr”]
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was the simple fact, qupted'by Gaudy (5975), that the cell fecyc1e in-
creases the cell concentration, X, in the reactor and that the presence
of\greater biomass concentrat?ﬁn might be reinforcing the system em—u ”
‘ployﬁng cell recycle against leakage of carbon source.

. It was further observed that although the removals of COD and
phenol were not generally very diffefént betweeﬁ the tyo systems (i.e.
75% COD removal and ;1 ppm phenol for cell-recycle system and 65% COD
removal and again <1 ppm phenol for "once-through" system) there was
_wide fluctuation in the values of the quasi-steady state established -
in the onée-through system and the removal remained at the above level
only when portions of aéclimated sludge were added to complement for
some of the losses of solids at the end of the fourth detention period.
It should be noted here that the "removal" for the "once-through" %
sys£§m was computed in terms of residual rather than efflueﬁt COD (due
to the solids included in the actual effluent).

The effluent from this non-recycle unit after separafion from the
entrained solids (quiescent settling as in the -settler of the system
with Sell recycle) was still strikingly more turbid than the super-
natant from the ce]1‘separator/of the original system, altaough the SVI
‘for both sysébms was comparable.at around 50. A typicé1 example is . &
givén in the fo]]owing witﬁ regard to the % light transmittance observed
ihrougﬁ the settled supernatants from mixed Hiquor samples of the two

'systems (A= 540 nm)?
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Table III-21 (a)

<4
v

f
Efﬂécts of a siug dose of jNa+J = 10,000 ppm \:

on the performance of the Activated S]udge_proce§§

[D=0.125 hr™'; T=250C; pH=6.8; recycle: 67%]
influent COD=400 '

N
Time Residual MLSS
(hours) [COD [mg/%] | [mg/2] | mg D.0./g-hr Remarks .

-8 74.0 1400 23 SVI: 53, excellent
flocculation and com-
paction

0 75.6 1400 22 MLSS/MLSS = 0.68
2 86.9 1260 18
10 90.7 2200 13
24 98.3 1750 9

\—.
48 104.0 1360 18 Shift in biomass color

(brown to grayish)
56 95.0 1410 23.1
64 98.0 1460 24
{2 86.0 1375 25
80 92.0 1425 " 24 SVi:-42
A Ay
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| and have also hinted that the higher averagF age of the cells in

N
' Q 140

oy

% Light Trangmittance

Qnce-through Cell-recycle
system system
After 5 min. settling .63 87

After 15 min. settling 72 93

9

The beneficial effect\of cell recycle on the flocculating and
settling characteristics of the microbial population was noted by
Ramanathan and Gaudy (T§69) who_have suggested that under recycle con-
ditions the cells undergo a period of endogenous respiration pr meta-

bolic dormancy in the settler which may enhance flocculation tendencies

these systems may also be a contributing factor.

Finally it was suspected that the deflocculating teﬁdencies of
the once-through system might also reflect its reduced resi]}ency to-
wards the almost perennial pH shock loadings brought about by the
manual regulations of the pH, whereas the ce]]-rebycle unit provéd
quite resistant to the above step Ehanges in pH (these were not as pro- .’
nPunced as in Run No. 4, because of the close attendance given the

two parallel systems).
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[11.2.K. Effects of High Ion Concentration

Unlike the abundance of published information on the biological
';reatment of industrial waste waters for the removal of organjc pollu-
tants, relatively little is known concerning the effects which the inor-
ganic constituents of the waste have on the course of the removal of the
organic po]]utaﬁts and on the operational behavior of completely mixed
activated sludge systems.

An introductory investig;tion was made on the effects of high con-
centrations of ionic species on the yield of biological solids and on the
ability of a heterogeneous microbial population continuously cultured on
the Petrofina refinery waste to remove substrate.

The ionic species specifically selected to be studied was sodium,
since it is the most common cation to be encountered in“0il Refinery
waste waters in large amounts. Sodium ions usually originate from saline
waters used mainly for cooling purposes at refineries situated on tge
seashore and also from neutralizing operations (with NaOH) on acidic waste
water streams and tank bottoms effluents, which, at times, can result in
transient shock dosing of the bio-treatment faci]i%ies with sodium ion
concentrations well into the thousands and even tens of thousands of ppm. /

1t was degided to spike the refinery waste water batch with neutral
sodium phosphq£é (Na3Pd412H20) first at a level of 10,000 ppm of Nat and .
subsequently , %f the system was not permagently disrupted,at a second
]eYF] of 30;000 ppm-of Na+. Both doses wére to be administered in a "slug"

manner, the step addition being only smoothed by the quasi-exponential -
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diluting-in of the ion. The choice of a phosphate salt was made over
sodium chloride, as high chloride ion concentrations are known to impair
the biological treatment unlike phosphates. Because the orthophosphate
union PO4 is a Lewis base'with a conjugated Lewis acid which is relative-
1y weak (phosphoric acid, H3P04) hydrolysis of ﬂa3P04]2H20 occurs in
acqueous solutions, resulting in an alakaline PH. Hence, after the
spiking addition of the sodiu; salt the pH was adjusted back to neytral
with sulfuric acid.~
The Qaste water's -characteristics were as follows:
COD = 400 mg/1 whereas the bio-system was operated as
Phenol = 32 ppm usual at 67% total (i.e. no sludge wastage)

Susp. Solids = 77 ppm cell recycle, at 25%, pH=6.8 and 360 rpm.

Before the spiked waste water was started to be pumped into the bio-
1
reactor at a dilution rate of D=0.125 hp~! (mean residence time T = 8 hrs)
a steady state of treatment had been reached with the unspiked Tiquor,

at the same dilution rate, with the following parameter values:

Residual COD: 74 mg/]

Phenol: <1 ppm

MLSS : 1400 mg/1

MLVSS/MLSS:  0.68

Oxygen Uptake’Rate: 23 mg 02/] - hr.
SYI: 53

The Continuous flow data of the experiment appears in Tables 111-27(a)
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Table I11-21 (a)

t

\ Effects of a slug dose of [Na'] = 10,000 ppm

/
| §n¥the performance of the Activated Sludgejprocess
1

[D=0.125 hr™'; T=259C; pH=6.8; recycle: 67%]
influent COD=400 ppm
—~ i 4
Time Residual | MLSS
(hours) {COD [mg/2] | [mg/2]} | mg D.0./2-hr Remarks
L
-8 74.0 1400 23 SVI: (53, excellent
flocdulation and com-
pactﬁsn
0 75.6 | 1400 22 MLSS/MLSS = 0.68
2 86.9 1260 18
10 90.7 2200 13
24 98.3 1750 9
48 104.0 1360 18 Shift in biomass color
(brown to grayish)
56 95.0 1410 23.1
64 98.0 1460 24
N 72 86.0 1375 25
80 92.0 1425 24 Svi: 42
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Table III-21 (b)
Effects of a slug dose of INa'] = 30,000 ppm
on the performance of the Activated Sludge process
[D=0.125 hr-1; T=250C; pH=6.8; recycle 67%; inf1.C0D=400 mg/2]
System accliminated to [Na+] = 10,000 ppm

Time Residual MLSS OUR Optical Transmitt.
(hours) coD [mg/2] mg/&-hr SVI %{supernatant) . Remarks
[mg/]
0 ( 80)* 92 1425 24.0 42
2 ( 82) 103 1600 21.0 46
8 ( 88) 115 1400 15.0 42 Color shift:
‘ greenish
16 ( 96) 159 1525 10.5 27 29 &
24 (104) 229 2130 7.2 8.5 '
40 (128) 245 2700 8.0 1.6 3.0 MLVSS/MLSS =
0.48 - 0.60
~.
48 (128) 268 3200 7.0 3.0 "
60 (140) 293 3480 8.4 3.0 "
**(72)(152) ) "
80 (160) 286 3100 "
90 (170) 252 2900 9.0 \ 20 "
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> Table I111-21 (b) _
’ (cont.) : L i
I -
i Time Residual | MLSS OUR Optical ‘Transmitt.
(hours) - COD [mg/e] mg/%-hr SVI %(supetrnatant) Remarks
- [mg/2] ’
. 1w .(194) 205 2780 14.0 . ™ 5.0 TMLVSS/MLSS =
| T ’ ‘ s . ) 0.48 - 0.60
& ‘ <144 (224) /128 2720 f 8.0 18 "

\ &
| o
|

*Time in parentheses computed-from introduction of 1st shock.
Sl L% **Point when high-ion concentration feed was left to dilute out of system.

<
- ; ~ = o
i -

t v

t



Figure I11-12: Effect of High Na' Ton Concentrations

on Biological Treatment
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Figure I11I1-13:

\/\

(a) Photomicrograph of healgpy settled activated
sludge; Detention time: 8 hr.
(b) Photomicrograph of settled activated $ludge
70 hours after a-shock load of 30,000 ppm
+ . . < S
Na ; Detention time: 8 hr. k(?

" (magnification x 600)
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and I11-21(b) while the course of the variation of the different parameters
& . s
monitored throughout the run is shown graphically in Figure III-12.
The .variation in substrate removal efficiency was only minor in the

case of the first high-ion concentration shock: ‘there was a consistent

1

rise in residual COD in the firsk four detention periods, reaching a.

-1

maximum of 104 mg/1, probably due to metabolic ihtermegiatgs and/orend

products according to evillence presented in cases of high sodium chloride
dosing and activated sludge syitems ai reported by Kincannon and co-
workers (196§ and 1968). By the fifth detention period after théxsodium
concentration had reached the 10,000 ppni level the system exhipiféd
definiteﬂrecovery and went on to stabilize 1tself at a residual’ COD con-
centration of 92 mg/1 (i.e. a remqval‘of 77% compared to 81% at the
steady state prior to the sluﬁ‘ﬁgés of éodzgm). As the sodium cancentra- ,
tion in the fermentor increased there was'a_FETEtiXE]y small initial
decrease in the biological solids level fo11owed 1mmed1ate1y by a sharp

and sizeable increase (2200 mg/1) at the beginning of the second deten-
t1o£’period. This could be explaimed ip a way analogous to Kincannon's

and Gaudy's (1968) proposal of an en masse increase in cell yield or

a yield increase due td halophile species predominance in the heterogen- °
eous microbial culture. There fo1ibwed a smoother decrease in biomass
concentration, which from the sixth up until the end of the tenih det;ntion
period remained practically stable at values around the'14?5 mg/1 mark, L
i.e. essentially the same level as that of the steady stﬁte existing prior ¥

“ ¢
° to the introduction of the sodium salt. In.Kinfannon's system the new

'
/s(gg

. [
e ’ . / . ‘*;ﬁé:'
BTt
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'steady-state level of bio]ﬁgica] solids was considerably lower than the
initial one'before the salt dosing, but there was no cell recycle. The
ce]} recycle in the present system could also help explain the relative
ease of adaptation of the activated siudge population to the step intro-
duction of a 10,000 ppm concentration of sodium.

The initial upset of the biomass was also illustrated by a "sagging"
profile of the Oxygen Uptake Rate (OUR) immediately following the diluting-
in of the salt, buF the final acclimation of Ehe biota was seen in the
stability-of this pérameten as well beyond thg;s}xth detentign period.

Although no systematic meésurements of SVI were taken during this
first portion of the experimgnt, the set}]eabi]ity.of the biological soaids
was maintained at the same level as the prevailing in the salt-free opera-
tion. Still from visual inspection it could be inferred that new species
predominance had occurred, as the color éf the studge had shifted from

brown to light gray. ‘

Waste water at a tQ::f—fold higher sodium concentration (30,000

ppm) was introduced at the end of the tenth detention period (at t = 80

_hours)> from the first shock loading. It is apparent from the tabulated

and plotted data that the substrate removal ability of the system was

severely impaired almost from the time the new high salt concentration
¢

“~

staLted building up inside the réactor and even ten de%ention periods

after the introduction of this second shock the residual substrate was
around the 290 mg/1 level (i.e. removal only 27.5%). In an attempt to
fee if the effect was reversible the ﬁa]ty waste feed was left to dilute

out of the system starting at t = 72 hours after the shock.

- b
.

e Ty BT et w T DY
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Y . A'rather unexpected resdl; was the apparent increase in the concen-
tration of biological solids, which continued even after the influent
X ‘ sodium ions had reached the pre-set level of 30,000 ppm inside the bio-
reactor, attaining a~peak value 6f close to 3500 mg/1 (almost an increasg
by 150% over t;e‘previously established steady state) 60 hours after the
shéck.e The MLSé level started decréasing slowly only a considerable time _
after the salt was left to_compﬂeteldeiluté out of the reactor. It was
suspected that the mLSS \e.st might no ‘more be a reliable estimate of
viable cells, since Oxygenlﬂptake Rates had fallen to an all-timé Tow
plateau of around ; mg 02/1~hr., i.e. almost endogenous respiration
levels. Still the MLVSS/MLSS ratio was between 0.48 and 0.60) which,
although indicative of lower viability, still points out that- there was
a sizi?ble net increase in the microbial population. It can on}y be
speculated that the higﬁ sodium and possibly the concomitanféﬂﬁgh phos-
phate level gave rise to increased yie]ds\of bioﬁggs, but the overall meta>
‘bolic activity of this sludge was particularly low, as'can be seen from
: v bthe high residual substrate concentrafion and the low Oxygen gptake Rate.
Despigz the excellent compaction which was exhibited by the biomass' as
can be seen from the steady decline of the SVI and its attainment of a

!
, plateau at values lower than 20, there was very dispersed growth, with a

5

resulting effluent stream which was particularly turbid, as is shown by
. the optical transmission measurements on the supernatant from the cell
. ; §
. separator. The decrease of MLSS during and after the dilutinj-out of the

salty influent wéste could also-indicate a degree of lysis cells after
% .
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; .
, this osmotic stpock. Examination of the sludge under the microscope

revealed minute dispersed flocs and aggregates of‘solid clay-like

materia], partly accounting for the B?eenish appearance of the biomass

soogafter the introduction of the second high ion level; two micrographs of

Ay
\T'..

healthy s]uégg and high salt-8osed sludge appear in Fig. 1II-13(a) and

‘ (b) for visua1\coﬁparison. It was concluded that a 30,000 ppm level of

Na+ could not be handled by the mixed microbial population and led the

_ system to irreversible damage, unlike the previous shock loading of

10,000 ppm .of Nat which was effectively accomodated within only a few

detention periods after it was imposed.
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'III.2.L. Correlation of Qrgahic Parameters ' \

PRI 5 0 o e e

1
The organic/content of waste water being the main substrate

i

utilizable by aerobic microorganisms is usually estimated in terms

-

- e

of "oxygen demand" using BOD (Biochemical Oxygen Demand), COD (Chemi-
cal Oxygen Demand) and TOD (Total Oxygen Demand) or in terms of
carbon using TOC (Total Organic Carbon). These are the most common ,
organic parameters for the characterization of industrial waste
waters including thase of 0i1 refinery and petrochemical origin.
Although there have been efforts io interrelate these parameters
e theoretically we can only haQe approximations, mainly‘in terms of

s accuracy (i.e. regarding percentage of Theoretical Oxygen Demand or
of Theoretical Carbon Concentration). It is recognized therefore
that the organic parameters all too often have serious limitations
as to how well they repr;sent the available substrate for biodegra-
dation but they are very useful from the engineering standpoint.
Consequently beyond the above-mentioned efforts at definiﬁg their
accurac} in respect to some.abolgte measure of substrate there* have
been attempts to statistically correlate the organic parameters. of , g
particular categories of waste waters with relatively common otigin
and, presumably, approximately comparable distribution and composition.

. ’ The most comprehensive work on this ty?e of cgrre]ations

appears to be that of Ford et al. (1970) with applicability to oil-

. refinery and petrochemical effluents. The particular correlations . g

\ 2
- -between BOD, COD and TQC appear also in EPA (1971) and reflect results
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from numerous analyses over a number of related industrial facilities.
' As discussed in the section on Analytical Methods a few "grab"-
type BOD and TOC tests on the raw Petrofina waste, the stripped feed

and the final effluent were performed and they seem to gfnerally:fit

e the ratios and ranges suggested in the above-mentioned reports.

- Numerical values of ratios averaged over a set of five analyses of
BOD and %OC on top of the routinely per?ormed COD tests are given in
Table III-22 as typical of an equal:number of waste water batches\
(raw and stripped) tHat underwent continuous bio-oxidation runs at
t = 8 hours, : .
It should be noted that the above éSF;;;;%ions are to be con-
¢ sidered as tentative rather anq far from final, or exhaustive, since
the task of obtaining stqtistical]y significant ranges of such para-
meter values would constitute ;n\en;irely different project in itself.
Still the above results are instructive in the following aspects:

The COD/TOC ratio forxthe raQ waste .reached beyond the maximum
value 6.65 reportéd for chemical and refinery wastes by Eckenfelder
and Ford (1970) indicating the presence of inorganic-reducing agents

/ (it actually contains NH3 and HZS)' Also in absolute values not
’ reported here it was ﬁoted that the TOC of the stripped feed was
considérably higher than that of the raw was?e (see typical figqres
in next section) owing to the doubly boosting effgct of the phenol-

spiking and the release of most of ammonia and hydrogen sulfide

i during the pre-treatment. The COD)TOC ratio of the stripped feed

<

)
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" and the effluent are within the limits reported in the literature

cited above.

The BOD/COD ratios for all three categories of water seem to
fall with%n the limits reported in the literature. Note that the
somewhat lower values ofwthis ratio for the raw waste (and the effluent)
show the relative scarcity of readily bio-oxidizable organic material
in them, implying that it is possible for the raw waste liquér to

be treated physically or chemically, at least partially.
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Table II1-22

.Tentative Correlation of Organic Parameters

(Bio-oxidation at t = 8 fir)

COD/TOC
Raw Waste: 6.0-8.0
Stripped Feed: 4.2-5.0

Bio-Treated Effluent: 4.5-5.5

-

BOD/COD
0.30-0.40
0.50-0.60
0.15-0.25
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I1.3. dgnc]usions
Both the Preliminary Studies and the Main Treatability Studies

priovided valuable informatioh concerning the effectiveness and the
drawbacks of biological detoxificat%on of each type of liquid waste
examined.

The former revealed primarily the limitations imposed on the
operation of a high-rafe bio-oxidation process of the completely mixed
activated sludge form as originating from:

- The characteristics per se of high-strength phenolic waste
streams from petrochemical and oil refinery operat%ons (hence:
consideration of a pre-treatment step).

- The absence of closely-regulated environmental conditions such
as pH.

- The depeﬁéence of the bio-system on hydraulic and feed make-up
perturbations (variable chemical load). '

- The effect of "past growth history" (incomplete acclimation)
of inoculating sludge.

The same Pre]imina§y Studies helped recognize some typical patterns

of response of measured parameters, e.g. substrfte and biomass, upon

environmental shocks and were also instrumental in designkng and op- -

erating the closely controlled experimental set-up for the Main Treat-

ability Studies. : .
Through the latter the systematic investigations undertaken

showed that after a physical-chemical pretreatment for the neduction
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of the coricentrations of trouble toxicants (NH3 up to 85%, I!S up

to 92%) the well-characterized refinery waste was effectively amen- ,
able to biological oxidation achieving satisfactory steady-state
operation of the Completely Mi;ed Activated Sludge Process at degen—
tion-times from 24 hr. down to 6 Hours, with % COD removals of gener-
ally more than 70% over the pre-treated feed (or.more than 73% over

the raw feed), excellent settling and flocculating capacity of bio-
méssh(SVi: 37-49), particularly if of munic7§a1 6rjgin, and elimina- .
tion of toxicants (e.g. H,S, Phenol <1 ppm). These overall data

derived as typical for the Petrofina waste water are tabulated 1n

TJable II1-23.

In particular the hydraulic studies of the bio—treafment process
(1.e. ;éqggntially imposing different detentaon times and following
the response of the system) either in themselves or in Comb1qati0n/
with individual 1nvestigations of variables furnished ré;dily useable

design information for upscaling of the bio-oxidation system (see

also Table III-23) such as: :

Fd

- . Optimum range of detention times.
- Predicted (theoretical) maximum dilution rate by means of
maximum specific growth rate and recycle constants.

, l
- ' Predicted (theoretical) sludge production, through the cell
-

yield (implication regarding sludge disposal).

- Predicted rate of substrate uptake of different dilution rates

and hence degree of organic removal. . 0

-
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6
- Oxygen requirements (data on microbial oxygen demand and
oxygen transfer consiants).
Finally specific studies ‘ed on particularly useful aspects of the
bjolggical treatment revealing: )
- Nutrient requirements to be exivapolated for field-scale
facility.
. - Capacity of system to e]iminaté_up to,]OO mg/1 phenol to o
levels less than 1 ppm. .
- Usefqlness of OUR as a measure of biomass activity in hydrad]ic
(increased D) and chemical (low pH, high Na© concentration) E
: shocks. ; : -
- Relative resistance of the bio-system to high Ion Concentra-
tionsqexemplified by 10,000 ppm and 30,000 ppm of Na*.
- Tentative cbrrelations of organ{c parameters COD, BOD and 8
:j . TOC for rapid estimations of waste water quality and treat-
ment efficiency with‘implications on the make up of the par-
ticular stream or batch; and the suitability of physical-

A

chemical vs. biological treatment.

o -
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Table IMI-23

Summary of Design Parameters

Determined from Main Treatability Studies

<

’ ]
Stream Characzeﬁ%stics, (Average) ¢ }
‘N Stripped Feed (and Spiked
Raw Waste . Nominally at 30 ppm Phenol) Effluent
CoD 325 ppm . 290 ppm . ® 88 ppm
BOD 164 " 175 " 33 "
TOC . 40 " 64 " N16 "
Phenol 9 3o Lo
Hydrogen 55-125 " 4-10 " <1 "
Sul;ide ’
DH 8.7 7.1 5.8
, Bio-oxidation.*

Detention time: t 8 hr N
MLSS 1400 mg/2
MLVSS/MLSS - 0.65-0:71 .
Temperature, T , 25%C o
Recycle ratio, r 0.67 .
Concentration factor, ¢ 2.00
SVI 37-49
OUR (max.) 66.5 mg D.0./%-hr '

Oxygen Uptake factor a = 1.335 wy. 0,/mg COD removal
Oxygen Uptake factor b = 0.00423 mg 02/ mg MLSS-hr ~/§
Oxygen Transfer ratio o= 0.83 (T = 25°)

Oxygen Transfer ratio g8 = 0.97 (T 25°C)

Sludge Yield, Y 1.7858 mg MLSS/mg COD il
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