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A mathematical model describing’ the chaﬁge in
effectiveness factor or effective diffusivity for the
intermediate substrate in sequential substrate remaval
reactioné in fixed biofilms is presented. Typical ;esults.
from the solution of the model show that product:_ién of .
intermediate substrate in the :Bio;ilm' increases‘ the
conver;}on of pr{hary substrate to ultimate product in all

cases although the increase is not always significant.

Soluble  influent chemical oxygen demand com

£oncentrations between 5,000 and 20,000 mg L-* influence the

KN

rate of biofilm development during startup. Total biomass'®
vyields are higher and rates-of biofilm a;cumﬁlation faéter
for treatment of-lnqer strength uggtes, EVen'thaqgh ultimate
lpadings -are nét necessarily achieved as rapidly as in reac-

tors fed. Higher 5treng£h wastes. Organic loading,of{fixad

* film reactors can be increased while volatile acid (VA) con-

-centrations are mé;ntained\betneen . 200~1500 mg. L—* as long

as reactor pH is maintained between 6.8-7.6. Fixed film re—

 ac£crs shnﬁld'be started with dilute uasteﬂater.

A_dinamic model g;éed on mass balances and kinetic con-
stants of acid forming and methane forming bacteria in the
mixed liﬁuor and biofilm is presented to describe startup.
The model indicates thaﬁ biq@dss attachment and detachmenf
rates-cf 6.1—0.2 best described biomass accumulation and re—

actor substrate concentration during startup. The model

111



also predicts that under stable operating conditions, 15-20%
of the total or biofilm biomass in downflow stationary fixed

film (DSFF) reactors is composed of nethanagénic bacteria.

‘Steady state reactor‘operation %ndicates that DSFF re—
actors successfully treat wastewater 6f different concentra—
tions at high ofgénic_loadiﬁg-rates and Q;art hydraulic re—
tention times (HRT). Biofilm biouas;,conceﬁtraticn in;rgage

. - 'V
with increased organic loading rate and decreased HRT reach—

ing a maximum of 8.7 kg volatile film solids (VFS) m—= at a-

loading rate of 10 kg COD m—= d-3.

'Reactor solid retention time (SRT) is described as a

function of HRT or organic volumetric loading rate (LRT).

Based on this, an empirical steady state model and concomit-—

» -
ant kinetic coefficients are presented to predict COD remov-—

al efficiency and reactor bionass.concéntratién. The empir—
ical model gives a good fit to the data. {
. .
Maximum biofilm substrate utilization rates are not ef-

fected by biofilm thickness. For biofilm thicknesses up to

¢

2.6 mm the maximum biofilm substtate utiliration rate is be-

‘tweén 1.0-1.2 kg COD kg VFS~1 d—2, This indicates that the
biofilm is completely aEtive and substrate penetrates the
complete biofilm depth with minimal diffusional resistance.
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1. INTRODUCTION
1.1 Seneral Background -

Anaerobic biological treatment processes have been u;ed
for many vyears to stabilizé‘sludge solids prodgced Qy other
wastewater treatment systems. fﬁis suppé;ting rather-than-
primary role for.;;aerobic digestiah has ;te-ned from linit-
ations associated with the process. ,#irstly, methanogenic
-bacteéia have a low growth raié which reqqires a long solids

retention time (SRT) and a. long hydraulic retention time
(HRT). To fulfill these conditions a large reactor volume
must be used. Secondly, the process is qeﬁerally coogjderéd
to_be unstable and susceptible to failure. Tﬁe senéitivity
of anaerobic digesters is due tqﬂfchSI;;iinteractions be—
tween acidogenic and methanogenic bacteria. Thirdly, treat-
ed effluent is high in soluble and insoluble organic materi-
al and qsually requires {further treatneﬁt before meeting
dischaﬁge.requirements. -

However , anaerobic digestion has certain advanéages
over aerobic processes. l Firstly, less enefqy is required
than for aerchic systems because ﬁ;ygen need not be supplied

and secondly, methane gas is evolved. The low . solubility of

methane allows the gas to be used to offset system energy

0

requirements. Thesé.advantages have led researchers to

investigate ways df-nininizing the limitations of anaerobic

digestion. This has led to several novel reactor configura—
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tions which have msade anaerobic digesting a much sore usaful

and economical wastewater treatmsent process.

These second generatidn anaerobic reactors have in coa—
mon the ability to retain active microbial biomass in the
reactor beyoq? the HRT, fnstead of allowing it to leave with
treated effluent as in a continuous stirred tank reactor
(CSTR). This enables SRT to be independent of HRT with con—
comitant decrease of reactor volume. Included in these nov-
el types of anaerobic reactors are the upflcu anaérabic
sludge bed reacgor (UASB) (Lettinga et al., 1979, i980;, up—
_ flow anaerobic filter (Young, 1967; Young and McCarty,
‘-1969), combination upflow .sludge—blanket—filter . (UBF),
(Guiot and van den Berg, 1984), anaerobic fluidized/ex—
Randed " bed reactor (Switzenbaum, 1?78; Suitzénbau; aﬁd
Jewell, 1980), baffled reactor (Bachman et al., 1983) and
anaerabic'dounf;od stationary fixed film reactor (DSFF) (van
den Berg and Lentz, 1979,1980; Kennedy and van 'den Berg,
1981, 1982a, b). ALl of these anaerobic processes have been
shown to éucce§s+q11y treat low, medium or hiéh . strength
uaéteuaters'at High organic loading rates SLRT; and short
HRT. Also, these reactors have been shown “to be stable,
easy to operate and insensitive to adverse fransient phe—
_nomena. Reactor st#bility is attributed ta the long SRT

(Young, 1980; Speece, 1981).
Anaerobic DSFF reactors are a recent addition to the

family of second generation anaerobic reactors: and have been

']

~



mostly uﬁed for treateent o% agricultural -and - industrial
.uastewaters.  Stuqies-uith DéFF-reactorS have e.phaéized
uaste treatabxlzty once the reactar has suffxc:ent bxn-ass:
ta sustaxn high rate steady state aperatzon. No results are
ava11able that relate process eff:cxency to paramseters such
as- biomass concentrat1on, nzcrobxal act1v1ty or SRT. Physi—
cal models that have been developed are descr:ptzve both in
conpcept and deszgp. Despite full—sca;e applications of the
process since ifs inéeptién,'the need for a rational design

procedure stilllexists.

Little attention has been paid to parameters that af-—
' ~

-

.fect.startup -of DSFF reactors. Startub of an anaerobic re— -
.actor is a ;riéical step and the time during which the pro—
cess is most prone to failure.. The main objective in stért—.
up o+ fixéd'film processes is tn\develap, in as short a time
és possible, a highly active microbial film from the seed
sludge.- Factors affectzng accunulat1an of active biomass
dur1ng startup - have nut been reparted ance propert:es of
.mxcrobxal films can be determxned during their early devel—
cpment (Heukelekian, 1956 Hartnan, 1967;. Bryers and Char—
ak!xs, 1981 1982; Characklis, 1973, 1981)3—f1na1‘ reactorw
performance may be dzctated by the sta;iup procedure. It is
| also not known if kxnetxc constants that apply tn DSFF re—-

.

actor biomass durxng startup are applzcable to steady state

reactor operation.
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The purpose of this study was to examine éffeé£5'of
waste concentration ‘oq startuﬁ and steady state'perfnrnaﬁée
of DSFF reactors. rEnpiriﬁal and inductive deterninistié
m;thenatical models based 65 .thé cnﬁtinuous cul ture theory
of Monod (1949) have been successfully applied to CSTR pro- -
cesses but . not to DSFF.reactors. This-theory will be ap—
plied to develop moﬁels suitable for the DSFF reactor dur-

-

ing startup and steady state operation.

Diffusion into the biofilm is a factor of primary im—
poétance in the operation of a DSFF }eactor. Some studies
{(Williamson and &cCarty, 1976a, b; Henze and Harreaoe;,j
1982) have ingiéated that diffusion in anaerobic processes
should not_be a limiting factor. However, this'ﬁas not been
confira un typical operating conditions of DSFF re—
actors. Furthermore, the overall biofilm effectiveness fac—

tor 1s affected by sequential substrate removal which occurs

in anaerobic processes due to the presence of acetogenic and

~methanogenic bacteria. Previous thepretice} developsents

have not considered this phenomenon which is examined here.

Batch and ,cnntinunus-tests on_the piofilm are the most

e?fecti#e means of croésfchecking,substrate utilization kin—

etic constants.. These tests are to be performed along with

analyses of biofilm biomass parameters, including biofilm
thickness to. determine if diffusion problems  arise as the
reactor matufes. -Alsa, kinetics of substrate utilizhtioﬁ-

and biofilm growth may change as the biofilm matures from a



rapid growth startup phase to sfeady state operation at
@ timate loading rates. Steady state kinétics are to be

- compared to startup_gineticsﬂ

Y

- -

1.2 Objectives

The broad ubjeétives of this éﬁhdy uere'to investigate

startuﬁ and steady state operat1nnfof anaerobxc DSFF reac—

tors operating. at 3I5=C: aod develop nodels to predict reactar

performance. The spec1f1c anectxves uere to.d'

-

1. Determxne the e*fect n¥ substrate cbncentratznn on reac~ )

tor startup and bxofxln accunulatzen.

.

2. Evaluatexthe effect 04 5ubstrate concentratzon _pn steady

state reactor performance and biofilm qrauth.

3. Determine biofilm and liquid ~phase, eicrobial activity
and shou the importance ‘of the biofilm in the process. \¥‘
. ‘,Determ1ne kinetic constants durlng startup-and steady

state reactor gperation. . "=

- -
- :

S. Characterize the mixing ~regise in the reactor.

6. - Determine the capacigy of the process in terms of organ—

- .- ‘ -

ic mass. and volumetrlc loading rates. =

—
- -
-

7. Present a theoretxcal development aof ‘the nodxfied

-

effectiveness. factor for ‘sequential substrate utilization in

. - -
- - -

biofilms. : oo ) ) “ b

8. Develop models to describe steady state and dynamic DSFF .

reactor performance. ~ -
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L

2.1 Beneral Scheme of.Anaerobic Digestion

-+

Microbiqlbdecampdsitioﬁ of organic compounds involves .

B )

two main metabolic processes. VDissgnilafion'or biochemical

P

6xidation of ofganic compounds vyields energy which results.

in growth and production of new cell_materiai. Biocheaical
- . - L - ' N ' '

oxidation involves ' the reaction between .two compounds in
which protons and electrons. are transferred from a reduced

Eampound (hy&?ogen electron dnnor) to a 1less reduced com—

pound }hydrogen electrun-accepta&). Electron acceptors can .

be éither ingrganic or 'afganic compounds. In'fernentétién

processes, organic compounds ‘act as electron acceptors (Fig.

213 Zoetemeye?, 1982). In respiration processes, the in- .
organi< compound may-be oxygen (Serpbic. respiration), ni-—

- trate (nitrate. reduction), sulphate (sulphate reduction) or

carbon dioxide {(methane formation). -

-

, The transfer of electrons results in the release of

chgﬁically bound energy which is stored in microbial cells

in the form of adenasine triphosphate (ATP). The energy -re—

leased during aerobic decomposition of organic material is.
many times :mpre than - the energy released during anaerobic .
.decabpositidn of the same material (Fig.. 2.2). Taking

‘glucose as a substraté,.{nr example..approxinately 75% of

the energy in the glucose molecule is not used for growth of

microbial cellé_bgt rather released in the form, of -methane.

w
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(+4 HZOI acidification =210 kJ rnole.l

20H3 €QO~ + 2HCO3 + 4H'+4H,

methane formcmon -190 kKJ mole
1-2840 kJ more’! ‘ l

(-4]—!20) complete o:i-dcnion' -2440kJ mole_-?

-
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v
6HCO3 + eH¥

Figure 2.2 Calculaticn of the free formation enthalpy at pH 7 for
- aervbic and anaercbic decomposition of glucose to
HGO3 and H (Zoetemeyer, 1982)

~

et



¥

-9

From Fig. 2.2, it is apparent':that‘ anaerobic as op-—
posed to, aerobic decomposition of organic eaterials, results
in slouer'miérnbial growth ratés gnd produétinn of.lags -i#-
robial cells per unit of substra?g utilized.-

/ . : .
The anaerobic digestion process involves a complex

consortium of microorganises which is able to metabolize

complex organic material such as carbohydrates, lipids and

_proteins to hethane, carbon dioxide and cellular material.

Toerien et al. (19707 suggested that the biochemical pro—
cesses as well as microbial species involved could be divid—

ed into three categories: ‘1) hydrolysis, which is the

extracellular enzymatic hydrolysis of large canpléx soluble

substrates and insoluble substrates into smaller molecules
which can be transported: into the cell and metabolized; 2)
acetogenesis, which is the fermentation of bhydrolysis end

products into ofganic acids, hydrogen and carbon dioxide

‘which are suitable for wmethanogenesis; and,- 3) methano—

genesis, conversion of short chain organic acids, carbon di-

. oxide and hydrogen into netpaﬁe and carbon dioxide by a

group of substrate specific\?bligate anaerobes. « A schesatic
representation of these reaction steps is’autlineé in Fig.

2.3 (Zehnder et al., 1982).
2.2 Hydro}ysis and Acid Formatiqn_

.The first step of anaerocbic waste treatment is hydrol-



10

ORGANIC .
POLYMERS

fermentative
microorganisms

HYDROLYSIS

76%
4%, | ALCOHOLS, 20%
R | CARBOXYLIC
- ACIDS
(except acetate}
ACETOGENISIS
v v

acetogens ACETATE

72%

hydrogenophilic
methanogens

-acetophilic

METHANOGENISIS methanogens

CHg. CO,

Figure 2.3 Anaerobi¢ decomposition of organic matter. Percentages represent
' -the flow of electrons (energy) resulting from the reduction of
organic/inorganic compound.
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ysis of complex soluble and insoluble organic wastes to

" simpler soluble organics. | Reviews by Kirsch -and Sykes
(1971), Hobson et al. (1974), Mah et al. 1977, Zeikus
(1975, 1977), Kirsop (1982), Wolfe (197%a, b, 1980) and

Zinder (1984) indicate that while considerable work is being
done té determine the waicroorganisms responsible fﬁr non-

methanogenic degradation in anaerobic digesters, the amount

>

of information is still limited.

Hydrolysis or liquefaction is brought about by excre—
,tioﬁ of ﬂextracellular- nicrnbia} enzymes into the mixed
-liqu;r or by direct contact of uicrporgéhisns with a complex
substrate. For wastes composed primarily of suspended sol-
idé, hyarolysis has been found to be the& rate limiting step
of anaerobic digestion (van Velsén, 1977; Kennedy and van
den Berg, °"198B2a). For soluﬁlé carbdhydrate wastewaters,
hydrolysis and acetégenesis are'vé%y fast and methanogenesis

is rate limiting (Young, 19&7).

The ultimate source. of energy for anaercobic msicro—

organisms is not the hydrolysis reaction, but oxidation-—re— .

duction reactions performed ¢n hydrolysis ﬁroducts. The use

of hydrolysis products for production of‘-ethanaqenit sub-

strates hgé been reviewed by Ignnotti (1973), Ferry and

Wolfe (1976) and Bryant et al. (1968, 1979). In -all cases,

microbial degradation of hydrolysis products was accosmpanied -

by hydrcgen- production. Continued degradation of the

original substrate was dependent on a secondary hydrégen-

N



utilizing bacteria “which wsaintained a low hydrogen

12

concent?étion in the diggstg&. Metharnobacillus onefianskiif

which uaé initially thnughf toc be a pure culture, was

actually a symbiotic association of two organises linked by

interspecies hydrogen transfer (Bryant et al., 1967).

Dawson (1980) reported that  oxalate degradation by a
continuous enrichment culture was inhibited by the presence
of hydrogen. The methanogerfic bacteria in the enrichment
cdlture, on the other lhan&, could not degrade oxalate, but
were stimulated by hydrogen, indicating that oxalate

. degradation was dependent upon a synergistic association
betueén,hydrogen-producing and hydruqen-utiliging ba?teria.

These studies have indicated the important role

hydrogen plays in determining the 'end products of acid-

forming anaeraobes. . Cohen et al. (1980) stated that’

formation of hydrogen (Eq. 2.1) serves as an important route -

by which non—-methanogens dispose of electrons from reduced

nicotinamide adenine dfnucleotide (NAD).

NADH + H* ==3 NAD* + Ha 2.1
Bo’ = +4.3 Kcal mole—3

Unless the partial pressure of hydrogen  is very ‘low

equilibrium is in the direction of NADH, which is the case

when there are no hydrogen utilizing bacteria in a culture.

Wolin (1974a) demonstrated that with decreasinq hydro—

gen parpial preésures, the free energy chanqe-uf the reac— -

. tion would favor oxidation of NADH. If hydrogen was not
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. formed from the flow of electrons, ncrul microbial p-thuys
with reduced end—products would result. Holxn {(1974b) re—
ported that fermentation of glucose by R. albus produced
ethanol as the end—product when the hydrogen partial -
pressure was high and acétate, a relatively more oxidized
compound when hydrogen partial p;egsure wag -aintained at a

low level by a hydrogen utilizing methanocgen.

Nop—methanbéenf: bacteria havé also been reﬁorted to
utilize hydrogen. Uﬁnaki and Humgate (1977) and Schoberth
(1977) isolated species of Clostrzdxun acet:cu: and Aceto—
bacterium uoodzx respectively which were able to canvert

—hydrogen and carbdn dioxide to acetic acid. The importance
of this type of bacteria to anaérobic_digestion haq-nnt yet

been established.

2.3 Methane Formation A

It'is through microbial methanogenesis that complex or-
ganic nolécu}és, which have been ﬁceviously hydrolyzed are‘
further degraded to volatile organic acids (VA), carbon di-

~oxide and - hydrﬁgen and are:finally Femoved'in fhe form of -
methane gas. ‘However, relatively few reports enumerate the
species of wmicroorganisas r;spunsxble for methane formation.
The reason for this .is that all nethanoqeqs isplated to-
date, aré Dblibaie ;gaerobes, extremely sensitive to oxygen -

(Hah et al., 1977, 1978; wolfe, 1971 +197%9a, b, 1980; Saith

et al., 1980; Bochem et al., 1982; ander, 1984). In addi-
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tion, all are chesoautotrophié which results in low cell
vields and low specific épouth rqtes; . Charactevistics of
various'methanoqenié nicrobrganisns are sumaarized in'Table-
2.1. : - ' ) - B 5

Zeikus (1977) conducted a morphological analysis af |
methanogenic bacteria and concluded that methanogens uéfew
" structurally diverse and displayed no unique features by
which 911 .Species could be charagterized- _Haueéer. they do.
‘have some unique biochemical characteristics: First, few,
organic acids .or other compounds are fersented whereas
normal energy sources such as carbohydrates and a-inolacids
are not -métapnlized.' Second, peptidoglycan, a cn-on.
bacterial cell wall component is not present in their cell -
walls (Br&ant, 1979; Kandler and Hippe, 19%7% Kandler and ;
Konig, 1978). Third, nucleotide sequencing of the 165
ribosomal RNA.rindicates that they lack the common base -
sequenceA'TSC'. {(thymaine - qu;;ine,A cytosine) found in ali
other forms of life (Balch et al., 1977; Hilkinson,‘1978).
Fourth, msethanogens contain 3 coe;iyues unique to them:
coenzyme 420, which tékes the place of ferfpdaxin' in
electron transfer; (Cheeseﬁan'et al., 1971; Tzéﬁg et al., -
1975a, b) coen,zy;-e M, -.uhich is involved in methyl transfer
(Balch and . Wolfe, 1979 a,-b; Shapiro and Wolfe, 1980); ‘and
Factor B which is responsible for enzymatic formation of |

methane from nethyl—éoenzy‘e.n (McBride and Wolfe, 1971;

-~ TN
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Zeikus, 1977). The exact enzymatic mechanisas involved are

not known nor is the mechanisa of ATP syntheﬁjs, Howevear ,

16

work has beén done " to investigate uethahugenic _reactinnsl

-

that provide energy for the microorganisas.

. Methanogens isolated to date except those ‘of-the genus

Hethanothrix (Huser et al., 1982; Patel, 1985) utilize hyd—

_rogen for energy while reducing carbon dioxide to sethane -:

(Wolfe, 1971; Bryant, 1979; Samith and Mah, 1980; Schoberth,
1§é2). This fact was thought to be insignificant since hyd-
'Fogen is seldom detected in anaerobic digesters. 'Consider-
able amcunts of hydrogen are produced during digestion, and
methanogens h;ve_fbeen shown to rapidly utilize it tb reduce
carbon dioxide to methane, thus éaintaininq a very low

hydrogen partial pressure in the reactor ﬁQan den Berg and

Kenne&y, 1982a). Pretorius (1972) reported a similar reac-— .

tion for the utilization of formate by methanogens, however,

this reaction 'nay have occurred after the‘enzy-aﬁic break- .

down of formate to carbon dzoxxde and .hydrogen. The stoi -

chiometry of the reactxons (Eqs. 2. 2 and 2.3) and resultlng-

negative free energy changes push equilibrlun to the right.

4Hy + HCOo— + H* =2 CHa + 3Hz0 2.2

Ba’= —33.4 Kcal mole—t.



HCOO™ + Ha@ + H> ==> CHe + 3HCOx— 2.3

Be’ = -31.2 Kcal mole—*

-
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A study of hydrugen_‘assi-ilatien kinetics - by a

'nethanogenic‘enrichnent culture grewing on hydrogen as the

only energy substrate (Shea et al., 1968) indicated a

 maximum specific ‘grquth,rate; - Ulsnanre 9 Qf 0.04 hr—* and a.

maximuh specific hydrogen utilization rate, k; of &4.6 uM

Amg ‘VSS)=3hr=1,

. Rad1oact1ve Iabelxng experxnents have shoun that 70-80

percent of the -ethane produced in an anaerobac _reacter-

comes from acetate fermentat;on (ersch and Sykes, 1971, Mah

et al., 1977). Only Hethanothrix soehngenii (Huser et al., -

1982) and Methanothrix concilii 4Pate1;'1985) have been re—

.ported to utilize acetate alone'in bure culture. Methano-

' sarcina barkerii ‘and Hethanobacterxul tbernoautotrophzcu.

utzlzze acetate only in the presence of hydrogen (Zeikus, .

1975). Zezkus pelnted out that the accepteé reaction for

methane fermat1on by\acetate cleavage (Eq. 2 4) ylelded Iess:

energy than the 11.7 Kcal mole—‘ Tequired ¥nr ATP fornat;on.-

CHsCOO= + HzO == CHa + HCO— 2.4

Ba” = —6.71 Kcal mole—3



Based on finding that both carbons from acetate were reduced

A-i- to methane, Zeikus proposed a reaction of the form:

T CHSCDO v 4Ha + He =5 ZEHa + 2Ha0 2.5

8o’ = —39.0 Kcal.aole—*

The reaction in Eq. 2.5 yxelds suffxcxent energy for.growth

18

and explainé nhy S0 'much methane comes from acetate. fA

N central role for hydrogen in nethanogenESis is also shaun.

Alternately, Lawrence  and McCarty _(1969);, van den ,Berg-

(1977), Smith and Mah (1980), Huser -(1981), Huser et al.,

1 (1982) and Patel (198S) _have reported growth of enrichment

cultures or pure cultures. on acetate alune. Cantrast?zn:

these ‘reparts indicates that more norkA i% requiréd before -

“all mechanisms of methane production “are understood.

2.4 Anaerobic Processesg

Anaerobic waste treatment prncesses can be divided 1nto

-

’ several categor1es based on reactor character1st1cs. These -

1nc1ude. conventional hxgh rate reacturs, conventional high

- rate reactors with recycled biomass and retained biomass

\.

reactors. The final class of ~reactors called second gen—

eration anaerobic reactors can .be further broken down to: .

upflaow anaerobic filters fYoung{ 19&7;—Ya&?gf and McEarty,



h

L1969, UASB %eactors (Lettinga, 1979; Lettinga gt~al., 19?9, t .

C :._ ' ' =719

- -'. rq'

1980), UBF reactors (Buin;_‘and van:aen~Berg, 1984) , fluid-"

ized .or expanded _ bed  reactors . (Switzenbaum, 1978; .

Switzenbaum and Jewell, 1980)° and DSFF reactors (van deh .

Berg and Lent=z, 1979,1980).\\\Ba5ic designs of the reactors

mentioned above are shown in Fig. 2.47 -
- 3. .
- ' o o T f - =
.- . : A

2 . , —_—

2.5 History of the DSFF Reactor o .

P

" Development of DSFF reactors -starteéed in 1976 -as part of -

a project to cirtumvent problems encounfgqed with upflow an—
aergbic filfer' reéctnré {Young, 1967) . Thesé-problens in— -
cluded difficulties in assegsiné the exact';u;g of thé pack—
ing, plugging of the packing and‘.diffitultigs.'in 'using 
wastes cuntaininé high conéentratidng of suspéndg@ G;fi&;.
Lettinga et al. (1980, 1982) avoidéd the first two difficul—i
ties by operating without paﬁ#ing, ana as a resﬁlt develaped .

-

the UASE reactor. o _ ] ~

»~ The role of biofilm develaopment qﬁ performance of an—

aergbic reactors was studied 'by vah den Berg. and Lentz *

(979, 1980). By studying the performance of sipgle'tuﬁef\;___\"
glass reactors of varying inside giametérs, ‘the effect of . o

]

reactor surface area to volume ratio was assessed. Tubes
were set vertically to avoid settling of suspended solids on - ny

the_reattor “walls. Reactors were operated in the downflow

K

mode to allow continuocus femqyai of suﬁpendéd solids as _well

- -
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as being operated in the more customary upflow mode. This
rexperimental setup peramitted evaluation of biofilm perfora—

ance as it developed.

k]

Onée the principle-nf DSFF reactors was established,
studiés‘uere expanded to evaluate effecis'qf'factors spch'as;
waste conposition {van dén Berd and Kennedy 1981a, 1982b, Cy
dy 1983, nutrients . (Murray and van den‘ Beég 1932y,5
temperature (Kennedy .and van den Berg, }991),’reactar height
and width (multicﬁannei.rea;torss Kennedy and van den Berg;;
198%e, Samson et al., 1984) and ability £? withstand adverse
operating conditions such as hydraulic and aorganic overload- -
ing (Kennedy et al., ;9séb+'c, 1985) , ihtekgitient 1oading
aﬁd chénge . in waste cuméositian. DSFF reactors have been .
. shown to successfully treat 'a large number - of different
wastewaters which 'has led to cnﬁStruciion and operation of
fuzrfscéle plants (Szendry, 1983a, b; Matt, 1983; Samson et \

al., 1984b).

2.6 Description anﬂnPrinciple of Operation

As with otﬁer‘seeand generation reactor designs, en—
hanced performance ‘a+ anaercbic DSFF. reactors (Fig. 2.4) is
based on @gxiuizing the .feactAr_bionass canteptration. By .
immobilizing anagrubic‘ baétefia on ineft support media SRT
‘can be maintained independent of HRT.  Support .media to.

which bacteria adhere can be made of vgrious nontnxic,'non—



22

—
P

. - biodegradable materials (van den Berg and ' Kennedy, 1981a;

Copp and Kennedy, 1983). )

Two major design and operational Qiffer;nces‘h;ke DéFF
reactors unique from other second gengraﬁioh anaerobic re-
actors. DSFF'reaEtbrs use packing with an nriénte; geOnétry
that foras vertical channels that run - the lenqth of thc;
packing. Up{{ou " anaerobic . filters on the other h;nd,
utilize a random packed media such as stones, Raschig rings;
or  plastic - bxar;ngs. fhe othér -ajof difference is
direction of movement of uasteuater thrnugh the pack1ng. in
DSFF reactors uasteuater enters at the top of the reactor
through a submerged distr:butxon device. and effluent is:
removed from the -bottoa. " In other second. generat%on
réactors; influent. is introduced at the- botto; Qf the
_reactor and effluent overflows at the top (Fig. 2.4). These

-
two factors result 1in major differences in reactor .

performance. -

The downflow mode of.operation in combination with
oriented support media configuration allows utilization of

the countercurrent interaction of mixed liquor and digester

e -

gas to enhance reactor mixing. Influent is introduced into -
the reactor _ volume where nixiﬁj- is wmost intense tﬁus
minimizing localized areas of high VA ccncen£rat10ns which -
can qecrease reactor performance.' analized areas of high
VA where influent 15 introduced into the réactor have be.n-

reported for UASB reactors (Trudell, 1983)° and upiluu an—
N,
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aerobic filters  (Young, 1967). The liquid volume above and
below the packing in DSFF reactors also  enhances inter—
channel mixing while protecting the submerged biofilm and

minimizing clogging,in the bottom of the reactor.

;.o -

Hi#ing. g?udies in. laﬁoratcry (Saqson' et al., 17984a)
and p11a£ plant DSFF reactors (Hall, 1982) have shown thee
" to have &t;acer curves similar to comﬁlete mixed (EM)
reactors. Combining downflow waste addition with vertically
6rignted packing also minimizes .suspended solids accumula-—
tion in DSFF reactors. This enables DSFF reactars to traaé
both soluble and insoluble wastes without Clogging (Kennedy
and van’ den Berg 1982a, b;:Hﬁrvey,'1984;-L6 et al., 199414'
Wastewaters with sus#ended sofi&% concentrations up - to 4
' percent (w/v) have been treatéﬁ successfully. _Dther second
generation reactors are limited to soldble co-ponent'uaste—

‘waters.

Suspended solids lost in ihe effluent fréa DSFF re—
actors .include not only untreated waste -ateria} but also
acéive suspénded -biomass. This indicates a uajor.r;le for .
the biofilm 1in the efficiency of uastéuater tréatnent nithf
DSFF reactors. In contrast to this, biomass profiles in
upflow filter. systems (Young and Dahab, 1982) have shown .
them to be hybrid'reactcrs:léﬁey are“conbination; of a DSFF
reactor and a UASB reactor. The najnr?ty'of reactor biﬁnass-

and waste stabilization capacity in upflow filters is found-
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‘in the interstitial spaces among packing material in the

lower one—third depth of the reactor.

2.7 DSFF Reactor Perfofmance

Ay

Studies _done with anaercbic_DSFF.reactars trave been

aimed at dete?-infng treatability of a wide vériety of -

wastes using mature DSFF reactors. Little attention bhas

been given to develdﬁing an understanding of relationships .

that exist between DSFF reactor biomass and reactor perfor—

mance.  No design equations exist for DSFF reactors. Table .

2.2 summarizes 'characteristiﬁs of some wastes treated with

DSFF reactors, and results obtained. A wide variety of .

wastes (soluble-insoluble; . dilute—concentrated) have been

successfully treated with DSFF reactors.
: “

2.8 Recirculation

Rich (1963) summarized the process effect of recirc—

ulation by stating that there is no theoretical basis for .
. ’ .

increased reactor efficiency but there are indirect Benefits
from increased hydraulic loading.

;Recirculatian in DSFF reactors has a number of advant-—
ages:’ | ’ ihl
1. Increésgs mixing thereby;nini-iziqg1g+fect5 of toxic and
inhibitory components in a uasteuéter;

2. Minimizes the formation of gradients.

TN
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-

3. Minimizes excess biofila developaent on the-upper
portion of support media where influent enters the reactor.
4. Aids in uniforn-dep&sition of inoculum on support sedia..

5. Suspended solids do not settle out as rapidly,

minimizing plugging problems in the bottom of the reactor.

Effluent recycle in DSFF reéctqﬁg has been +ound
especially beneficiél. du;ing startup and ;hen treating
wastes with a high cancepiration of suspended solids. Re—
circulation ratgs of 4-15 reactor volumes per day have been -
reported (Kennedy and van den Berg, 19820, d; Duff and

Kennedy, 1983; Szendry, 1983a, b).

2.9 Non—Steady State Reactor Performance

Non—steady state performance of anaeraobic }eactcrs has
major importance in uastelnﬁreat-ent. Industries produce
widely wvarying quantities and strengths of wastewater.
Wastewater composition can vary :onsidérably from hour—to—
hour, day;to—day or Hank-to—ueek- and relatively long plant
éhut—dcun periods  are not uncommon. A waste treatment sys— .
tem must be abie to cope with ;1i:ithese variations and

provide good treatment most of the time. The DSFF reactor

has been tested for non—-steady state perforiance.
2.9.1 Hydraulic Overloading v

Mesophilic DSFF reactors. are able to handle extrese

hydraulic overloads and recover normal performance uitﬁin a.
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short time. (Kennedy and van den Barg, 1981, 1982b). .Abil-
ity of DSFF reactors to handleq_tﬁis type of shock results
fréﬂ bacteria being inncbilizedJ‘Qithin the syste--and not .
lost in the effluent. Waste stabilization decref?es with
decreasing HRT due to insufficient time for bacteria— -
‘substrate contact. Methane production during extrese
overloading quiqkiy‘ stabilizes at rates much highér' thanj
during normal operation. This new pséuda—steady state
methane pEoduEtion.‘rate is ;n indication of excess methanel
production capacfty - by nethanpqens. Better substrate
_diffusinn into the biofilm could also be a factor in .

utilizing this excess capacity.

Hydraulic overloading often ieads to sloughing of parts
of tﬁe bié#ilm. fhis usually does not affect reactor per—
formance and 'preshock perfornanc§, isrquickly restored. It .
is unclear whether biofile sloughing is a result of intense
biogas production in the biofilm or localized high VA.con—:
centrations and low pH in the biofilm. it is unlikely that
increased liquid wvelocities resulting from overloading piay;
a major role in_biofilm glogghipg because linear liquid ;lon.

velocities are usually low (less than 1.0 cm s2).

Thermophilic DSFF reactors do not cope with hydraulic
overloads as well as.their sesophilic counterparts (Duff and
Kennedy, 1982). The limited number of methanogenic‘specigs*

.éhat survive at thermophilic tenperéfures |ay be'reﬁpcnsible
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for the  inability of DSFF reactors to respond quickly to

transient changes.

2.9.2 Organic Overloading . T

o

Mesophilic DSFF-reactors can tolerate sudden organic
shock_loads at constant hydraulic loading and recover normal .
performance within a few days (Kennedy et'al., 198%). coOp
remaval effi;iency decreases with increased loading even
though actual amount of uaste'organics converted and methane
gas prodﬁ:ed increases. As with fhydraulic overloads, in— .
creased biofilm sloughing occurs during organic shock load-

I3

ing.

DSFF reactors_subjected to organic shockloads nith‘
'ﬁoorly buffered wastewater indicated. that reactnr-recoyéry-
was a{fected. more by low pH tﬁan by high va céﬁhentrations.

Low reactor pH(resuLted inl reactor failure or extended .

recovery periods. -

Thermophilic DSFF reactors can not handle sudden or-
ganic shocks to the same extent as mesophilic reactors. (Duff -
and Kennedy, 1982). The reason for this has been discussed

in Section 2.9.1.

2.9.3 Starvation

-

Low decay rates for anaerobic bacteria allow DSFF re—
actors to stand idle for weeks or moaths without significant .
loss in - microbial activity. - This is particularly the case

-
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when reactors are cooled to 5-10°C. In this respect, DSFF
reactors are siailar to upflon.filtérs and UASB react;rs.
It has also been reported tﬁat'the létter‘reactafs are ;ble
to remain dormant for long Qeriods and ;egaiﬁ‘nnrmgl per—
formance within a short time.. This ability makes these sec—

ond generation reactors ideal for wastes that are produced

for only a short time during each month or year.
2.9.4 Changes i'n Waste Composition

DSFF reactors are able to cope with chénges in waste
- composition. In many cases, reactor loading .rates can be
maintained wmore or less’ constant, although CUD' removal

- -

chénges with maste composition (Kennedy et ai., 11981);
Changes ¢rom one food ﬁrocessing uasge'to another, even when
sodium concentration changed from 26 to 4000 wmg L3,
(Stevens ;nd van den Berg,; 1981) and from a sewage waste to .

a chemical industry waste have been reported with little or

no setbacks in reactor performance.
2.10 Startup

Startup of anaercbic reactors is time—consuming and
offen difficult because of the slow grqutﬁ rate of acetafe‘
converting methanogens. Hork-nith DSFF reactors by van deﬁ
Berg and Lentz (1978) and van den Berg and'kenned§ (1981) .
showed startup times of up tao ahe vear were not out of the
ordinary, depending on the type of §Uppdrt me&ia, Suitzen—:

baum (1978) reported that startup of anaerobic expanded bed
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;reactors-tadk 9 months. - Once startup was cﬁupletgd cnl; &
months were required to characteriie steady stage per—
formance of ' the system. Although much time and effort has .
been spent' étarting anaerobic reactors; few systematic
studies on startup or gujdelines for Starfup of anaefﬁbic 
reactors can be found . in- the literature. Kennedy and van
den Berg (1985)‘state that the following factors bave a
major effect on startup of aﬁaercbic Feactoré in general aﬁd‘

on DSFF reactors in particular:

1. Quality of inoculum in terms of concentration of slow
growing methanogenic bacteria adapted to the waste.
2. . Rate of adaptation of methanogenic bacteria to the

waste. -

3. ‘Ratg of growth of methanogenic bacteria.

1!

4. Rate of loss of methanogenic bacteria froa the system.

'Hhile the four factors discussed above are rather
. .

broad, their - significance can be coapared to startup exper-— .

iences reported in the literature.

De Zeeuw and Lettinga (1981) and Hulshoff Pol et al..

¢1982) working with _UASB reactors reported that proper .
management of the reactﬁr"during startup was very critical

to development ‘df'slﬁdge granules. Using a VA mixture as,a:
substrate during Studies'_én‘ ﬁASB reactor startup, they

'establiéhed tentétivé guidelinés designed to optimize sludge -

granulation. By_fo;1ouing " these guidelines, susmarized in

Table 2.3, they were able to cultivate a granular sludge .
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ﬁith1gaod settling propérfies within'é weeks from the start
-of-thé' expérimeni. ‘Furthermare, they determined that a
‘-surface load of appruxlmately l @& a2 d-2 and a minimum _
speczfzc 1nad1ng rate of 0.6 kg COD kg VSS— d—* were
 requ1red before -the rate - of sludge granulat:un became

visibly pronounéedf

T;ble‘z;si"rentgtivp guidéline +9r-s£a?£up §+ uASB Reactors
-1.:'Amo§nt o% séed'slgdge? _10-20-kg VSS nf’.

2. Initial sl&dgellﬁéd:‘ 6.95;0.1 kg COD kg veS—: d-1.

3." Ofgénic ;oaéind"ratg should noé belincreaséd unless VA-

are well degradéd ( i.e., less than 100 mg L—2). - -
4. Yoluminous sludde 5hould be allowed to wath—out . The

heavy part of the seed sludge should be Fetained.

- 8. Long perxods of overloadxng or underloading n1th respect
. to specxfzc substrate loading ‘rate ﬁz.g.,‘ sludge loading

»

rate) shou{d be avoided.

Hulshoff POl et al. (1982) identified three transition-
ary stages associated with startup of-UASB reactors ang‘thé
éimultaneous develupmeﬁt of sludge branulés: (1) a'signifw
1cant uashout of 11ghter, more. flocculent, dzspersed partz—‘
cles of sludge: (2) followed by mzcrabzal grouth concen—
'tfatin§ on heavier retained partxcles exther nrganxc or in- ;

+ organic in nature, resulting ih‘lbrol;feration of sludge
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-

granulee: and,-'(S) gradual expans:on of the sludge bed re—

su1t1ng from mxcrob1al growth and enhanced bxogas product1on

rates. They concluded that the baszs for granulatlon 1n'

' UASB reactors is the continuaus 5e1ect1on—of heav:er sludge

-perticleé reta1ned71n the reactor, which 1n_turn is governedr

by biogas production rate and nydraoiic flux.

'Finally, Hulshoff Pol et al. (1982) reported that long

periods of‘_speci¥ic‘organicf overloadxng and underloadzng'

must be prevented durlng startup of UASB reactors - They ob-

. served that’ ‘organxc underload1ng resulted in development of .
a VDlumznous ¥locculent sludge uhzch eventually was lost

from the reactor. chroscopic examination of this sludge -

revealed that it consisted almost completely of leamentous

e

bacterzg, presumably Hethanothrzx soehngenzz. Overloadzngv

alsa led to hxgh rates of gas productlon nhlch negatively

affected.sludge settlement. Van den Berg et al-”(19812.and

Hall (1§é2), éiso working with UASB -reactors, and following

the startup procedure described by De Zeeuw and- Lefiinga

-

(1981) .and Hulshoff Pal et al. (1982), reported that while .

“:the procedure~ worked for some wastewaters it did not work .

for others and coﬁcluded that startup of UASB reactors was

also wéste-specific. Startop results with Uﬂsﬁvreactors are .

-
-

closely Trelated to the general guzdelxnes given above for

anaeroblc reactor startup. : -

- -
- . -

- - . -

'Young - (1967) reported that startup of upflow anaerobic

-t

NN
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+ ical chenges occur in DSFF reactors during this time.
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filters-was_ improved if a more concentrated inoculum was

used "or if ﬁultiple _inoculations were -carried out.

Additionally, Young reported that reactcrsjstarted oore

quickly with an adaeted ieuculun than with inoeeiu- taken

frem a digester-treating?.dumestic sewage QInge. Althnudh-

ne startup data or specific guidelines for startup of
s

anaergbic fxlters . were presented 'Youhg's experiences were

d1rect1y related to all four general startup factors

‘Van- den Berg and Kennedy (1981a) repaocrt that if poSs—

-ible DSFF reactors should be started by completely»fxllxng

the reectqr uith adapted.inoculum; Recirculatgng mixed liq—

‘uor at 4~B reactor volumes per day is recommended to- allow

methanogenic bacteria to attach to support ﬁedja. ‘Feed is .

slowly added. to the reactors starting @ at:a 40-50 day HRT,

'~ Feed rates should then be-increased only if the reactor VA .-

concentration is .bélon'SOO og Lﬁf.V'ﬁlthoqgh this.-technique

fulfills the general guidelines for_startup and is success— .

fui,.no'infefmatien is ayaifable on what physical or bioleog—
. . - " - .

-

- ~
Szendrey (1983a, b) Feported that a 10,000 & DSFF re—’
actor treatihé rum slops -(mustos) was starfed with seed

sludge adapted to-" the uaste to minimize aczlznatiun

[
The, 1nocu1um was 20 percent of - the. reactor

-

problems. |

1volgme.'-.Fgllqu1ng 1nuculat10n. the reector‘nas 51159d'§ith

rum mastas (60;Q00 mg COD L—*) and -reciréulated (153 v'v—3*- .
d-1). for ' five weeks without further substrate  addition.

F h
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After S5 weeks of reczrculatzun, the reactor was - fed ru-
slops at -an HRT of 90\days Further addltxon of rum slaps
was then determined by vAa concentratxans (not repcrted) in

the ‘reactor. The purpose of this procedure was ‘to -iniaizé

-

the rate of Ioss nf methanuqenxc bacter:a in the effluent

.and allow<suff1cxent time for bacterxal grouth.

- Other than these references, no other information was
found in- ‘the literature “for startup of second generation

anaerabic reactors.™



3. .THEORY

3.1' Hicrobial-Bio?ilms
, | Bryers.and Characklis (1981,~1982; Fig. 3.1) describe
d:vglopmei"lt of aerobic _mic-robi‘al biofilms in four phases.
_ Phase one is-éttachmeﬁt, followed by the sEcanﬁ‘phase'uhicﬁ
is characterized by log growth. Phase three begins when the
rate of 'sqbstr#te utilizatidﬁ becpnes conétant and biofilm
.growth ié-.lingqr." The fin;i phase is reached when newly

grown bacteria do not attach to the biofilm. Most reports

on growth * of biological films have been done with aerobic .

cultures to "achieve a better understanding of fixed biofilm
reactors such as tr:cklzng filters and rotatxng bzologxcal
conta&tors (RBC) . These results are examxned fcr their ap-

p11cab111ty tc anaerobic bipfilm processes.

Reports publxshed ‘before the develapneﬁ% of DSFF reac-

tors (Topiuala and Hamer, 19?1; Atkinson énd Davies, 19725

Howell et al., 1972; Mehta and LeRoux) 1974; Atkinson and
.éowler, 1974; Howell and Atkinson, 1976&, b) have shown the
importance of bio+iin§'or uaii‘grc;th in prevention of wash-
out of microorganismé in aerobic'systems.' This is part-
icularly siénificqnt in an anaerocbic system Ueéause'of sl ow
growth rates of methanogens. ~Topiwala "and Hamer  (1971)

<

showed the effect of varying amounts of bicfilm growth in an

aerobic CSTR - system. ™ These Fesults are reproduced in Fig.

3.2 where the parameter * is a measure. of total mass of
— . . . . ‘

attéched cells. With no wall growth there was a pronounced

'
~x
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washout of organisems at an HRT of 1.25 hrs: With a small

amount of wall growth (Z* = 0.05) washout was ;iénificantly
. ré&ﬁce&. These.resuits showed that u;}l growth effectively
extended the operational range of the CSTR. Preventisn of
‘washout. in  anaercbic CSTR with wall growth was demonstrated -
by Balmer (1974), Schi11;ﬁger (1975) and Gill (1978).

Another effect of wall growth discussed by Topiwala and
Hamer (1971) was chandé in culture productivity at ‘hfgh
gébnth rates (Fig. 3;3). Both maxiaém productivity: and .
-rangE'o+‘H8T possible were increaéed by fhe presence of wall
.grpgth. This effect has also been.repO(;ed by Howell et al.
| (1972). * Atkinson and Davies (1974) pointed out that unlike.
a CSTR,. gubstrate utilization in a CSfﬁ with wall growth is
maximal at’ high flow rates and there is no danger of the
microbial mass being washed dut.’ '

In waste, treatm;ht~prace§ses, substrate utilization by
the'aickcbial culture is the'fea;an +tor employing a biolog-—-
ical process. Maximum rates of substrate uiiliéatiﬁn occur
at high specific growth rates. unfortuﬁately. ags demon—
strated by ‘the curve fc; no wall growth, {Fig. 3.2) biolog- .
ical reactors operated at high growth rates are ﬁngtable andf\\‘
" can fail because of nicroofganism washout. Consequently thefri
economics of rapid growth rales must be sacrificed to
achieve;; greater degre; of prn&gss stability associated
with lower growth rates. Curves in Figs. 3.2 and 3.3 Show

‘hawever, that wall growth in a reactor allows a small reac~

tor to be used while providing stability associated with a
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‘large reactor.ﬂ These resulta’xndxcate why good process sta-
b;_}ty has been observed with anaerobic DSFEF rnactors.
Models for gall growth uithin a CSTR/have been p?opq;ed
by Howell et al. (1972), Atkinson and Davies (1974) and Toﬁ—
iwala and Hamer (1971). These models are based upon two as- .
sumptions: :(1) tﬁére is a sinéle or predominant culture of
organisms in tﬁe_reactOf, and (2) cells will be growing in;
either a monolayer dr.a very tpiﬁ nultilayer.ﬁﬂpoih of these
assunptions are violated in an;erobic DSFF reactors: (1;
the tulture emplayed -is cqﬁplex, with wmany synergistic
interactions, and (2) the support media  contains a thick .
multilayer 54 :cells. It appeared unlikely that models
developed for aerabic bxblems would be entxrely appl:cable-x
to anaerobic biofilm reactors. Furthernore, 1t was apparent
from thé literature rev;eu thét not-e uould have tn be known
ébout the | anaerobic _system be*are reasonable nodelznq_
ef?arts could be made. Since nearly all uank teported hast

-

been either thecretical or with aerobic cultures, and no

' . basic work had been done on DSFF reactors, . experimental .

work with biofilms in an anaerobic DSFF reactor ﬁas

Justified.

3.2 Biofilam Substrate Utilization o
Microbial biofilms thdl develop in DSFF _r"eat:tc'rf.-'..are

uncontrolled zoogmea; biofilms (Table.3.1; Kennedy and van

den Berg £981). This type of biofilm is.chara;teriz;d by-a:

thick layer, indicating that- bacterial_;ells stick to one

o



another. With thick biofilms, transport of nutrients to the
organisam may be diffusion-ﬂlinited. The basic concept of
biofila kinetics is’tha@ substrates diffuse into the biofilm
uheré a2 reaction takes place, and that reaction products
have to diffuse out. There is resistance to mass transfer
in both 1liquid and solid phases. Overall rate of reaction
depends on diffusivities and microbial reaction rates of
each reactant involved._

Diffusional resistance reduces efficiency of substrate.
removal because substrate may not penetrate the éoﬂplete-
biofilm depth. Howell and Atkinson (1976a) and Kornegay-and
Andrews (1968)‘ discussed ;iofiln thickness ir terms of mass .
transport and .stated that the ideal biofiln‘thickness is
equal tor the penetration depth cof the limiting substrate.
Thus, ideal biofilm thickness will depend upon the nature of
the rate limiting substrate. In aEﬁobic syste-s,,ideal'bio—.
_ film thickness is determined by the transport of either oxy—
‘gen or . .organic nutrients. For fermentation of ord#nic
wastes to methane in a biofilm, mass transf&@ efficiency of
acetate compared. .to maximum reaction rate for #ﬁetate util- .
ization in suspended culture is the ,6n1y' phenomsenon
evaluated. No otﬁer electron donors -cr acceptors are re—.

'qdired.



Table 3.1 Groups of Microbial Filmse

1
C

_ BGroup o :Descripticn , : g °  Thickness,
. ma
I Uncontrolled zoogloeal film _ " 0.2-4.0
II Zoogloeal film, subject to sechanical 0.070.2
.or hydrodynamic control
111 Pure cultures in CSTR 0.001-0.01

v Casual deposition ' - . 9.001
* Atkinson, (1974)
The classic work of Thiele . K (1939) exa-ine&:reactiqn and

single substrate diffusion into a particle. Atkinson and

coworkers (194683, '1974a, b, fc) generalized this work to

-apply'for groups of particles and fixed filas. _ DeWalle and

e )

Chian (1976) used this work to develop a steady state model

for a CM anaercbic filter. The model incorporated substrate -

‘diffusion and bacterial substrate utilization for each

suﬁcessive layer " of biofila. The main points of the
development uillf be présented here. A definition sketch is
shown in Fig. 3.4, The substrate flux‘in the biofilm was .

described by Fick's 1aw:

as : _
N=-D— ‘ 3.1
ax -
Where N = Qass flux (ML—=T-2); i

D = diffusion coefficient (L=T—2);
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S = substrate concentration (ML—3); and.
L ) '
x = distance (L).

*-

'
The diffusion coe4f1c1ent. D was assu-ed to be constant
in the . biofila. Substrate uptake uzth1n the bioclogical lay-

~

er was described by Eq. 3.2 (Monod, 1949)

k Xo S

re ="~ 3.2
K+ 5
Where re = rate of substrate uptake (ML—>T-1); S
kK - = maximum Specific reaction velocity (T-‘);_
K = half velocity constant (_—=)

Xe = cuncentratxan of actzve ®icroorganisms
in the bxofxln (HL").

The aﬁové expression uas.not ré*ined ﬁc iﬁclude surface
area-of"the microorganisas in the biofilm. This is a:
dszlcult paraneter to estimate and therefore, Xe y refers to.
ncmlnal concentratzon of actxve n1croorganxsns.

A mass balance en  an elemental biofilm volune lead to

the governing dszerentxal equation at steady state:

d35 Kk X, S

. D - .~ =0 ' ‘ 3.3
dx= - K+ 5§ .

'Equat1on 3.3 assumes that there is no variation of S in the
Y dxrectlcn. The mixed liquor in the reactor is assumed to .
be CM uhich_resulfs in a uniform concentration of substrate
at the liquid-biofilm interface._Hduever. substrate concen-:

tration at the ?nterface, Se, is not the same as the =ub—
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a8
) strate.;qn;entratinn ‘in the -bﬁlk:fihid ' phase,: dpe éd .a_
' stégnant-liquid iayer aﬁ the bin{ilny. This has. been ex- 
perimentally verified (Wi1liamson and McCarty, ;976a)'and'a.
_théoretiéal descriptioh " of thls limitation -has ﬁéen
devel oped (Hzll:amson and HcCarty, 19766- Rittmann and -
" McCarty, 19803, b). Deualle and Chxan (1976) neglected the
presence of the stagnant 11qu1d -layer and" asSum;;v that'
. substrate conceﬂtratzon -at the b10¥11m 1nter+ace was thef
same as the bulk lxquzd concentratxon.

When S is very large relatxve ta K, Eq. 3.3 reduces to

a zero O‘f‘dEl" EXpl"‘E‘E‘.SlDﬂ" ’

d=5 k Xo -

-, = — ' ' 3-4

dx= D

Equatxon 3 4 was 1ntegrated over the cross—sectzonal'
area of the fxlter and_the mass transfer rate at the xnter-.

face'expressed as:

dF o

— = k Xe¢ i-; . ‘ . . ,. ' 3.9
dat . : : .
where. Le = biofilm ;Hickness-(L);

F = substrate mass (M) ; and £_=:tine ™
For a. giveﬂ iaste, k and Xe were not. expected to vary
-51gn1fzcant1y 1nd1cat1ng that mass transfer rate -uuld bé
xlndepEHGEﬂt of substrate concentration but_directly‘bropor—
:Eana1 to biofilm thickness. In this situation DeWalle and -

Chian (1976) stated that a decrease in substrate concen—
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tration within . the biofilm' is small compared to the inter—-
\face.eoncentraticn. _ There?nfef . the specific substrate
utilization rate is the 'same as if biomass solids were
evenly dxspersed throughuut the 11qu1d.

When S '15 much smaller relat:ve to Ky - Eq 3.3 reduces

to a first order expressxon.

C dRS - k Xe S .

"dxé . DK

Engtion 3.6 was 1ntegrated over a unxt cross—sectxanal area
a8 )
giving‘the follouxng expressxon for substrate mASS transfer-
rate at the interface. L ~

dF Dk X, o=

— = Sut ) | o - 3.7
dt K B

Since D, k, x. and K were not expected to vary greatly
_with éitgiven substrate, - Eq. 3.7 . 1nd1cates that the mass
trgﬁsfer'rate is-related to bulk 11qu1d substrate eon—
centration and is independent of biofilm thickness. Since
que 3.6 ‘aed 3.7 Aweee derived for a unit cross-sectional
area, ;ess 'transferlrate- is also proportlonal to specific
surface area within the reactor.

Using sucrose as their substrate, Deﬂalle and Chxan
'(1976) observed daximum removal rates of 7 kg COD m—= dg-1 .
and K values of 1500 mg.L~*. They limited their final con-
clusions to the fcllcuinéﬁgeeera}'statenent: _‘Coeparison of .

the fixed biofilm model “with. results obtained- tended to -
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- dicate that -“substrate remaval rate is affectEQ/By substrate -

_concentration, specific surFace area:’/ﬁlpﬁ/:;te and t
erature. " : -t

Using general paraneters o{ anaernblc d19est1
and Harremoes (1982) evaluated the sxgnlflcance. of'_dif—-

fusional resistance on acetate utilization in anaerobic bio—

- -

films. Results of their analysis indicated that diffusional -~
resistance does not begdme significant until biofilm thick—
nesses: reakh 1 mm. ThiS*is in part'attributéd‘to the high K

of anaerobic bacteria. . Williamson and HcCaFtyﬁf_f ' ~hl:

~stated that anaerobic'biufilms could be developed to 'any

thlckness without dlffus1cnal resxstance probleas because uf

the high K values assoc1ated with anaerob1c‘dxgest1on; -
Henze and Harremoes (1982? state thgﬁ_diffusional're-

sistaﬁce can result in buiidup of suésfrate and ééi&?t&jin;

side anaerobic biofilms. This prqﬁlem is '£urtﬁer @bm—u-'

uplitated since most_uéstes afe mul%i:compunent a;d eompleé :'

rélatiunships exist .among‘subgtrate ut;iizatioﬁ rates ;and .

growth rates cfﬁacj.dngen;~ and méthanogen; that coexist in

anaerobic bio@ilms. Henze and Harremoes (19&2) and Kennedy

and van den Berg (1982b,- 1985) have also.commented that in '

cases where -thick anaerobic -Bibfilms exist, diffusion .of .

methane and carbon dioxide gas bubbles out of the binfilﬁ{:

may cause disturbances thai.-alter the whole diffusion

pattérn. Microcurrents generated by bubble movements could

increase the diffusion rate and make.diffusional resistance

in the biofilm insignificant. - ¥

-
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3.3 Substrate Utilization in éiufilms

For a mixed anaercbic biofilm Eacidogéns/iuethanbcjeﬁs),
the overall rate of reactxon depends on d;ffus;v1t1es and?
micrab;al reaétien rates of each reactant involved. , For a
mixed biofilm cafture ferment1ng:a complex uaste to nethaae,
both mass transfer of pr1mary substrate 10 the b1o+11n and
its conversion to acetate in the bzofxlm.fﬂcng uxth dxf—'”
;usion of acetate from pr1mar§ substrate cnnversznn in the
liquid will influence system efficiency.. This section pre—
sents a theoretical Qeveloemeﬁt‘ of the modified  effect-—
iveness factor that will’ res@lt %rqm takine into aecount
production and diffusion of int_ermed-iate ‘substrate in the
biofilm. The analysis will be -.-".pec'i-l‘icallly related to an— .-
aerobic methane- fermentation but 1is applzcable to any 51t~
uation where sequential substrate conversion 1s 1nvolved. :

It will  be shown that 1gnor1ng productzon of intermediate

substrate in the bzolem can result in sxgnzfxcant error in

- - s

some circumstances.

\

3.3.1 Single Substrate Removal
* For single substrate removal by a bié@ilm, Eqs. .3.1 and

S5.2, combined in a maas balance. give Eq. 3.3. ~Similar to .
the work of Dellalle and Chian (1?76) the folleaigg develop—

ment will neglect the resistance of the stagnant liquid .

boundary layver and proceed from the substrate concentration
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. at the bxofxlm 1nter--Face (Fzg. 3.4, . The other Bumdary
condxtxon for Eq. 3.3 ap :.es to the -Flux at the uall.
Exprgsszn_ns-for tl;le pundary conditions art\ .
.. . - : . ’ ’ - " ‘ . | N . N ° ‘
~ . : SJ =% . " .3.8a
N~ x=Le - o A .
. ds| ‘ S o
- o=l =0 0 0 , 3.8b
. Ix=0 - ' SRS . | \7
.- It.is convenient to express the above in d1mns:onless'
form. - The follouxng transfcrnatz s are used: ;
- : . . * , P
Lo . b Y
. x \. - .
zZ = — h 3.%a
. Le / v
."1‘
1 " . }__‘_ | e .
L S : ' '
N € = — - 3.9b
Sw v

"

Substituting Egs. 3.9a and _3.9b into) Eqs. 3.3,. 3.8a and

: I - “~ : ‘ s
5 ’ _ 3.8b, and rearranging, one ‘F% '
i i . o - . :

‘d= € = ¢ . . S < . N

d.z= 1 + €K ' -

i ) ‘. - . ‘- . . . . . ‘ .

€] =10 L . 3.11a

z=1 J o Co.
BTN .

d'€ ’ - ) ’ N Y

—| =0 . . : : 3.11b
0 dz | z=0 : - : :

The two teras that have arisen in Eq.-3.10 are #, the.

\\~"/2}' ' Thielejnogyaus and X, a parameter related to the half vel-
- j . N 7- N : i - . . - . i .

- - -—-—-7-""
- . -
. -



ocity constant. These are defined in £Qs. 3.12a and 3.12b

below. A
k X L= 1r=
f=|—— ) . 3.12a
D .
.'\—ﬁ'-—;-" . f ‘
‘ = - ) . : 3. 12b
’ K

3.3.2 Effectiveness Factor

'Equation 3.10 is a nonlinear second order differential

49

equation which must be solved by numerical methods. .
21 et he

‘ Eduation'S}IO_ is most. useful when integrated and used to

coapufe the efficiency or effectivegess factor, “as it is -

commonly known, hhich‘conpares the flux Fé the saxismum

possible rate of reaction.

"+ "Total mass flux, Ne, evaluated at the interface des-
cribes the amount of substrate being converted at steady

state per unit surface area of bicfilm.

) D S d€ :
Ne = = —— —| . : . 3.13
Le dz
1z=1 3
. \/‘—'/ )
Maxioum reaction rate per unit area, ra, (Or maxisoem flux)

for a given Sa iss -~

= D S -

T = — —mm— .14
Le{1+k>
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The effectiveness factor, n, is defined as the rafio_of

Eq. 3.13 to Eg. 3.14.

u -
!
1+Rk d€ -
~ n = — — . ) 3- 15 ;
/ = d=z ‘
U - ® M z=1

»

If S is small comparéd to K, the reaction equation

can be simplified:to a first order expression.

-

3.146

Where r~ = first order rate of reaction (ML—3T-1),_
The dimensionless differential equation that results-
. from the mass balance using a first order reaction (Eq.

3.17a) has an analytical solutioh'(Eq. 3.17b).

d=€ - . : o

dz: . . . : .
cosh #=z o ’ .

€ = mm— C\ ' 3.17b

cosh ¢ ) T

The maxioum rate of reaction per unit area, Ty in this

case 1s:

ra* =

ZDSe
-_— " 3.18
L. .
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The effectiveness factor, h® corresponding to. this situation

is the ratio of Eg. 3,13 to Eg. 3.18:

tanh & - , .
nn — ———— - . - 3- 19
' " - .
If S is large compared to K across the biofilm, the re—
action formulation can be simplified. to @ zeroc order
expression leading to another differential equation with-an
analytical solution. . _ ’ -
. . ‘——-._ _' !
Plots of effectiveness factor versus Thiele modulus may
. . SR U
now be constructed. This plot can be-imptgked by using the
generalized modulus, #g, developed by Bischoff (1965).
. .“ ) . . . ) -
The ganeral modulus, fig, for Monod. kinetics is:z
: oK . ' , L .
fig = (—3[2K - 2 1n(21+R)1—27= - . T.20
1+ - o | .

r
The general Qodulus ;crrespdnding to first:order kin-
etics is the sénel~;5'the,.Thiele'moduius .defined in Eq.
3.12a. The +aailia}.‘piot of effectiveness factor versus
generaiized madul us is shﬁun in'F;g. 3.5 fﬁﬁ Honad kiﬁetics.-
As #, . increases diffusion limitations become more pro-
' nounced. - : R | ~
3-3-3 Sequential Substrate Removal ‘ ' T ()
For a Qﬁxéd”cgltﬁﬁé .in which a portion of the micro-
organisms generaté substrate for 2a2nother group of -icréf
organisms, application of the above will léad to erronecus -

results. Production of internediate'substrats in the bio—

- v,
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film will in every case improve the ability of the second

group of aicroorganises to - convert their substrate to pro-

duct (assuming no intermediate substrate inhibitidn); al— -

though, as shown later, this improvement may be negligible.

In the - developments which _follqﬁ, .subseript 1 will

- refer to parameters;assaciated with the <first group, of

mitroorganisms and subscrxpt 2 will refer to .pefaneters
associated w1th ‘the second group Refer to Fig. 3.4 for a

definition sketch. The . analysis assumes  that- ha

1nteract1ons that u111 cause k1net1c or d1ffu51on paraneters

to change from values aSSDCIated with 1nd1v1dua1 cultures ufﬂr

each group occur between the two groups of micruorganisms.
Nomieal_céncegtratibns' o{'each'groub ef’micrnorganisqs will -
be affected because of the presence D{Aboth groups. _It'is.
further aeegmed that the 'mickocrg;nises~in each group are .
randomly d{spersed throughout _the- biofilm _end therefore
para@etefe are ccnstant._

The.anelysie presented in the prevzous sectlon appl:es

to the ?irst group ‘of m1croorgan15ms. At any poxnt x in the .
,

‘bzof11m, productxun of substrate, p, for the second group of

m1croorgan1sms depends on a substrate yxeld factor, Y, that-
is related to the react1ons stoxchxometry and przuary sub-—.

strate conversion rate in the b1olen, Fay uh1ch is Eq. 3. 2 :

.applxed to the fzrst graup

.

-
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A steady state mass balance over an elesental voluse -
. for intermediate substrate. shows that intersediate substrate
;ansumgdhby the second group of nicroorganisnﬁ is equal to . .
' the production of infg?ﬁediate-substrate plus its mass flux
iqtc the element.
aNz o ‘ _
,'l"-:t =- . + Yf'-:, ) ! ' R ’ 3.22
dx . i
Substituting Eqs.. 3.1 and 3.2 into EqQ. 3.22 with
appropfiate subscripts for parameters related to Na, r=: and
fez respectively, and  rearranging yields the governing
differential Eq. 3.23.
d¥Sz  k=X2Sa YkiXaSa

Dz - PR — B T 323
. dx= K=+S: h Kl"'Sl

.. Boundary conditions that apply to Eq, 3.23 are similar

to those used earlier.

-Szl = Swma : ) ' . 3.24a
,. x=lo .
dSa .
x=0 ’

dx

Transfarnihg Eqs..3.23'and 3.24 into dimensionless fd%n
by use of Eqs-.. 3.9a and 3.9b results in:
‘ d=x€x BTy ‘ Swa D: #:2¢€,

Vit PO
dz= 1+R€x | Sez Dz 1+K,€,




€=l . = 1.0 ) - J.26a
z=1"
' d€= _ .
—_— =0 : * o 3.26b
dz z=0 . . .

The yield factor in Eq. 3.25 is dimensionless and it

was grouped with the two ratios following it, resulting in a

'ﬁew sodulus, 8.

Swei D2 ) .
B =Y _ N ] ' . 3I.27
Swa Dz

-

The differential equation in its final form is:

d=€2 | Pl PN PN -
- - = - g —— J.28
'dzz 1""26: - 1"": e:. ’

Equation 3.28 with boundary- restraints was solved by
the Runge—Kutta-Gill technique in double precision for var-

ious vélges"gf-tﬁe- parameters. A binary search routine

-(Cafnahan, 1969) was used :to generate €, and E;lvalueg at

_ tﬁe 1efthan3 bound;Ay. :The right hand dinensionless‘con—

-

centration criterion allowed a maximum deviation of 0:05 %
from 1.0, --The program Qas_run on a mainframg using Fortran
and a copy of the listing is found in Appendix B.

If first arder kinetics apply to both groups of micro-
organisms the resulting diqensimless d'if-Ferenti;l equation

is:s
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d= €

- .:g:Gz = —. § #;3€, . 3-29 ]
. dzz M .

' - Substituting Eq. 3.17b for € <(first order kinetics),
- solution 64 this equation is

' cosh Sz 9,2 cosh $a2z cosh $,z
€ = —m—— + 8 ¢ Y « - ) I.30a
cosh €2 - #,2-¢.2 cosh # cosh . #, :
H‘Ien "; # .: //
cosh § 2 A s - .
{z = — - zsinh(#z), &, = $x T 3.30b
cosh § 2cosh § ' :
T

—

3.3.4 Effectiveness Factor for Sequential Substrate Remowél
The effectiveness factor in the case of sequential sub-—
strate removal cannat be defined on the basis of mass £1ux
intao the biofilm compared to the maxiaum reaE;ion rafe; In -
some instances 'interde¢iatn_sub5trate is acfzglly aiffusing
ou£ of the biofilm. One épproach is to use 'an observed ef—
fectiveness factor, n=, thgt is related to the effectiveness
factor that would have accurred in the absence of inter—

mediate substrate prqduciion in the biofilm without changing

the values of parameters associated with the second group of .

‘microorganisms. This provides an estimation of effective

increase in_diffuéiyity of ‘intermediate substrate.

2
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From ébave, -the effectiveness . factor, na”, for the
éecanq group of microorganisms that would be observed with-

out interme&iate substrate production is:

14k d€x”

b/ = 3-31
= d=z z=1 ;
< . o
-where ha” = dimensionless concentration of intermediate

supstrate that occurs in the absence of
production of intermediate substrate.
Dimensionle%s concentration, €27, and its derivative
are éélculated using the method for singlé’ sﬁbstrate-
rémcva}.” ’ ~ Q
Defining Namax (Eq. 3.32) as. maxisum flux at the
liquid—biofilm boundary that occurs uhgé the biofilm is: sat-
urated with intermediate substrate, the flux, Na’) that :
exists without‘intermed;éte‘substrate production in the Sio—

film, is related to Namewx by EQ. 3.33 below:

4

$"D2Samn . , '
h‘:.z-‘u = m———— N . 3-32
: Le (1+K) -
M2’ = Mz’ Nomax | - 0 3.33

Flux 'in EgQ. 3.33 i% compared to production of ultimate
product when intermediate substrate is generated in the bio-
film. TJotal amount of intermediate substrate cnnver£qd to -

product per unit time, P, depends on production of in;er—

mediate substrate in the biofilm and rate of external mass

N
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transfer of intermediate substrate at the liquid-biofilam

boundary.

. dS=> .
P=—Yf Fas dx — Dz —| - 3.34
: de Ix = L, .

It should be noted that the first term (including the
migus sign; on the right hand side of Eq. 3.34 is Aluéys
positive while the second term may be eifher positive or
néqative..'l . . .

‘ The'inteﬁral on the r1ght hand sxde of Eq. 3.34 can be
. replaced by the flux, N,, of S; into the biofile at the
liquid-biofilm boundary. . The bpundary fluxy, Nz, that

actually exists with production in the biofila along with

the production can be related to Nz... def:ned above by an

cbserved ‘effectiveness factor, ha.

NaNiman = YNi + Nz B - 3.35
. x=L, ’ x=l_, ’
-The ratio, R, of Eq. 3.35 to Eq. 3.33 nges the 1uprave-ent
in the effectiveness factor due to pruductzon of 1nter—
medi ate substrate in the biofila. Using dimensionless var—

iables, Eg. 3.346 describes R.

dé€, dé€ ’
8 + ——
N= dz iz=1 dz lz=1
R=—= 3.36
=" déx”
- dz z=1
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In the above equation, €z~ is calculated with. the same

values for 8z and S,z that were used to obtain. €=.

.

Py —
e
S .

|

. first- order reaction'réte expfessions'uhen.l,#lz'ié:

-

. . . _ . o, #,
"R = 1.0 + 8{(—)tanh #;coth #z +( : JE1—-(—)’
' . o 5T -

* tanh #; coth #$21}

oy

3-37'

' The amalytical expression for R that results from using

In Eq. 3.37, the expression within the {3 brackets can’

‘be shown to be 2 O for ‘all &aluES‘Df ?;-aﬁd:iz...lt‘ié ob-

served that ‘improvement in the effectiveness factor - is

diréctly propartional toc B ‘at giyén values of #:. and #=x.

For nonlinear Monod kinetics,  five parameters char-

acferize R: Raiy Az, Wga, BSg= and 8. Computations have shown

that R is nearly directly proportional .to

dimensionless variat» " are held constant.

8 if the other

Maximum change

in the e+fectivenéss'factdr for- 8 values of 0;10 and 0.20

was 8 and 1&6% Fespectively over the range of’

moduli examined. A few typical plots (Fig.

~ - . -

trends in R, #g: and fg= each vary from O to

each vary from 0.1 to 100 for 8 = ©.1._

-

3.3.5 Significance of Sequential Substrate
Biofilas

. Production of intermediate substrate in

modified Thiele

3.6} illustrate

4a:'u:l lh'and ‘:z

Utilization in

the biofilm al-

ways increases, the concentration of this substrate compared .

-
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to the case without productibn and thus the lreacfiuﬁ_§f~
ficiency improves. In gomé instances,’a portiqn_dr é{I.of
the biofilm becomes superéaturate& uiﬁh.intermediéte-.sﬁ;—-
strate compared to the boundary conéentrations of intér—
‘mediate substrate. érod;ctiua o# intermediateASubsfféte‘qndﬂ
its consequent rise in cunéénéfation mitigates'tse flux of
intermediate substrate from ﬁhe liquid. f ' .

Interaction of KX and $g causes distinct trends'in.ﬁ-as.

obéenged in Fig. 3.6. 'In ‘general as #g 1ncreases the A‘
amount, of intermediate substrate produced in the bzolem <in— -
creases caus1ng an increase .1n R. ThlS is due ta the 1n—;
crease o% k which results in more primary substrate'cunver—f

sion by the %irst group of microaréanisms,‘ . .._/,~ B

Aslgz 1ncreases, the Hono& Equafion '-chaqgés _?Fom?a
f1rst order exptgss1on ;o_ a'éern 6rder g*préséion. ;A_zefb
Drder_expression is not a{%ected by a ;qne;;kratinn~;h$ﬁge.
At law values of #,- the biofilm is clese to saturation when
intermediaté substrate production i§ hdnefisfent.:‘fhus at
low values of #gz and high i; values.the;é is-littie changei
in efficiency. As the bié%ilm 'leﬁéﬁh - increases, - which
causes #gx to incréase, the c&ntentratiﬁq .df i@térmédiéte
supstratelin the inner dgpths of the biofilm faiis and the
reaction ardér rises to oné. ‘intefmeﬂiaté substrate pro?
duction exhibits a _more' dramatic 'effect in these cir-

-

cumstances until %\izipféal maxlmum‘poxnt is reached uhlchv
. N Sé"'y{i:}: 2 .
depends aoan X values. As‘ fioz incireases beyond this po1nt,

o

‘the limiting effects of d1m1n15hed mass transfer nf inter—

__-.—-;-"‘"
[ ]
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rmediate substraté from the ' liquid become more predominant

and R values decrease to 1.0. o .

* »
. A : .5
Y k3

3.3.6 Appfication to Anaerobic Digestion
o Anaerobic wastewater tieatment depends on coaplete con—
version of ' initial substrate to primarily CH; and COz which
is accomglished by tuo_groubs'af microﬁrgahismg: " acidogens
and metha;ogeﬁs. In this sectlon,i daté peﬁtaining to -an—
aer ic> fermentatiqns will be summar;zed ‘and used to

calgulate the change in. effectiveness factor. The primary

.1ntermed1ate substi/ﬁ/ is acetate.  Tables 5.2 and 3.3 give.
K f

e g

values-{or [k and or the respeétive groups found by var-—

L

ious researchers . under di%}éreqt,'condition - These tables

are not meant to’ be‘exhéustive but instead illustrative of

the vaéxat1on that can be found in thEJbarameters. Values .
lxsted in ~these tables 'are frcm studies in which dispersed
growth or -F1xed,f11ms.ex"ist'edT 'williamsan and- McCarty
. (1976a, b). demonstrated that the~maximum spécific rate con-
stant, k; dlﬂ not change for biofilm or dzspersed gronth of
 their culture and . 1t is assumed here-that k and K values are

the same for flxed b10411m ar dxspersed growth af a cultﬁfe.

b
. N
L}

-

‘{D‘



_Table 3.2 Kinetic Coefficients for ﬁc}dngens‘

v

Substrate Ka Ka ' Reference

g COD(g VSS)—2d-32 g COD L—2

dextraose 173 - 0.024 Ghosh and Pohland

, (1974}
protein— 1.0 ° o 0 15 Mueller and Mancini®*
carbohydrate . : - (1975)
sludge | é.é . 37= - . Ghosh et al.

' (1975
glucose . 209 2.6 Massey and Pohland
) . . ’ N (1978}
glucose ' 72 ' 0.022 Zoetemeyer
) : (1982)

= For temperatures in the range of 30—37“0.

Based on analysis of Young .and McCarty’ s data (1969).
Assuming their sludge had a composition of CoH-OoN.

s 7

-
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Table 3.3 Kinetic Toefficients for Methane Formerse

- k= ' . K=
g COD(g VvSS)~—3d-* - g CcOD L-*
3.0
~
4.0-4.5
5.0-8.6 0.17-0.93
QO.M
“ 0.39.
6.7 ' ‘ 0.002

———

.= For temperatures from 25-37<C.
* Based on analysis of Young and

-RefFrence

tMueller and Hanciﬁi'
' (1973)

‘'van den Berg
(1977)

Lawrence and ﬁcCarty
(1949)

Ghash and Pohland
{(19759) -

Massey and Pohland .
(1978)

Andrews and Graef
(1971)

»

/j

McCarty ‘s data (1969).

&4
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There is lxttle 1nformat1an on the concentrat1on of

each group of m1croorgan1sns in anaerobxc bxolens. R_sqr—

o vey of mxéroorganzsm concentratxans Jﬁn aernbxc 'biofil;s
' (Williamson and McCarty, 1976&)l.fcund 'cpﬁcentéations' to
rangé from 20 to 110 kg n". Resylts of ‘this study (given

later) for anaerobic DSFF reactors have shoun total bxofxln

-

solxds (TFS) concentrations of up to &0 kg a3 of biofilm at’

steady state. Volatile b1nf11m solids nere 759-80% of TFS.B

Biofilm thxcknesses of up to 2.6 mm were achieved. . . ’

-

The diffusivities ‘of sucrose, glucose and acetate in’

o
e
SN

water at 25°C are shown in Table -3.4. Tﬁese are cohs;n sub—
strates uséd .iﬁ laboratory studies. . A guide fb estimate
diffusivities of otber‘Zumpouﬁds based on molecular weight
is.given in Table 3.5- Nzllzamson and McCarty (197§9) con—
sidered it adequate to estzmate dxffusxvztxes in the bxolen
at about BO percent of thexr value in uater. This estimate.

- 4
will be used here.

-Acetate Yvield f?bm. various substrates was calculated
from the halfﬁreactinns--gifbn'by Christensen and ﬁcCarty-
(1973) for domest:c uaste, protein, carbohydrate and grease
(Table 3. 6). The ' yields-in Table 3.6 have been calculated
ignoring the vyield of microorganisms. -Depending'on sludge
age'aﬁdf other system operating‘conditions, the vyield of .
acidoéehs will vary, ;hich, ?n any case, will ., decrease

-acetaﬁe vields éiven in Table 3.6. Reporteﬂrhalues o; the

vield factor for acidogens ‘range from 0.2 to 0.70 g

microorganism 60D (g substrate CODY—* (Henze and Harremoces, - o
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 1982), assuming mi;roorganisps.£o,'ﬁaVE a CoD of 1.42 g (g
vo1a£i§, film solids)-—2 (VFS) . Net yield u111 be somewhat
Iesstgue to endogenous' decay. It 15 szgnzfxcant to note
<.
that hxgher yzelds are assoc1ated with carbohydraqgﬁahgtes.
cabp ccncentratlons in the mixed liquor can vary over a
wide rangél depending on  influent COD. concentrations and
ﬁperating conditians.‘ It is not.anly the absolutelconcen-
tratxons of 'pr1mary and intermediate substrates existing in
the 11qu1d but their ratio .that determines R Steady state

"~
rgsults reported later for a range of organic loading rates

-

" and HRT have shown ;5at the ratio'of VA toc other soluble .
- organié compounds averaged 3:1 uﬁ a COD basis. The ratio
ranged from 1:1 to 9:1. The ma;or conpanent of the VA uaswr
.acetic acia.- Below it is assumed that saluble compounds in
‘the liquid are degradable and of 'relatively low molecular
weight which. would result in their h?ving.di%fusivities dn'
the order of that far'glucose..

It is clear from the information given. above that 8 and

Thiele moduli 'can vary over 'a wide range at given biofilm--'-'

fhi knesses. Glucose will be used as the pr1mary substrate
td calculate the modlfxed effectiveness factor that could
" apply to many laboratory situations. Based on information
in'Table 3.6 a vyield factor of 0.80 will bdjused. This is
the yield of acetate from'gldcose reduced by a factof‘o¥'
about 20 pewcent to account for net aciaogeq ~yié1&. The"
ratio o& Sb: t0 Swez is 0:33 from above and th&/ﬁé&io of Dy

-

S



Table 3.4 Diffusivities=+®  of Common
Anaercbic Studies

Species

sucraose
glucose
" acetic acid .

&7

N

Substrates in

a -

D, cmad—12

0.48
 0.60

1.03

‘= At 25eC, D at ancther temperature may be found from DuTw =

constant where « is solvent viécasity and Tw temperature

in =K.

* Perry and Chilton (1973) .

‘Table 3.5 Guide for Diffusivities Based on Molecular Weight= .~

Haleéular ueight

10 .- J

L~
100 LN
s’
1,000
o 10,000
;£j7 100,000
: 1,000,000

* Perry and Chilton (1973)

*

)

D, cm=d—*
1-9
C 0.61
‘- ..
"« 0.22
0.095
0.043

~
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"of the £ modulus at O.1é.

&8

to Da is 0.58 from Table 3.4. These numbers fix the value
' -+

.To estimate the'generallThiele moduli, typi¢a1 kinetic
coefficients ;or - acidogens and wmethanogens suggested by

Henze and Harremoes (1982), will be used (Table 3.7).

Diffusion limitations %will not ‘exist in thin films;/ there—

fore a  biofilm thickness of 1 mm was selected. Degradable

soluble effiuent COD is specified at 100, 1000 and 10,000 mg -

~

L=* to typify effluent from a reactor receiving low, medium -

or high strength influent. Active VFS contentrati?n'in the

biofilm will be arbitrarily taken as 10 kg o~ for ‘eac

group. - Far these condit;ans improvements in the effective— .

ness factor, R, are lidteg.in. Table 3.8.  The modified

[

effectiveness factor is significantly different from the
effectiveness factor found cansidering‘acetgie alone in two

cases. - As biofilm thickness increases the mai}mum change in .

‘effectiveness factor over the range of #o considered for a 8

modulus value of 0;16 is approximately 7%. Considering the

range of kinetic constants in Tables 3.2 and 3.3, it is

possible in some circumstances that the ratio of 65, to i.z-

'isAgreater thaﬁ the maximum valué considered here, which
would increése the upper bound of the maximum ‘change in
effectiveness féctor to a value‘gréater.thaﬁ T%. .
beevaluate kinetic cbnstaﬁfé, the above approach'ﬁzst
be‘%bpligd to the data that arisé'in'each Ease.‘ 1f

- - .o

g
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'Subst}qe;.

dnmestic waste
P4

protein

carbohydfate

-

grease

Y

¢

kg ;cefate

Yield, Y

&9

.Table 3.6 'vield of Acetate from Various Substratege

COD(kg substrate COD)—*

0.47
0.86
0.98

- 0.98

- ® Based on half reactions in Christensen-and'HCCarty (1975).

Table 3.7 Typical Values of Kinetic Coefficients at 3ISeCe

Culture

-

-

-

acidogens /

methanogens

Y

k

gCaD (gVSS) —2d—1

10

10

= Henze and Harremoes (1982)

* Assuming 100% active VSS;-k and VSS are
directly proportional to each other.. ™

K

gCOD L—2

0.05

assumed to be

Table 3.8 R Values for Test Situation at 35 oC

Swa Soe
mg L=* -mg L—*
25 75
250 750

2500 7500

Ky R= Sga
0.125 1.5 3.24
1.25 “15.0 - 2.08 -

12.5 150.0 0.73
. -

h'= R
<
0.335 1.072
»
0.909  1.065S .
1,000 1.027
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" However at extreme high or low values of #ig. the change in -

are synthesized ~“into permissible loading rates on which re-

substrates other than Simple sugars are present as in
domestic or many industrial 'uastes, the yield‘factoﬁq for
acetate will decrease. Also the d1ffusxv1ty ratio will de—/’

crease. It is p0551ble in sone reactors aperated at high

rates, that the ratio of soluble prxnary substrate to inter— -

‘mediate substrate: in the liquid uocld increase, but for re—

éctors‘achievipg high removals, -the ratio of Sw: to Su=x used
1 .
abave is probably ne€ar the maximum value.. If all of these .

-factors apply, they would result in a substantial decrease

in the modulus. The amount of improvement in the effecti§e4
ness factor is also sensitive tu\\;he ratio between the
Thiele moduli for each group. #és this ratio be;omeé larger, .

the maximum change in the effectiveness factor increases.

the effectiveness factor is wmuch less than. the maximu
change regardless of the value nf l.:. The overall analysis
also depends on act;vxt:es of each group in bcth liquid and

blof;lm phases. .

- -
*

3.4 Design of Fixed Biofilm Reactors

.»There are basitally two different gpbroaches_to the de—
sign of wastewater treatment reactors:
i.- %he traditional approach by which years of experien;e
actor design is based and a réshlting degree of purification

is\ex-ected.
J; P
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- 2. The conceptual approach by which it is attempted to sim-

e .

ulate ﬁhg processes involved to such a degree that the pur=

- ification result can be predicted.

The first approach has been the technique used to date

for design of DSFF reactors. But it is dgggfrous to extra-— -

', polate to dbnd;tions outside the range of experience. The

conceptual aﬁproach striQés to incorporate main features of
the"proce;s ‘to increase the generality of the design
approach.‘ . _

© Henze and Harremoes (1982) used the ;oncept of SRT and -

biomass yield t5 develop an equation describirig maximum vol-—

,umetricforganic loading (based on reactor volume) in fixed

-

biofilam reactors.

' B. = Bea + and . ‘ . 3.38a

Where . Bo = maximum volumetric load, (ML—3T-2); ?éi
. - e
Buva - = .load of biadegradable-organics.(ﬂL"T-‘);

Byvna = 1load of non-biodegradable suspended

organics, (ML—3T-2), '

At the maximum:volumegric grganic loading rate,.biomass.
remcv;I is equal to biomass production rate; The SRT can

-

then be-described by Eq. 3.38b.

Om = ——————— _ . 3.38b

where:

X = total reactor biomass concentration,

(ML—=); B
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T Om sﬁlids retention time, (7);

Y. = biomass yield.

\

‘Rearranging Egq-= 3.38b and substituting for B.og in Eq. -
3.38a results in Eq. 3.38c: '

- (X/omw) :
B = ————— + Bino ' - 3.38c
Y“ . .
Figure 3.7 demonstrates the influence of Y. and

reactor biomass concentration on maximum volumetric organic .

loading rate.
Kennedy-ana van den Berg (1985) modified Eq. 3.38Bc to

incorporate the effect of surface area ta reactor . volume .

a~

ratio. - The SRT in this case'can be described by Eq. 3.3%9a.

aXe 7+ Xo

om = ——— T 3.3%a
'--7 YHB‘vd

. -
-—-/..

Where a _{Fﬁgappurt area to reactor volume Fatio,’(L—‘);
Xe’= Q}inlm bioméss*areal cnncentrét%pn, (ML“=3; -
XL = mixed liquor biomass concentration, (ML—=).
Assuming that biomass in ﬁhe mixed liquor is negligible
Eq. 3.39a can be .rearranged‘and substituted inte Eq. 5.38a .
fo‘give Eq. 3.3%b. | o

" (aXes/ 0m)
B,v P - . -+ BW'\- . 3-39b .

o o . Yn

. <
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Figure 3.7 Effect of biomass yield and biomass concentration on
maximum volumetric loading rate; (8,=20 days,

3 -1, .- C
vad:O kg COD m™”d™") (Henze and Harremoes, 1Q82)
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’ Figurq'S.Qiﬁghoﬂs the effect of biomass yield and sur-

face area to volume ratio on maximum voldhetrx: loading

rate. Equatzon .3%9b dnes Aot take into account physxcal

problems that can be aSSQC1atgq with" reactors that have high

surface area to volume Fatips and thick ﬁiofilms, Channel .

diameter ié.idportanf to-cptimize reactor performance and to

avoid channel plugging. Dptxmum channel diameter is about

3.5 cm (van ‘den Berg and Lentz, 1979) which corresponds to a

s
surface area ta volume ratio of approx1mate1y 100 m=m—=,
e

In terms aof :onceptual design the most relevant design .

and appra1sal parameters are related to either unit surface'

.af support media or to un1t of sludge mass in the reactor._
ks
If-substrate. only partially penetrates the biofilm or

if wastewater is dominated by particulate matter that has to

be adsorbed and hydrolyzed then substrate removal has to be.

-

related to surface area of media in the reactor.

However, if substrate fully penetrates the. Biofflm,

either because the biofilm is thin, substrate concentration

is high or methane production causes an increased diffusion—

al exchange, removal has to be related to a unit of sludge -

mass. This again has to be related to other design para—.

meters ﬁhgt influence the sludge mass accumulated per unit

-surface of the media or per unit volume of reactor. The

latter aﬁbroacﬁ will be used to develaop models describiﬁg'

DSFF reactor performance. -~

The following empirical steady state model develapment

is based on the following assumptions:

S ' *
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MAXIMUM VOLUMETRIC LOADING RATE (kg COD/m3/d)
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Figure 3.8 . Effect of biomass yield and surface area to volume

ratio on maxirum volumetric -loading rate;
T

) : - e 20
(8,=20 days; 3,20 kg 00D w7 '¢ %; X{=0.1 kg S ‘m-2) :
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B

1. . Anaerobic digestion is a process characterized by a
heterogeneocus. microbial population netabo}izing components
of a complex waste. The rate liwmiting éubs{?ate is the 501- -
uble organics as deterained by COD anaiysis. |

2. Substrate completely penetrates the biofilm and no sub—
stratergradient exists aérbss the biofilq aehth, Lc.(i.e;,
Thiele ﬁodu1§s=0). | |

3. Biocfilm accunulatibﬁ rate is saali and can be ﬁeqiect.d.
4, _Coﬁ:ggtratioﬁ.of nunbibdggradgble ;rganic .paterial in
the reactors is ssall and can be neglected. | .
5. Reactoé‘is ‘conpletefy nixed in terms of éb{ﬁblg sub;
stratg. . - - |

© b ‘.Rg}atiunship between Abio-;ss and substrate_utilizgtiun
can be described by Eg. 3.2.

7. Influent to the reactors is totally soluble and contains

noc biomass.

Based oni the abdve assumptions a mass balance for sub—

strate in the reactor gives Eg. 3.40.

ds a u X . ‘
o m= = = (§5-5)- 3.40 ,
-dt v Y
Where Se = influent substrate concentration, (ML—%);
V = reactor volume, (L™); _— : : §
Q@ = influent flow rate, (L’T"‘);

u= specific growth rate, (T72).

A mass balance for the microorganisas’ can .be

expressed as:'



ax Qe - - .
= ubIX = = Xe L. 3.41
- .dt L e -
" Where b. = decay rate, (T~%).- - . -

-

3
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The distribution of.cell ages in a bhiologicil waste .

treatment process: is such that significant nusbers of cells

are not in the lng—grouth phase. -Eq. 3.41 inturpqratlSal-

décay,rate to account for endcgeﬁbus bacterial respiration

-

. . . - ‘ . .
(Herbert,  1958). . . _ o . -

. At steady state, Eqs. 3.40 and 3.41 are written as:
. . ' - ’ K

4.

‘ Qrv L
, X = Yo (Sa—-S) — L - 3.42
= Q xl-. —_———
i u'= - + b 3.43
v X

Defining the SRT:or sludge age as:

vV X | .
Om = ————— . 344
. e ) ) QXL ) - ’

Equation 3.43 can then be written as follows:

. .
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Equation 3.45 can also bé.uritfnn a%:
i U=ua+b - ¥ 3.46

- Where.. ua = net specifiC‘qtouth.ratng (T=2)
Specific gfduth tate of bacteria can be described by
bEq. 3.47: d - o
. o . L _ _
R _U | ——— '. . . . 3-47
K+S - il '
v Microbial substrate utilization is related to bacterial’

growth by Eq. 3.48:

'~k §
u i 3.48
K+S. .
Where U = specific substrate utilization.rate, (T—*)

Equation 3.48 can be linearized using the Hanes method

(6rady and Lim, 1980) to: i )

- 3.49

s
u

1w
+ .
I X

Equation 3.4% allows the kinetic,paraiéters, k and K fu
be determined from routine reactor measurements. 0
Equations 3.46 and 3.48 can be combined and reafr;nqnd

" to give a Iine;f expressinn.fo} Ut -
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N

Equation 3.50 indicates that net specific growth rate,

Uey 15 directly related to specx#xc substrate utilization

rate, U. @A plot of u. versus U allows Y. and b to be .

deterningd.

The maximum specific growth rate, u. can be deterained
from Eq. 3.51:

Um = Ynk ! 3-51
These constants are valuabié for 1net1c analysxs and
-allou one to detern1ne the amount of sol ds which accuaulate
f

in the reactor. ' - . . _ : .

If a model is to describe-perfornance of a DSFF reactor

it is inportant to know the relatxonsth between HRT and .

CSRT. In CSTR biological prucesses Ua and SRT— are squal to

HRT—* (Grady and Lim, 1980). This 1nd1cates,that biomass -

growth and removal are dependent on the HRT of the system. -

'In'DSFF; reactors biomass is attached to and growing on sup—

’

port media. .In this case us and SRT-* are equal to HRT-3 .

multiplied by a uashout factor.. Because of thé‘difficulty :

in measuring film solxds and consequently SRT in. DSFF

reactors, determination of a washout factor for individual -

_wéstes will allow reactor perfornancc to be predxcted as a

function of easxly measured parameters such as HRT or LRT.

[ 3

¥
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If the' bxofxla accunulatian rate is saall and is

. neglected, than u. for sach steady state can be dcscrxbcd by

Eq. 3.32. v
- 1 L
Om . Ome - >
Where: £ = uaéhout'factur, (o)

v= hydraulic retentian time, (T)

Implicit in the calculation of the kxnetxc paraueters
is the assu-ptxon that the system is at steady state and
biomass concentrgtzon‘repaxns constant during the evaluation
per}od. Hith>the lafge bionass concentrations - that exist in
DSFF reactors (van den Berg et. al., 1981) and low growth
'rates of anaerocbic bacter1a, biocmass accunulatxan rates uxllf
be 1nsxgn1+1cant.

Combining and'.reArranging Eqs.‘ 3.43, ?%:46‘.3.47 and
3.52, COD removal efficiency, E, and reactor bioniss concen—
tration, X, can be predicted as a function of HRT using Egs.

3.535 and 3.54.

K{(f/ o) +b)

E= (1 - — _ 1 100 , 3.53
‘Su (Ugy= (£ / Gped =B) :
Where E =-COD remaval efficiency, (X)- ‘
*
X = 3.54

(f/ 000 +D) @y~




In Eq.‘ 3.54. X dllcribus th- total biomass concen-

-

tratioh inl the reactor.v‘ B;o+11- bxo-ass can be determined

by subtracting biomass in th- axxnd lzqucr.

3.3 Dynamic: Anaerobic Reactor Hodels

The empirical model devaloped in Sect1an J.4 uses con-

‘.ventxonal CSTR theory and apparent kinetic constants to pre- .

dict DSFF reactcr effxcxency and bionass concantratxun.-

This model is lxnxted to steady statg-rehctor operation and

81

~cannct be used to predict perfprﬁance during startup -~or”

transient operation. In this section various dynamic models
will be discussed leading to development of a dynamic model

for DSFFJreqcfors.

Andrews (1969) developed a déterminis¥ic one culture.

dynamic model to describe _anaerabic tr at-ght‘ in a CSTR.

‘Mass balance equations ueﬁé‘develdped that described inter-

actions.between gas, ;iqui&:and_b:ological'phases of -an an~

aerobic CSTR system. Methanog¢nesis was considered to be
rate-limiting in the stepwise c version 'of complex organics
to methane and carbon “ide. Tho key feature of this

model was incorporation of an inhibition kinetit expression

*

analogous to’ the Haldane function (Lenninger, 1975 in’

. -enzyme kinetics to.describe microbial growth:-
. L ) . , ‘ :

K =
1 + -.% -

4



. acid forming microorganisms.
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kY . -

‘Whére . K, =*inhibitidn constant, (M L—3) ..

- The cancnntratiqn of und1ssncxatcd for-s of short chain -
VA was assu-.d to be rate lxnxtan and rate inhibiting.
Honever, the concentrat:an of - undxssoczated acids is &

function of bothitatal concentration of acid and'_pH. To

:‘deterniﬁe the concentra;idn'qf undissociated -acids, ionic

1

-equ111brium ‘and gas transfer expressions were used to

-

,descrxbe the carbonic acid system and the inﬁ:raction-
betueen gas anhd liquid phases. Graef and Andrews (1974)

extended :this model to incorporate an expression for

.

'organisn(deatﬁ'ﬁinduced by a conservative toxic agent. Buhr

and @indrews (1977) employed this updated one culture model
to sinulate' a thermophilic anaercbic CSTR.  These dynamic
modelg‘uere - tested and shown to predict fairly well éhe
response Of CSTR. reactors to Qarioqg transient conditions.

Mass and,Pdhland (1978) presented equations describ~
EY\ | X i

‘ing grpﬁth b* @icroorganisms in a two phase anaerocbic sys-—

tem. Equatxons for this two—culture system were derxved‘
from steady 5tate mass balances around separate acid forming
and methane .forming CSTR. Although a dynamic model uas not;
developed, this work described. the separation of the two
main cultures'responsiﬁle for anaérobic'digestion.

The steady -state grb&tﬁ rate of acid foraing bqéte?ia'

was described by Eg. 3.56 assuming influent to be free of -



Where R* = recirculation }atio, (Q);
' Xm: = concentration of acidogens in recycle, (ML—=)-
Subscript 1 refers to primary substrate and acidogens.

Similarly a mass balance far substrate around tﬁe acid

fcrnxng reactor uas descrxbed by Eq. 3.57:

Combining Eqs. :3.56 and 3.57 resulted in the following

steady state expression for biomass concentration in’' the

acid fa&ning‘Feactor:

Yz (S.;‘-S; I R"Xm1

xl = ‘ ] 3-$
"1+R"x"'b:.0u_n_. . '

Combining Egs. 3.47, 3.56 and 3.58, substrate concen-

tratxon in the ac1d phase reactor “as descrxbed by Eq. 3.59.

~ga%(gaT—4h,my) 173

Sa

K

2h,

‘(I;R‘a-)

. Where By = Ums - - b,

u‘.



14+R"=, - B R*™ 2 Xoxa
Qs = (m— +b;) (SasKi) e (Sg + ———) -
: Ooez . Y2
: 1+R", :
My = S.gK:(__*—-“ +Bi3)
) Osaz

By analogous reasoning, Eqs. '3.69‘. 3.61 and 3.4A2 were
' o
developed to describe specific growth rate, biomass concen-—

tration and substrate concentration in the methane phase re—

-

.actor, respectively.

.. 1+R*5 R*xXocx 5 .
Uz = - - + ba 3.60
Oyacz Oz X=z '

Where: X,a2 = concentration of sethanogens in recycle, (ML—3)

Subscript 2 refers to intermediate substrate and methanogens

Yuz (‘s-:"'Sz) +HR* 2 X - ’
K= = ' . 3.61
14+R*"a+H a2tz

gz r(gzx*—4hamz)2/=

e, = , . 3.62
" -Zha - .
) {(1+R"3)
Where hz = Upgy = ————= = b,
: : ez
14+R" L R*2Xn
gz = ( - +b:)(Sﬁz-Kz)-u-a(S—:+.——_—T')
. Ou: ‘ Y-:



1+R*"
+bz)

#z = SeaKal

~ Application of this model to two phase anaerobic di-
‘gestion processes (Massey and Pohland, 1978) was found to
give-reasanable. estimates of bin-ass and substrate concen—

" trations in acid fbrn1ng and methane foraming CSTR.

Kleinstreuer and Poweigha (1982) combined the dynau:c
1 .

model of Graef and Andrews (1974) with the two culture model

of Massey and Pohland (1978) and developed a dynamic model

that distinguished between acid forming. and- methane forming -
— ) .

bacteria coexisting in.a single CSTR.. This model had the

capebility to: accommodate various substrate feeding nodes;v'

and simulated .the transient physico-biochemical transport

conversion processes occurring in the bioclogical, liquid and -

gaseous phases. Dynamic simulations weré not compared to
eetUal reactor . data because of difficulties in deterninin§
concentrations of - acid formzng and methane forming bacteria
coexzstzng in a 51ngle CSTR.

In the renalnder of - thxs sect:.on,~ development of a
dynami¢ DSFF reactor model will -be discussed. The nedel will

be a pseudo four—culture process that distinguishes between

acid forming and methane +afming;bacteria in the biofilm and

mixed ligquor. All assunptxons used ‘Fcr the steady state
model except Number 2 will be valid. Intrxnsxc k1netz:
parameters not determined in this study but required for the

model will be obtained from the literature.
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Braef and Andrews (1974) and Klexnstraurer and Poweigha
(1982) incorporated an 1nh1b1txnn function into their uodel;
to describe bacterial growth. At present there is still.
cuntraversy over the exact nature of the limiting substrate
and the effect on inhibitiun (Duarte, }980; Zender, 1982). -
Additionally, DSFF reactors used in this study were heavily
.buffered ; maintain constant pH. Therefore an inhibition;
function h been onittea as well as the ionic equfiibriun
and gas transfer equatxons used to deterylne changes in pH.

The dynam1c DSFF model is based on biomass and sub—
strate ‘balances f&f acid forming bacter:a and methane furu—j
ind bacterig in the mixed liquor and‘biofiim.

' Assuaing-thatsng diffusional resistance exists foﬁ‘bio—-
mass in suspénsioﬁ, gfou&h'rates of acid formers and qethaqg;j
éormers in suspension can be described by Eqs. 3.43 a;d 3.64 .

respectively. The subscripts L and ¥ refer to mixed 11quor

and biofilm respectzvely.

Umar SaXar

1 oz =_x1Lq1L E —————— : ) 3.63
Kar+5,
; Umas S X
Fgxw = Xz Uxn = 3-6‘!’
’ VK=L+SZ N
Where: ’ rgic = growth rate of agid formers in suspension;.
(ML—FT—2);

rea. = growth rate of methane formers . in -

suspension, ML—3T—2).
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Substrate removal for acid forsers and methane formers

in suspension can be described by Egs. 3.65 and 3.66 respec—

tively. :
- i / R
) 1 Umi1SaXa
Fmie =_ - Uz Xa = - - . _JS.69
Yoz . Ymac({Kar + Sa)d
. . .
) : : - Umzt S22 X
Feae = — U X = — A S.66
Yoz . szg(K:L +_S=)

where Freir = substrate removal ;ate_by acid formers in
suépension, (ML—FT—2)3
raze = substrate removal rate by methane formers
in suspension, (ML—ST—2).

From Eqs. 3.3, 3.4 and 3.6 it has been shown that dif—
fusion resistance can affect substrate utilizatjan and bio— -
mass grdﬁth in biufilms.‘ This can be taken into aécaunt by
incorporatinglan éfficiency factpr into equations describing
biomass growth ;nq substfate .utilization. The growth rate -
of acid formers and methane formers in the biofilm can be

described by Eqs. 3.67 and 3.68. ‘ - -

N UmireSaXae

Frgar — X14U;q'= E“ s 3.67
- . ' Kse+Sa ‘
L.
. L UmaeSaXze . :
rgze¢ = XaxeUze = E - “ 3.68
. K:'+S= , Tl —— }
- - - z
‘-!-_r‘-—_‘—-—'///- ' -
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Where Toie = growth raée‘g*naéid forﬁé:s in‘Sinf}i;, Cd o
(HL:=T—*?; Lo - ) ‘
- rezs = gréuth rate of methanefférners iﬁ bio%iin,dc'ﬁ
(l;ll_"T—l); - - ’ o -
E = biofilm efficiency factor, (O). - €L
Substratg removal 1f6; a;id fcrmers‘andimethapg formers - -
-~ -in the biofilm can be described by Et-::s.ﬁ_"‘-;..b‘; _.and .3.70 -
respectiveiy. o B | - o ' ' ‘.- ’ '
1 ) o1 -;Ués‘cs‘a.x:'o .
Fmze = = UreXze = ~E”, e 3.69
Yo - = Yuze $13 + Si
1. T . 1 . UnzeSiXae :
Frexe = — U:fX:q = ~£72 - T ..3.70 P
Yuze o Yuze. Kze + Sx ' -
where r§;._=:sﬁbstrate_éemova1 raié.s; acid formers in
.the biofilm, q(HL-fT*.*)‘;,
e ' . raze = substrate removal rate by ‘methane fcrmér; :
-7 "7 in the biofilm,- <HLf=I:5)_- o - )
Biomass balances fPf.acid;-furding-and m;théne forming _
bacteria in th% miked '1§qugr éan be de;céibe& by Egs. #.%1i*
"~ and 3.72 -réspectively. The biémasgfg;lénc;s for'thenliqdidf.'
. and biofilm phases are dependent on the atggghment and de—
‘ tachment raées lﬁf the'resp2§£19¢ grouﬁg'of Séétéria. ﬁirstj T ’,'M
ﬁorder'expréssicns*uere_ass&med to descfibe_thé;e bﬁenq-ena. - Af

S
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) dx;._ .' . (X..._—X;._) -

) = — + Tgan-= barXan = A1TXa + Da*Xie - 3.71
dt - ;) - : it . _
wWhere - A" = biomass attachment rate, (T;*);

™ p= = biofilm detachment rate, (T—1);

- Xa = influent biomass concentration , =) .

- . L. [

dXar 77 (Xex=Xa) : g -
= X - + rgm. — b Xm — Az"Xam: + Dax"Xae) | 372
dt .7 e . o S .

" Equations 3.73 and 3.74 describe the concentrations of

. acid forming and methane forming bacteria in the’ biofilm

respectively? .
dxﬂ.' . .
———— & Ay™XaL = D2®Xae + Fgae = DieXie -7 3.73
. . dt ’ i .
" dXze _ _
= Aa"Xar — Da%Xze + rgze — DaeXae : - ) 3.74
“ gt el = .

Equations 3.71,  3.72,- 3.73 and 3.74 indicate that
att;chmé;tISpd 'détéﬁhnenﬁ raﬁes caﬁ be different. However, .

. there_;ave. been no- studies providing. evidence to suggest
that attachment’ and detachment . rates should differ between

. the various groups of anaerobic bacteria. If bacteria are
‘ . SR . .

randomly  dispersed throughout the biofilm, detachment or .

sloughing. " rate would be the same for each‘graupiof bac-
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‘ . . r ) _‘_‘ . . . N . ' N . - .
teria. The mcst"reascnébie approximation faf the firéf
attempt at moqelxng th1s reactor is.to use ‘the same att-:h‘
ment and’ detachment rate coeffxcxents respectxvely for .a:h
‘group of bacteria. - ..
_Equat;on 3.75 is a mass balance for priﬁary'suﬁstratg.
" dSa. (So1-54) ' . baXac | - DieXse

- = +(razy — ————)4+{raze —
dat 0 T ’ U Ymao ' Yuze

y 3,75"

fhé mass bdl;nce for _interqediate'substrate used for .
methane formation  is described by Eq. 3.7&. Similar to the
deveiopent in Section 3.3. a net . acetaferyield fa;tur,;Y-,_
has also been incorporated into this developaent
dS2 | (Soz~Sa) DmXa : baxeXzie

+(ram ~ ————)+(Faze = —————)

dt T Ona Yz L t Yuze - . -

. BacXs o - b;;f{ ’ -
= ————)Y¥a ~ ACmare — —)Ya <’ 3.76

Ylll L 3 . Y-! A

(rase

- Equations 3.71, 3.72, 3.73, 3.74, 3.75 and 3.76 con-
stitute a ‘non;linear initial Qalug p?p?le-; These first
differential equations can be sleed= sinﬁitaﬁedusly
using the ge Kutta technxque and - apprapr:ate parameter
" values. A c uter prugram solving these equatzons, urxtteni

in Basic for an IBM personal computer is found in Appendxx
€. Calibration and dlscusszan of this model will be dealt

with in Chapter S.



4. MATERIALS AND METHODS

To acconpllsh the ob;ectzves outllned in Chapterkl, a
labnratury study was cnnducted over a 24 month per1od. In-
the course of this ;nvestxgat1on a total of tuelve anaerebzc'
reactore were aperated.- The or1gxna1 anaercbxc reactar uas_
seeded uxth dxgester sludge) from Breens Creek Hasteuater
Treatment faczllty. Ottawa, Ganada.' It was fzrst cultured;'
in  a 100 L CSTR ta allow accliutizatxon of the sludge to
.the test substrate and to uash aut }norganxc grit and other'-
sclxds from the original sludge. Sludge from the CSTR A%
'_then ueed' to, snoculate variqus:DSFF .reactnrs used in thxs

study.
4.1- Apparatus

.4.;.1 Prelxm:nary Culturxng System’ '
The CSTR used -for czz;urxng the orxgxnal reactor seed.
‘uas constructed us:ng a 120 L Pyrex Jar.‘-The nouth of the_ 
\jar was -sealed ulth a 1.5 cm thxck plexxglass plate fitted
with a fgbber-gasket. .Four -etal-rods runnxng the_length of
the jar and ahchored at the bottom tn a wooden base plate
‘ 1nsured/§hat the reactor lzd was secure and alrtxght. The
plexxglass top - plate had three holes - bored into it. One;
hole opened into the headspace above. the‘reactor lxquid and.
.seryed as.an‘cutlet for biogas. The two ather holes had dip

~tubes dade‘_ of 1.2 cm internal aiemeter (i.d.) PVC pipe
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extending into 'thé‘cdlture iiquid to a depth ' of 20 cm to
pﬁevﬁnt air frnn anterzng th- reactur. Dne 'dip\tube-ugs
'uééd for xn{luent addztlun uhxle the_ cther was used ‘fﬁr
remov;ng ef{luent. ' N - S | _ o . -
. Nxxxng.was provided by a DC sefvo‘ motor - turning a
stainless steel shaft with tuo 15 cm diameter flat blade
“turbine impellers at SO rpm,. To c1rcu¢vent vortex:ng 4 .
‘equal-spaced baﬂ‘lns nere 1nccrpcrated 1nto the reactor.
-Reactor b1ogas productxon Was neasured uith a. brecision;
Scxentzfxc wet test gas neter, then vented into a fume hood

" A small glass tee fxtted with a septum was plaqed ﬁq tne-gas k
'linelbetneen the reacter_nand gas wmeter to facilitate gas

. sampling.

"4.1.2  Startup and Steady State

Four laboratory .5ca1é béFF reactcfs were canétructed
'_fan'use' in Phases 1 (stértup) and 2 (steady state) of the'
experinéntal'study tﬁigs. 4. i .and 2. Each reactor con-
sistéd‘§¥. 2 vertxcal tank (19.0 x. 19. 0 x 98.0 cm 1i. d ) nade
of 1.25 ca thxck plenglass and havxng an enpty bed volune'
o; 24.4 L. ' 'Each reactor was covered uxth a 2‘Cn thick re—
movable plexxglass lid. The cover was sealed to the reactar
uzth,a rubber gasket’ and szlxcune grease. Seél 1nte9r1ty
was amaintained by pressure appliéd through eight bolﬁs run—
.ning‘through‘ the cover piate and .;nchnred to-_a 3 cm wide
. flange which was attached to the top of the reactor. The

cover plate had two holes. One hole opened into‘thé head
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‘Figure 4.1 Setup of anaercbic DSFF reactor system
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' seace.aﬁé alloued bzogas to escape Bzogas pruduct:an uas
moni tored uzth a Prec;s:on Scxent1fx: uet test gas oeteru
then vented' into a fume hood. A glass tee fitted with a
septum was pla:ed in the" gas llne betueen the reactor and.
the gas meter to facxlxtate determinatxan ‘of bxogas-qualxty.
The second hole in the centre af the cover plate had a. 1. 25
cm i.d. dzp tube f1tted with. a dxstrxbut:an nanpfold uh}ch\ﬁ
was submerged 4 cm belou the surface o& the nxxed lzquar
quuxd was d1str1buted horxzantally at the top of the reac-_
-tor through a dxstrzbutor which was -ade from a ‘PVC T—tube 6'
| cm long and 1.0 cm i.d.. The botton of the DSFF reactor was
'tapered to one szde at an anqle of /45 degrees to -1n1nxze,w
_solids accumulatxon ‘in the- reactcr pattom,(Kennedy-and van |
den Berg.- 1981). . , . _ ) _ ,‘--
| E-Ffluent Femoval and ‘rgactor'? lieﬁid‘-‘_levei were:
controlled by a dzsplacement system Effluent was remcved““'ﬁ
throu“gq a 1.3 cm-i.d. hole located 4. 0 cn from. the bottom of
the reactor and uee attached by tygon tubxng to a levet
‘overflou. . { i . ' .. '
Internal reeircelation‘eaintained ;t 120 L d-* was
;provided by :a’ Hasterflex posxt:ve dxsplacenent pump.
RecerUlatxon was taken frnm the bottan effluent port and
returned to the top - of the reacto; by attach1ng the.
' FEC1rcu1atzon line to the feed line with a plastxc Y.
- connectaor. . . InfLuent was ‘ pu-ped contxnuausly from a
refrigerated reser;oir_ (4°C) 1nto the top of the reactor,

throughra submerged distribution qanxfold_u;th a variable’
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speed Harvard perzstaltic pusp. A glass tea f:tted uxth a
septum, for taklng samples for deterninatxen o+ VA, was

placed in the recxhculatzon lxneg,be+ure ‘the Y cannecter.

© Sampling. ports uere “also placed at dxfferent points along

the height of the reactor.*‘ Each port nas 1.0 ca'i.d. and
extended 2.5 cm into the bulk reactor l1qu:d to minimize any
wall effects. - % )
Each reactor ues filled nnth crxented needle punched
polyester‘(NPP; ”Snn thick, 280 g, @ 2; white;. Texel Inc.,
-Peauce'Nord; Quebec) support material. Physical charac—
teristics of the NeP naterial aré summarized in Table 4.1.

NPP material was selected because of the ease of canstruc—

z
——

tion, operatan and effectzvenEss of DSFF reactors utxlleng .
_th1s support medxa {van den Becg and Kennedy, 1931a, Copp:
. and Kennedy, 1983). NPP material was sewn on 316 stainjess -
steel uire 'fraeec to' make straxght vertzcal channels 2. 8 x'
‘2.8 cm square and 61 0 cm Iong (Figs. 4.3 and 4. 4).».NPP
medxa‘uae, supported 25.0 .cm‘froo'the botton of the reactnr
en a‘ ledge 1.01 cm uide. Tﬁe_liquid level was naiqtéined-S
cm abeve; the top of the biofgiu'support‘naterial to protedt .
‘the biofilm and tev-pro;ide a volume for enhanced aixing of
rec}rculatec:mixed liquor and influent. The active liquid
veluue‘yes 2214LL - . i
o _Nine removable preueighed bicfilm  supports 61 ce long
‘and 2.8 cm wide utth a curface area of 338 ca™ (tue sxdes)

uere placed in the centre of each reactar and held in place-

on a p1ex1glass nountxng rack:(Fxgs. 4.4 and 4.5). These'
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FigUre'b.B Photegraph of NFPP support material on

stainless steel wire frame. .
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spppurts‘uere removed at predeternined time interwafs during
startup ;Phaee‘ 1) and after each steady state condxtxon_
(Phase 2) for determ;katxon of blcfxln concentration, aver——
.age biofiln th1c;aess and methanogenic or acetuqenic micro—
bial activity. Each removable biofilm support made up 2.0 %
~of the total biofilm surface area in the reactor and their
removal and imned{ate-reﬁlacement with a élean support -would- -
not significantly affect reacter‘perfqraance. &
" Surface area to volume ratio was chosen based on the
surface area optimization studies of van den Berg and Lentz
'(‘;979). Surface area to volume ratio was 75 m* a—>. This
did not (take into account tﬁe surface area nf‘the.reactor
nalls. ~van den Berg and Lentz (1980) reported that on glass‘
surfaces only casual biofilm depos1t10n (Table 3. 1) uould'.
occur_dur:ng :the,txme {rame of thESE‘studies.'lﬂbservatiuns
i_ii_dicated that wall growth was negligible. Surface area to ﬁ
;qlume raﬁio .uas based .on the average ratio uzth removable
supports in. place (80 m=* @) -and with reaavable,supports
absent (70~ \v//n—3). Character:stxcs of DSFF reactors used

in Phases 1 and 2 are. sumnarzzed 1n Table 4.2. A11 reactors-

uere located 1n .a temperature ccntrolled room na1nta1ned at

-

35 + 1=C.-
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Table 4.1 Properties and Characteristics of NPP Material

Specific weight | ;;33 g ca—=
Color . | .i ) uhité‘ h
Weight - o | , 280:9 e
B Tﬁickness : . ‘.'3;0 e
Tensile'strength . . 486 N .
 Tear propaﬁqtioﬁ . 275 N

(tfapezoid method)

Pore size B 30—-150 microns

. -~ . .
Table 4.2 . Physical Characteristics of DSFF  Reactor

Pirameter

Height; cm o o ...  - - 98.0

Inside dimensions, cm . . ;_ ) 19.0 £‘ 19.0
Liquid voluee, L . 224

Empty. bed deQNeg‘L i B L . N . 24.4

Surface area to volume ratio,.mﬂn—=. - To™ )

Vuidagé, : B S - -'“ ‘.?2

CFOSS*SECtIDﬂ area of channels, oz %‘8.%

a average value (both sxdes cf 5upport materzal included)
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Figure L.5 Removable NPP



.temperature controlled room at 35 + 1°C. h-"' . ';::

- 4.2 Reactor Operation and Program Efféxberineﬁtatibq

P
-

4.2.1 Prelxs\hary Culturxng Systen : N . ~

-

of effluent was wzthdraun from the reactor uszng a masten

then replaced. by manuar addxtlon of 1n£1uent through the in—

“fluent dzp ‘tlibe. ~Since the working - volume of the reactor

was 100 L the HRT wWas SOfdays.' Culture nedxum (1 percent

sucrose and m1nera1 salts medid; Table 4. S) uas stored at

-

mixed liquor, was peg;od1ca11y checked to ensure -that a

‘heal thy inoculum uas malntaxned. The CSTR uas Dperated ln a

4.2.2 Startup . ' .

*\I\e CSTR was operated in"a semx—cantlnuaus lel and

l‘,draw mode. - At the start of each daily feedlng cycle, 2- 0 L;

. flex pump attached to the effluent d1p tube.. Effluent was

4=C &ﬁtilﬁ used.  Total and volatxle suspended snlid5'con-

centration,' as well as methanogen1c act1v1tyegf the. reactor»

Three DSFF reacturs were started ulth mlxed lxqunr from -

the pre11m1nary culturlng anaeroblc CSTR accllmated to suc—“

Il

point for future startup experiments methanogeﬁi: activity

nf the '1nacu1um (22 4 L)Y was dxluted to 1. 5 g acetlc ac1d

rnse uasteuater. Acclxmated xnoculum Nas used rather than'
~'domest1C'sewage sludge to manxmxze any effects-due td micra— - -

-bial adaptatzon.\- Add1tzona11y, to createh a:set startxng'

util1zed t“ d—2 uxth tap uater. Thxs procedure standard—"f

ized the inoculum and . allowed startup. runs eonducted at .
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different ‘times to be compared since effects due to quality

‘of inocglﬁﬁ were e{izipated. Follouxng standardlzatlon,

"t

22 4L of 1nocu1um was added to each reactor (Flg. 4.86). "

Characterxst;cs of the 1nocu1um are sunnar1zed in Table 4.3.

- . -

AiTgblg 4.3 Characteristics of lnoculum (Phase 1)

- Parameter - T " Run 1 . _Run 2

‘wasté acclimated éo ‘ oo 1.0 % sucrose'
- Total COD, g L=t o : 5.9 6.3
Soluble COD, g L—1% S 0.8 - _ 0.6
Suspended li:cm, I . s -, 5.7
Methanogenié activity, - 1s y 1.

' g acetic aéid;L"d"‘

‘Specific methanogenic activity, 0.30 0.26
- g acetic acid (g suspended COD)—*d-—*

-Fulinuing iéocdlation, ‘the thrée' DSFF reactors  were
initiai&y'opérated :at an HRT of 'aﬁﬁroximately 36—40 da&s
with sucrase uaste«atergngzth approxxmate Cﬂﬂ'cnncentratlons-.
of 5,000, 10,000, and 20,000- mg = L-* (Table a. 5)
respectively. Thelrg;irculatian rate was 120 L 611(5;4.9 v—
2 g-1). RN |

Dazly feed rates were sfbuly increased in 1ncre-ent;
‘: of 5-15 L on a dally basxs whzle ma1nta1n1ng VA in the mixed .
l?quor-betueen 200500 mg L—2 (acetz; acid equ{valents; Run

":1).:; Depending on - the VA concentration, reactor feed rates .
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Figure L.6 Inoculation of DSFF reactor.



were either increased,‘deéreased.ur -aintdined'cdnstant. If

VA uere less than the preset limit, loading rates were

105

increased ‘5-15 percent.  When VA were above the  preset

linit, daily lcading rates were decreased in incresents of

S5-20 percent until the VA cuncentr;tiph-nas within the pre—
sé£ limits. If vA uere at the upper limit of the preset
concentration range; loading rates kere‘haintained'cnnstant
until there-'ees an inEreasel or 3_ decrease in “the VA

concentration in the reactor.

va concentration . and quality of biogae were determined |

from grab samples taken on aﬂdaily basis. Bingas production .

was also measured daily. . €OD's were determined 2-3 times a

. week on 24 hour, Epmppsite samples " that ‘were- not refrig- -

erated. Volatlle suspended solids (VSS) in. the mixed liquor

were determ1ned assumxng 1.42 g.of suspended €0D equals 1.0

"g-0f VSS (Lawerence and McCarty,. 1968). Alkalinity, Eh and

. pH were deternined weekly From grah sampies; Periodically

samples were taken from sample ports along the height of the'

reactor - fcr determznatxon ch va or COD reactor prc:rh.les. .

Biofilm biomass,’ biofilm microbial a;t1v1ty and mxxed liquor:

picrobial.activfty were determined on a ueekly basis

-

fhe second run of thie experimental phase was conducted

"maintaining higher VA 'concentrations in the reactor aixed .

liquof during startup. "The three reactors used in Run 1

were used in this ruh with - no ;hanpes. Reactors.nere_re—,

‘started with "all conditions of startup and_sampie'analyses

{imilar to thaose discuségd above except the VA coancentration
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of the  mixed liquor was -aintalned betueon 1000—-1500 -q | b

‘(acetxc acid. equzvalents). ngher VA- concontratxons in the
m1xed lxquor were ach:eved by 1hcrea51nq the loadzng rate in
daxly increments of 5-20 % and runn1ng the DSFF reactors at

higher organic and hydogul;c loading rates.

4.2.3 Steady State

QE#fect of substrate concentratxon on steady state DSFF

_reactor perfornance was ;lnducted ulth four reactors treat- .

ing sucrose uasteuater, uxth approximate Cop concentrations

of 2,500, 5 000. 10, OOO and 20,000 mg L-l (Table 4.5). Re-

actors were started usxng the tcchnxque described in Section

-8.2.2. Conditions were identical to ‘Run 1 except that

removable supports were not taken out of the reactor durxng
- startup. Startup took approx1mately 4 manths.

Folloulng startup each reactor was to be operated at 5

dxfferent steady state HRT rangxng betueen 0.4 and 7 O days -

'(startzng at the Iongest HRT and progress1ng to the shortest

HRT). . Steady state _data was obtained by operating each.

roactor'for ‘a minimum of 30 days at each HRT which corres—
ponds to“operatfbp for a miniaqum of 8—75 HRT at each steady
state conoiﬁion. .Complete steady state evaloation ino}uding
startuo-took 11 oonths. . After - 30 days of-gperatxon at a
1part1cu1ar steady state cond1tzon, samples were taken on 3

v

successive days'and the average of the three data points re-

_ portsd. If af large discrepancy . existed among any of the



data pﬁints ‘the .steady state period was extendld ahd

reactors resampled.

h._ro7

Raut:ne reactor performance was assessed by deternznan,

influent ‘feed rate, rate of .biogas produ:tzun, biogas

composition and VA concentration on a daxly basis uhile-CﬂD

and pH of the .influent and effluent were determined on a’

weekly or biweekly bases (three consecutive days  during

steady state evaluation).

On the final day. of each steady state'tondifion (third-

steady state sampl;ng day) two removable bxofxlms were tak:ni

-

frum each reactor for: deternxnat:on of b1o411n vaolume, TFS

and VFS. At each steady state Con and VA proflles in the 

reactoré were determined.by 5amp11ng frau the s;de ports”

_along the height of - the reactors.

4.2.4 Microbial Actxvxty Tests

: :5-

A technique uas developed for ' the deternznatzon of

' -m1crob1a1 activity in the. mixed liquor and'biofilm. Cn a.

weekly basxs during startup’ and at the con:luszon of each

steady state condition, renqvable biofilm supports were

taken from  each DSFF reactor and transferred anaerobically’

. - . . i LY ]
in a bell .jar (Fig. 4.7a, b) flushed with a nitrogen—carbon

dioxiae gas.mixture (60/780) to a glass_activity test éhanser
(Figs. 4.8 and 4.9)."

Thé' activity:ch;mber was 63 cm long and had an inter-—
~nal diame?er of 3.0 cm. The top of the chamber was flared

to 15 cm to -accommodate a number 12 stopper which was used
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(b)

Figure 4.7 Bell jar transfer chamber (a) and transfer of_

removable biofilm support .into activity test

chamber (b).






" to seal the system. The stopper had two holes bored into

110 -

'

it. One hole opened into the qgagsbace above the reactor -

liquid and served as an outlet for biogas. The biogéi out-

let was connected by tygon tubing to a water trap before
being vented to a fume hood. The other hole in the rubber

stopper had a dip tube with a smsall plastic tee extendihg

1.5 cm - into the mixed .liquor for liquid distribution. The -

dip tube was connected to a 0.8 cm opening in the bottoa of
the test chamber with tygon tubing connected to a Masterflex

pump. . The MasSterflex pump recirculated the reactor mixed

1iquor from"thé bottaom to the top 6f the reactor. A septus.

placeq.33 cm from the bottam of the test. chanber was in~-

cluded for reactur samplzng. The act1v1ty chanber setup is -

shown in Fig. 4.10.

Bio{ilm .supports ueré im;ersédlinﬁo 550 hl'of‘rgduced
media which had the same composition as the 10,000 mg L—1
sucrose feed (Table 4.5) without the térboh sou}ce. Surface
area to volume ratio of the act1v1ty test systen with remov—
able fixed filas in place was S0 ma =, Reactor lxquxd “as

sparged through the septum Hlth a nxtrngen—carban dioxide

mxxture (&0/40) to reduce the nedla, thus minimimzing -

’ e . .
reffects af oxygen on the nzcrobes. Resazurin, which under- .

goés a colorzmetr1c change at an: Eh of —117 mV, was used to
indicate 1f the liquid media’ was. suxtably redu:ed. i

A small -volume of concentrated carbon sgurce (usually

. acetate, Table‘ 4.4) was introduced into the test chamber -

thrdugh the éeptum to produce the desired initial concentra-
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ivity chamber.
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" Photograph of removable biofilms in act



- 1-12 ' -:

I-—. BIOGAS EXIT . -~

@-—— RUBBER STOPPER = .

- —LIQUID LEVEL

[
DISTR|BUT-]0_N MANIFOLD‘ -
NPP SUPPQRT ON.WIRE (SS) FRAM
— GLASS TEST CHAMBER
SR :
. F‘j\guré‘l».lo_ Schematic of _activity. chamber setup.
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‘tion of substfaté._ The test chéubér cnnténts ;eée recirc—’
Ulated at a rate 'of 200 mL min=* (0.7 cm s=%) to erisure com—
pleté mxxed cund:t;nns and m:ﬁxnxze external mass transfer

. res:stance in the lxquxd.’ _Grab sa-p;es ugre.analyzed andi -
the 1n1t1a1 rate of substraée renoval‘detérnined (Appendix
F):for dxf{erent ‘substrate concentrations.- - Substrate utxl-
1zat1on rates, usxng sucrose as the substrate, uere run over -
a nax1$um txne of 8 hours to minimize addxtxonal accum—
ulation of btomass ‘on the biofila.

Hi¢robia1jactiVity testsisinilar to thbsé conducted on
biﬁfilmlsqpports wéré_also conducted on the mi%ed-liquar.
6rab samples 64:40 ol were removed ann the-réa&tar Fgcircu—
lation line and transferréd into serum viéls dsjnq anaerobic’

- techniques. A caﬁboh‘ ;ource was then injeﬁted into _tﬁé
-seruﬁ Qial. Vials were placed . on-; New )Brdnsuick 455§
_shaker rotating at 40 rpm. Acidugenic and nethaﬁﬁbenic act-~

" ivities of 'vtlju:_: mix 1i§uor were determined from .initial-
féucfoqe or é&etaté ut'lfiation ?ates're;pectively;_»Biofiln

and mixed" 11quur act1vxty tests ‘were . -conducted 'in a room

maznta1ned at 35 + 1°C. ST T

-

-_:4.'3';' Biofila Characterization
After methanagenxc 'or acxaogenlc 'act1v1ty of the bxa—'
‘film was determxned, the support medi a was renoved from the
}//fx\ﬁ‘{ test chamber for deternxnatlon of TFS (total film solids)

| : _‘and“VFS'(vola;11e'fi1m splids). TFS ﬁere determined by dry—

"ing $amples at 105°C for twentyfour hours, samples were then
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- Table 4.4 Acetate Media for Methanogenic Activity Tests

. Solution A 12.8 g ammonia acetate
" per 100 mL H20

16.4 g potassium acetate

-Solution B . 18.3 g sodium acetate
. per 100 aL H20

6.7 g glacial acetic acid .

 Equal volumes of solutions A and B were -addad'fo 1.0 4

mineral salts medium to give desired q&etate concentration.

Table 4.5 Compositio?;sf«§ycrése Wastes = - |
| g L2 g L= ,9 L g LT*
Sucrose 20.0 10.0 s.o . 2.5 .
(NMOHCOs © 4.0 2.0 ° 1.0 . 0.5
. Na(HCOx) 2.0 . 2.4 2.5] T 2.

KHzCO5 2.0 2.6 -1 T 3.6 .
(NHa) 250, | 1.00 0.50  0.25 : 0.130

| Karpo. 0.52  0.26 0.15 0065 .
KHaPOa 0.40 0.20 T 0.10 0.050 :
Yeast extract: 0.020 0.10  0.05 ' 0.025 '
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cooled'in aafdesiccator, and uexghed., ‘Ta dEtEFﬂlnE VFS,

) dr1ed sollds were ashed at. seo-c fur 20 nlnutes, cocled in a'

desxccator and - ue1ghed agaxn. A blank uas carrxed through

all steps.\__ln the latter stages of . bxofxln developn-nt'

average bxoflln thmckness was -also. deteru;ned._‘, Biofilas.

removed from the test chamber nere alloued to axr dry (3I5°C)

.foG:-S minutes, then, by gently scraping blolen and

assoc1ated bound uater 1nto a graduated cylxnder, 1ts volune

. - - N

T wWas determzned. .. An average relatxonsh1p was determzned

,betueen b:of:lm volume and VFS (Appendxx E). Knouingﬂ;he

-

flat- surface area of the support materzal as  well as the

, 3_jth1ckness was calcul ated from Eq._4 1y :-{{‘ PR
. Ve ’
Le = . 4.1
a.
Where Ve = volume of biofilm and bound water, (L—%);

>
I

surface area of support, (L—7).

4.4 Mixing Studies

Hixing studies were run osing tritlun as a tracef to
‘determ1ne the amixing regime in the reactors. 'These'studies
were performed after startup had been completed on the‘reac-
tor rece1v1ng Sy 000 mg> cop L-3 sucrose uastewater. Tracer
“‘was 1n3ected_.as A "pulse during 'ooroalrreactof operafion.
,Effzuént-éamplés"ueée collected with a Gilson 201 fractlon

collectar every 15 minutes during the fiost 2 hours, every

Y relat1onsh1p between bxolem volume and VFS ayerage b1o{1ln,



30 minutes for the next 2 hours and.e ery hour over the re-

maining time. - Total sampl:ng tlne was about three HRT
o ‘ -~ )
" Three individual runs at HRT of o. 9, 3. 0,.,and 15.0

days, respectively, were made. H1x1ng analyses over th;s-
S

. wide range . of HRT'he(e conducted on the DSFF reactor treat—

ing one of the tmost dilute _nasteuaters since thxs reactor~-

produced the least ampunt-fof b:ogae fqr a part;cular'HRT.
. . . o \ A - V-

Reactor mixing profiles-from this reactor Npuldfbe the least

affected from ’the benefits“'nf.fbfugas‘ mik;ng“ and 'ﬁquld- -

represent the popiestaﬁixiqgm regime possiﬁle for DSFF re—‘

actors -used in. this stady. Thxs test was conducted be4ore

the. reactor treating 2 500 mg coD L—‘-uasteﬂater was operat— -

ing. . . . _ .

4,5 Composition eflﬁasteuater

The soluble carbon source was sucrose. _Substrate was

-made by dilutihg a 20,000 mg L—* stock éucrose sblution.'

-

N
Reactors were operated uxth approx;mate CDD concentratxcns B

of 2,500, 5,000, 10,000 and 20, 000 wg L—2 (asswung that 1t g

-

of sucrose equals 1 g COD; Table 4, 5). Substrate was main-—

the reactors. To ' minimize degradatlon of substrate 1n the

storage tanks,--feed uas-replaced every S'days. To nalntaxn

'the same bufferxng capacxty, add1t10na1 alkalzn;ty was added

-

" to the 0.25, 0.5 and I. 0 7 feeds from an equimolar @ixfure

g

of KHCOz and NaHCOs. T .

tained/at 45C and - was not preheated ~before belng added to -

116 .

-~
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4.6 “@nalytical Technigues

~

'4.6.1 Biogas Buality e -

o
[

'"Biogas compositionA(methane and carbon dioxide) was

'detérmine by the‘gés chromatography method of van Huyssteen

({1967). This technique involved using a Porapak T column

(635 @m x. 304.3 cm) on a Hewlett-Packard S710a gas
chromatograph equipped "with a thermal cundggtivity detector
and & model 33BOA integrator. The column was_held.at 70 =C

ahd'heliuh flowing at a rate of 40 ml min—* was used as the

carrier gas.

" 4.6.2 VA Determinatians

VAR were determiﬁéd‘by'the method of Ackman (1972) using

a ﬁewletf—Péckard_ S5721A gas chromatograph equipped with an

automatic sampler, flame ionization détectqr, model 3I3BOA

.:iﬁtegrégnk,,and' Chromosorb 101 glass column (6.35 mm x

©..365.76 cm). The column was kept at 180 =C. Temperature of

the flame "ionization detector qas.SSO =C. _Heliqm passing

over farmic acid at a flow rate of 1S @l min—? was used as
the carrier gas. VA samples were prepéred by éddihg 0.5 ml
of sample to 0.5 ml of an internal standard that contained

[

1000 mg L—* of iscbutyric acid. The c&(Pmatograph was

Calibrated with a standard that conﬁained 1000 mg L—* each

- of acetic, -propibnic, butyric, and iéobutyric.'a:ids. The

volume of sample=fnjected {(on theé column packing) was 0.8

ul. -

2.



4.6.3 pH

118

The pH of grab samples was determined using a comb—'

inhation electrode connected to a Fisher ‘model 620 pH meter.

4.6.4 Eh

Eh was determined by the method of Patel (1981) using a

platinum electrode and Fisher model 620 pH meter.

4.6.5 Alkalinity . -
Alkalinity was determined by methyl orange indicator as

~described in APHA (1973).

4.6.6 COD ‘ : -
.COD was determined "by the 'colorimeﬁric 'qg£hod of
Knechtel (1979). For soluble COD, saaples were cent};fuged
at 10,000 g for 2b‘minutes,.and the Supernatant~u§edxfdr cCoD
_gnalysiﬁ, Insﬁluble.,éﬂb was :dgtermiﬁed by’ thé"aif{erépce

‘between total- COD and soluble COD.

4.6.7 Sucrose
Sucrose concentration was determined . using the ﬁhenol

technigue (Herbert, 1963).



5. Results and Discussion

Anaerobxc DSFF’ reactors were nperated fnr a period of

119

24 months. The fxrst 15 ncnths were used to evaluate start—'

up (Phase 1) and last 8 months to study steady state (Phase

2 reactar performance. HaJor parameters ‘examined durzng
‘Phases-l and 2 were 1nf1uence of 1nfluent substrate concen—

trat1on, va concentratlon, HRT "and organxc loadzng rate’ on

'DSFF reactor efficiency and. b1ofxlm developnent. Batch-

methanogenic act;vzty tests were also conducted to eva;uate

and compare intrinsic biofilm kinetic conétants. K and k.

during startup and steady state reactor operation..

.5.1 Mixing Regime 2’

e

. Results from mixing Studies indicated that over, the

range of HRT tested, multfple'éﬁannel DSFF reactors _had

tracer.curvés_ s1m113r to CSTR (Appendlx A). Also,‘vn samp-‘

les taken‘ from dszerent depths in DSFF reactors dur1ng

startup and steady—state operatxon 1nd1cated that no conceﬂ—
‘tration gradxents 'ex1sted 1n the mixed quuar (dxscussed in

Sectzon S5.3). The complete mixed nature of DSFF reactors 15

attribqted-tc‘ the h:gh rec1rcu1at10n rate and to a gas lift

. pump effect’ in uhzch mixed llquor in some channels maved in

-

a dounuard d1rect1on whzle 11qu1d xn other channels traveled

upuard (Hall, 1982, Samson et al,., 1984a). Heasurenent'of

./
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‘individual paraseters from any point in DSFF reactors were

--repfesentative of the whole reactor.

S.2 DSFF Reactor Startup = . S -

.Iﬁ Phage 1, reactors A,,B-ahdrc refer to DGEF reactdr;
receiviﬁg‘influeni ‘sucrose concep£rations_ of 0.5, 1.0 and -
2.0 percgnt.-(w}v); respectively. Results of 2 runs are dis+ -
';dSSeq: "Run 1 ievaiua?es-tﬁe' effectsl o%.'-aintaining- vA
-(éceti:‘a:idw equiv;lents) bgtqéen' 266—506 mg L—t-uhile for
the second run VA were maintained at 1000-1500 =g L~*.

e

S.2.1 General Reactor Performance

‘Fiéhreé 5.1a,.b and c© sﬁow #he-range in which mixed
liquor VA c‘or;cen.t'rations were maintained and average VA
“concént(afion for each reaétor during startup ((Run 1).
. These results demonéffa#e that with careful operation,
‘controlled étartup can be effected. _Hithldilute'uasteuéter
(Fig. S.1a) ._'VA cancentrations. could be controlled more
easily than ' with cohcenﬁrated ‘,ua..rxteuater. (Figs. 5S.1b, c).
Periodic pH "and Eh measurements indicated that for the most
paf£, all reactbr; operate;'betueen 6.8-7.6 and -270 to -390
mv,'requgtiVera' These -ﬁhg within acceptable operating
limits (Brady and Lim, 1980). 'All reactors in Run 1 had Eh
values between =170 to —-190 aV for the first 20 days of

operatinﬁ;
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VOLATILE ACIDS (G/L)

VOLATILE ACINS (G/L)

VOLATILE ACIDS (G/L)

TIME (B} -

-Figure 5.1 Reacvor volatile aced concentrations during startup (Run i)p‘

- - . . -~
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‘Run 2 was conducted to observe the efféct of higher :
mixed liquor VA concentraéions on startup. Réictorsg/haé ’/M/~”
'sufficient.}ﬁuffer capacity to maintain pH abdve léﬁ@;ﬁzf?
Periodic checks of Eh indicated ail reactors hid readings
less. than -350 V. Although a mixed liquor VA concentration
of 1000-1500 mg L—% nas'desiredljt was difficult to cbtain
_(Figs. S.2a; b, o). Reactor A, treating dilute wastewater,
.was often ‘ynqblerto- naintégn vA :conééptqgtions this high.
 dn.the other hand, reactors treating more concentrated sub-—_
strate often had VA concentrations much higher than desired. -
Comparison of these results';u;th Run 1 indicates that con—

trolled startdp at high.va can:entéa;iuns was .more difficult

to achieve.

F1gures 5.3a and b and 5. 4a and b show the ef*ects in—
fluent substrate t:onr:entratxon had on vclunetr:tc crqarn.c
locading rates and HRT for Runs 1 ‘and 2 respectxvely. In Run
1 there was lzttle dxfference in the fznal loadxng rates for
DSFF reactors treat1qg 0.5 and }.0 Z sucrose respectively.
The final loading rate of Reactor.C was lower than that ob—
tainéd with reacto?s freating‘more dilute wastewater. . Reac—
tor C was characterxzed by developnent of. floating biomass
that began to clog reactor channels. If reactor cperat;ng
conditions chanqeq. floating biomass could be &ashed out of
the reactor with probable ;dverse consequences. Since. the

‘purpose of this study was to examine biﬁfil- developaent in

DSFF Feactnrs, floating biomass was removed from Reactcr'c.'ﬁ

.
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“LOAD (KG/M>/D)

|

1/HRT (1/0)

..2.

TIME @ -

. Figure 5.3 Effect of substrate concentration on organic loading rate
' and HRT during startup (Run 1).
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Approximately 1 L (47 g VSS) of floating biomass was removed

"on»the S2nd day of operation; consequéntly. Reactof € was

-unable'-to sustain its previous ‘organic loadxng .rate.

Specific methanuqen1c act:vxty of this -aterxal was in the

range of O.Sfl g COD (g VSS)—*d—3, Reactnr € continued go‘

-aqcumulaie floating bibqass although at a slower fate than
during initial' stages of startup. Given time, the lost
. biomass would have been replacéd,and the organic loading

rate noulﬁ also have increased. Reactors treat:nq less

concentrated sucrose wastewater had no accunulatzon of

biomass in the liquid above the packing. In Run 2 a gradual

. accumulation of floating biomass was also observed in

Reactor C but not in reactors treating 0.5 and 1.0 % sucrose

hwasfeuater.

Influent substrate concentration also had an effect on

~ the: éate -at which reactor loading rates (Fxg. 5 3a) could be.

1ncreased. In Rq? 1 Reactor A had the ‘slowest rate of load—

ing increase (0.01S d—1) and required apprnx1-ately 98 days -
‘to achieve its maximum steady state 1loading rate';(Table,

. 5.1a). DOn the other hand, reactor A was the most stable and .

easieétﬁtu oﬁefate.of the three reactnrs. Stability is evi-
. dent uhen one compares daily VA concentrat:ons of Reactors
A, B and C. Reactnrs »B and L operating with more concen-
irated féed, had similar rates of volumetric organic load
1ncrease (0.025 d—') and a:h:eved 2 maxioum loadxng of 4, O—

4. 5 kg cop m"d-‘ within 50—60‘days of 1noculatzon.

LS
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Figure 5.4 =Effect of substrate concentration on organic loading rate
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‘Figure S. 2a indicates tﬁat the-nust dramatic effect of

maznta1n1ng hxgher " mixed quuor VA concentrat;ons uccurred

) uxth the ‘Ieast cancentrated uasteuater. A loadxng rate of -

11 S kg COD m—>d—?* and HRT of 0 S days uas ach1eved uzth:n

_ 45 days of startup (Table S.Ib). Rate af_startup diminished

organlc Loadxng 1n:rease were O 054" d-’ fnr Reactar A and .
- -

O oz28 d—*. for Reactors B and C. Reactor c- shoued no better

'results than in Run 1. Results froa Run 2 1nd1cate that

' startup of DSFF’ reactors treating- dxlute Sucrose nasteuater

'thh 1ncreased substrate concentrat1on. ‘Rates of vuluhetric

) can be accelerated by . mazntaxnxng-h1gher va :ancentratxonsf

.in the mixed liquor.

S.2.2 Cumuiative Carbon Balance

Since startup of DSFF réaéiors is not a éteady state

‘bperatfon, a cumulative mass balance (Appendlx D) was used

.to assess reactor performance. Flgures 5. Sa and S.Sb show

Runs 1 and 2° fespect1ve1y. ' Durxng Run. 1 Fig. 3. 6a shaus

" that for a given mass of COD load, cumulative soluble COD

(CGD.) in the effluent remained constant for all reactors-

methane production with respect to time durxng startup for

This was not surprising since VA, uhxch made up the majority -

of e#fluent suluble COD, were malntaxned relatzvely. con—

stant. For a given laad of -Cab Fxg. S.6a 1nd1cates that the -
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Table S.1la Reactor Performance Summary for Startup= (Run 1)

Parameter

Average VA, ' : :
acet:c ac:d equxvalents, ugL—

Txne for stertup,

-SuEface.ioadingb,'kgcon'ﬁ—=d~:.

Space loading®, kgCOD Mfsd‘f

Specific biofila loading®,
_kgCOD (kQUFS) —d—2 .

Specific biofilm COD removalb
kgCOD(kgVFS)“*d-‘

Cumulatlve CDD load kg @—=

Cumulat1ve cob remnval kg o=

' Cumulatxve cabp removal

-

Cumulatxve biocgas produced, ‘
m= (STP) m‘* .

" Cumulative methane produced
m*{(STP) .m—=

Biogas yield, m=(STP)(kgCOD :
remaved)—*

Hethane yzeld m*(STP)(kgCOD
remaved)—‘

. Beactor

320

.b.oao'

4.5

0.8

232
173

74

115

Tntal blomass y1e1d kgVSFS(kgCOD 0. 21

reuoved)-‘ =

onfxlm vield, kgVFS(kgCDD -

removed)—1

COD_eccounted %ar,‘x'

0.034

102

B
330

180
145
81

79

41

89

"a'i) Results from day O ~ time for startup- .
'ii1) Based on 22.4 L liquid volume and 75 n’m‘* sur{ace

area to volume ratio
* values at the end of startup

/.

= YSFS - volatile suspended and'fxln solzds

- 852

4.0

1.4

123

0.053

L



e o R ¢ 3

»Tahle S.1b Reaghnr Perfarnance Sun-ary for: Startup- (Run 2)

Parameter - _ N .'_ Reactor
A B .- [
 Average VA, . .. 760 1530 1120
acetzc acid equxvaleots, llgL"“1 -
Time for startup, a- . a5 &5 . 53
Surface loading®, kgCOD @~2d~* .  0.15 -  0.12 " 0,061
Space loading®, kgfOD a—d~* - 11.5 = 9.0 4.6
Specific biofile loading™, s 2.9 .26 .. 1.7
kgCOD (kgVFSy—21d~3 ~ : S
. iSpeczfxc bxo+ilm Cqﬁ’nemovalh‘ C 1.6 : 1.9 1.3
'kgCﬂD(kgVFS)—‘d_* ) . ) ’
' Cumulative cop load, kg = 225 .. 2489 - 130
. < o . B )
©+  Cumulative CDD renoval, kgﬂh" 126 - - .,149 - 102
'Cumulatxve COD removal, r A 56 L 80 T 79
. o ’ A ]
Cumulative biogas, pr'oducgd, 78 oRs &0
& (STP) @~ . L
- Cumulative methane produced,~' o ;37- - 89 32 
o ¢ m== : S o - '
- . _ o o | _ _
Biogas yield, m>( TP)(kgcon. 0.62 . 0L71 - 0.59 .
renoved)“‘.f . o . . : : :
Hethane yield, n=<S?P)<kgcon © 0.30 0.33 0.31
removed)—* . . , P . - o
Total biomass yxeld, kgVSFS(kgCﬂD 0.28 - 0.16 . 0.11
renoved)—‘ : ’
Biofilm yield, kgVFS(kgCDD © 0.031 . 0.023 ° 0.027
renoved)—‘ e S I o
' f : : ‘ ) .
- COD accounted fcr, r - 93 98 94

';.i) Results from day 0 - time for startup '/ -
ii)  Based on 22.4 L liquid volume ‘and' 75 a"a—= surface
' area to volume ratio

o values at. the end. nf startup S 'qi.
_ S . P
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anaunt'nf iﬁsoluble cub. (CDD;-) generated increaéed with
decreasxng 1nfluent cuncentratzqn. Initially suspgnded Cﬂp

in the effluent was high due to loss of original ihoqulun.

Cant?ibution' of inoculum. to effluent : coOD . did not

significantly. affect the cumulative COD balance.' In all

reactors, total (g}y) &énoval effxczency decreased with

decreasing HRT. Cunulat1ve total CDD re-oval e#fxczlncxas

for-Run I were 74 81 and 85 X for Reactcrs A, B and C.

respectzvely (Table 5.1a).'

For Run 2, cumulative soluble COD in - the effluents

from Reactors A, B and c ~Fcr a ngen sass o'F COB load were -

not as uniform as during Run 1 because of an 1nab11rty to
control reactor vAa concentratzcns within the deszred range.

Because of thxs variation only 1nsnlub1e COD 1s plctted in

Fxg. 5 éb. However, as in Run 1 the amcunt of xnsoluble CGD .

in the effluent for a given COD load 1ncreased with de—

creased substrate concentratign.

Total cumulative Cob renévél -e%ficiéncies'for éun' 2

were 56 66 and 79 % for Reactors A. ‘B and C respectxvely-

3 \

(Table 5 b, These results are 1uwer than for Bgn 1 buat

this is expected since, for the‘majdrity of startup, thesa
reactors were- operated with sharter HRT and higher soluble
'QOD conceqtrat1ons (va) 1n the mixed lzquor. Rea:tcr A was
again the moét stable. - COD removal efficiency for th:s re—

: actor was poor due tn lou operatxng HRT.
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5.2.3 Biofila Development
Visual inspection’ of the b1a+1ln--(Runs 1 and 20

1nd1cated that early b1of11¢ develupnent was characterlzed

by spotty. grouth on the support material (Fig. 5.7a). This

was due to dlfferent rates of biomass depnsxtzon 1mned1ately

~

'¥ullou1ng_1no;ulat10n. As bxolen develupment proqressed,'

support media became un1form1y coated uzth a2 luxurious

_zoogloeal biofilm (Fig. S.7b). A mature biofilm was a

porous filamentous ~microbial mat with an extremely large .
surface -area. Initial attachment of inoculum to support

media followed by biofilm growth cqrresponds to the fxrst'

‘stage of aernbzc biofilm development descr1bed by Bryers and’

Characklis (1981)

In UASB Systems, Hulshoff Pai_étﬂaz., (1982) recéa@end
that VA ccqcentrqtinn% dufing ‘startup‘be .ieés tgan lbo‘mg
L—2 bé{oré organic.loads‘a(e increaséd.lfﬂaintaining low VAI
concentrations iﬁ'UASB reactors helps sélect granular sludge
particles. Qperating‘ét -higﬁef VA concentrations in DSFF
regctnrs-selects for a filamentous sludge which is more
advantageous for- bio%ilm deve%ppmént.' ; Selection .af
different-microrgaﬁisms in UASB and 5SFE reactors alsc-
explains d:fferences in uaste treatab111ty betueen these two
sys;ems (van den Berg et al.,' 1981). UASB reactors

suctessfully treat. a narrower spectrum of uasteuater in

comparison to DSFF reactors.
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Fzgures 5.8 Ted S. 9 - show the effect of substratn

concentration on biofilm accunulatlon u:th respect to tz-e

)

and cunulatxve cap respect;vely for Run 1. Inxtxal rates of

137

. biofilm accumulatxcn were loqar:thnxc- for the first 30—35

days followed by a linear development stage. Rates of
biofilm accumulation were founq to decrease with increased

influent substrate concentration. Results are for the

biofilm only and to not take into account suspended growth.

Comparison of Flgs. S.8 and 5.9 with Fig. 3S.6a indicatéé

.increased biofilm‘ a;cumulation was related to increased

'bxomass\1n the effluent.

Logarlthmxc anaercbzc biofilm development folloued by a

-linear rate of develapment is similar to that descr:bed by

Bryers and Cﬁaracklis‘(IQQI) for aerchic biofilas. The

. . . . . - -

reason for this is.-related to strict operating requirements
v . ’

ueed to ‘maintain VA concentrations yithin a desired coﬁcenf

trat1on range.; VA cencedtrations daintéined in the mixed

11quor were suff1c1ent to compﬁgtely saturate anaerobic bio—

o

fxlms resulting in 1cgar1thn1c grouth. Conplete substrate

.saturat;on o+ “the bxolem also indicates anaerobic bacterza

have a- high K value. .L1near grouth was a result of 1nf.

creased b1uf11m detachment, incomplete substrate saturatxon

in the bxqfxlm or a combination of these factors.

‘Total biomass yxeld, Y. and b10+11n bxoaass vield, Y-qJ‘

'fcr NP? support media treating sucrose wastewater (Run 1;

-Table 5-1a) . ‘were 0.21, 0.14 and O0.11 g VSFS (g COD)~* re—

moved and’ 0 034, 0.030 and 0.027 g VFS (g CUD)—‘ reqoved for -
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Reactors A, B and C,.respectively. SRT for all reactors in

Run 1| were in -the range of 10-26 days.(Fig. 5.10) which is

- e .

' greater thah the doubling time of methaﬁogeeic bacteria.
SRT 1n Reactor C were hxgher than for Reactor A. This is
‘due to d1fferences in HRT and the effect of floatzng blonass

1n‘Reactor C. _For Run 2 s;m:lar results were observed +qq

total bxomass y;eld and- bxafxlm bzomass yzeld. Total bio— .

mass y1eIds and bxofllm ylelds (Table 3.1b) were 0.28, O 16

. and 0 11 g VSFS (g CUD removed)-‘ and 0.031. 0.023 and 0.027
g VFS (g COD removed)-* for Reactors A, B and C respectxve—
'If. |

5.2. ﬂ H1crob1a1 ﬁctxvzty

Flgure S.11 shows the d15tr1but10n of nethanaqenxc act-
vity in the mixed 11quor and biofilm durxng Run 1. These

\\Dere 'not conducted for Run 2. As startup progressed

'the propcrtxon of methanogenxc actxv;ty present in the nxxedA

.lxquor of all reactors decreased to neglxglble rates within

40~50 days of 1nocu1at10n. (This activity does not take -

1nto account act1v1ty of the floatxng biomass in Reactor Cy. '

Hethanogenxc activity in the- bxofxlm.1ncreased as startup

pfogressed. ‘Ratee at which methanogenic activity idcreased.

-appeared.to be quite similak, however results indicate that

final biofilm methanogenic activity in Reactor A, was higher

. than methanogenic activity for Reactors B and C treating .-

more cbncentrated wastes. As reactors matufed‘actiﬁity was
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dependent on the. quantity of attached biomass. Assuaing>

‘_un1fnrm biofilm distribution along the length of the support
media, bxcfxlm thxcknesses ranged from ‘0—1.8 mn durlng
startup. Batch activity tests indicated that specific

methanogenic activity- of all’ biofilms for an, initial

scbstrate concentration ‘of 1000' mg acetate L-% ranged be—

—

‘tween 0.6-1. . 4" q cap (g VFS)-‘ d-* (Append;x F) and is dis-

cussed further in a later Sectlon.' Hlthxn the accuracy of -

the test,ibiofiln'methanogenic_activity was directly propor—

txnnal to amount of biomasskon the support media. 1t is

poss1ble for thxcker biofilms that this uould‘nct be‘che
case.

ﬁlthough cumulafive COD-removaligfficiencies in Runs 1
and 2 for Reactor A were lowest of the three reactors QgQa—
ied, tatcl biqmass yield, biocfilm accumulat;on raée and .bio—
film yield- were highest. Considering‘fhat the main objec—

~

tive of startup is development of a stable healthy biofilm,

COD removal efficiency should not be P operaticonal

consideration.
Table 5.2 shows specific sucrose actifity in the mixed
liquor and biofilm during startup. Biofilm specific sucrose

activity increased with increased influent waste strength.

This indicated that the biofilm in Reactor A had a higher .

ratio of methane formers _to acid- formers compared to bio—

films developed on more concentrated ‘wastewater. Hiked'

liquor results fOF.SPECJfIC_ sucrose actxv:ty were reversed
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- 'Table 5.2 Biofilm and Hzxed quuar Sucrose and Hethanagenlc o

Act1v1ty Durzng Startup (Run 1y _-: : L, .“ ;}: i‘wz—.
; - . . \'
B1a+11m spec1f1c sucrose act1v1ty (g COD(g VFSJ“*d—‘)_.‘
Day.’ o o o oo . Reactarf: .o
s A ’ .. B U : ‘ ;‘C': R
.33 . 2.2 2.5 - 3.0 .-
&0 1.3 1.7 3.1
73 1.5 N 2.0 2.5
86 1.1 e 1.4
Mixed ;iguqr;specificlsucrose activity (g COD(g VSS)~*d=%) . '
- . ¢ /\ : ) ) ] o . . . - h.‘ =
33 v : 4.5 3.1 - 2.4 7
&60° SRR DS SR . 2.0 21 T
73 6.0 : T SR 2.5 Lot
86 7.4 5.1 2.3, - 1
Biofilm specific methanogenic activity (g COD(g VFS)Tid-2 -
0.7 T 1.5 1.7
&0 1.5 1.0 1.2
73 1.1 1.1 1.4 -
86 1.1 0.9 0.9 ,
.-\7
‘indicating, for dilute wastewaters, a higher proportion of -
suspehded-bioﬁass was mede-”up of a&i&oﬁeﬁe. 1'16 reaetors' .

treating cnncentrated sucrose wastes, suspended bxcmass had
a h1gher percentage o{ ,methanogens. B1of11m methanngenzc
act1vity measurements also indicated these results._- :fﬁev_]--~
trend wis not as digg;n;t,;nhich. rqf;gcts the siow équth; .
rates of methanegeﬁic bacterielf-' ~§3(..- _'ﬂ_‘ ) ';};%//.

' Lower COD vremovei‘e+ficiencf'.and higher gro;thzyields =
assoczated with - DSFF reactnrs started _up uxth dllute uaste— Aa’ /-
water are related to reactor HRT and grouth rates of. methane“\\\ A

forming and ac1d formzng bacterla._‘ Reactors operatxng at



e e s
similar organic. Ioadxng rates but with cn?centrated uaste—

Vuater have \{gnger HRT "than reactors treatzng dilute uaste—.

water._ At ﬁRT ‘greater than 3—5 days éhmg,nethanogenzc,ﬁac—

terxa are able to grow. in the mzxed lzquor replacxng those

iﬂ# that are uashed out.. Haste stabxlxzatznn is due- to bacterxaj

in the mzxed lxquor and bzolem (Reactor c.. Substrate Bass

Y

_balances over CSTR denonstrate ‘that for. the sane loading

fate fhe_ é*ficiency o{‘ substrate removal 1ncreases as fﬂ:j_i

fluent concentratxnn fand consequentfy HRT) 1ncreases assum— . C e

T -. 1ng that the same substrate removal constant applzes to each

J
SN

case. ance the reactcr _udxed here were cn a 51m11ar

A

trend is reasdnable.’ Furd ermore, nethanoqenxc bacterza in

thé mixed liquor: are less affected by any_dfffusipnal resis—

. - - e

o

tance that might be associated with attached biomass. -
~Floating sludge that accumulated in Reactor C resﬂlted

3 . from gro&th, of~methanoggﬁic and acidcgenic- bacteria in the

mixed-ligpor.  The floatinbinﬁture of the sludge was due to
‘#ilamehtous anaerobi%) bacteria with methanogenxc activity-
C—_-

‘and concomxtant bzogas pruductzan. Biogas became entrapped

within the.flocs causing flotation. ' o

L Reactors treat1ng dilute wasteuater at HRT less than 3~
: /

deayg have few ’methanogenzc bacterza ,in the mixed liquor
due io washout of/fthese mlcroorgan1s1ms. .Only aethanogens
fﬁat are sloughed from the biofilm are found in the mixed
‘liqubr.- During étéﬂtup;"biofila>sloughing is very small.
Thére{;re, effectively all waste stabilization, part¥cularly

. . R . ’
methanogenesis, in  these reactors  occurs in ‘the biofila.

f i .. )

~'

- &
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' With few filamentous anaercbic bacteéria growing in the mized

liéuor, accumulation of flbating‘.éludgé was noé.{cunq. At

shorter HRT - and with pbssibie‘effects ofidiffusional'resis%
. e L -

tance 1in 'ﬁzﬁ biofilm, €0D renovaf‘AE{f1c1ency is less than

reactors treating.concentrated wastewater at similar organic

loading rates. Acid fhrming bacteria can grow in the mixed

liquor at low HRT (Table 5.2).

Methanodens grow in the mixed iiqunr ‘and biofilm: 6{

N e . ! .
reactors treating concentrated wastewater but only grow in

-~

the biofilm of reactors treating dilute waste. For high

strength uastguaters a portion of methanoqénic substrate is

cbnsumed by wmethanogens in the mixed liquor leaving . less

substrate for methanogens in the biofilp.;* Therefore,

concentration of methane formers in the biofilm of reactors

treating concentrated wastewater nould be less (i.e., acid

former concentration higher) than 1in reactors treating
dilute wastewater at similar crgahic loading rates. From

Tables S.1la and b it is cbserved that reactors with 1ower

‘influent caop :oncentratioﬁ had 1 ower cGh removal

éfficien&ies as discussed above, but total amounts of Cﬂﬁ‘
removed were greater in a shorter period of tiné because the
totalkbfg;ilm growth rates were higher allowing greater
input of substrate. The. net effect of a higher

concentration of rate limiting methanogens in biofiles of

reactors treating dilute wastewater combined with the loss’

-

of suspended methanagens- in the effiuent of reactors

treating concentrated wastewater is a decrease in rate of

N



A

startup, stability and biofila yield with an increase. in_

influent concentration. The dynamic model to be presented

later will demonstrate differences ' in relative wmicrobial .

populations in the biofilam and mixed liquor with inc?e&sed'A

influeht i:anr:entrat:}. on.

Results indicate that it-is advantageous. to start Eeac—

tors with a weak waste, which results in qreater b1o411m7

accumulation, hlgher methane former to acid farmer ratio in

the biofilm and easier operational COntral. On;e startup-

'has been realxzed reactors can be switched to a mor'e cancen*

trated waste and operated at longer HRT to improve CBD re—

.

moval e+f1c1ency. - .

4

Downflow mode of opereticn 'and sﬁort HRT, in relation

to the slou growth rates of wmethanogenic bacterza, mahes
DSFF reactor perfcrmance dependent " on biomass attached ta
support medxa. Increased specific surface areavhas been

shown to 1ncrease biomass ‘concentration"per unit reactor

volume, uzth . cnncomitant ‘increased. anaerobic réactor,

performance. Houeve?i it should be remembered that if

'specific surface area is too large there could be a’dec}ease

‘in‘reactcr efficiency due to a decrease in effective reactor

volume. Decrease in effective reactor volume resul%; from

‘biofilm accumulation that causes channel blockage (van den

o

Berg and Lentz, 1979). In contrast to DSFF reactors, the

effect 04: support surface area on the performance of up{leu-

.

than other media characteristics such. as shape and void size
— = < '

anaerobic. filters has been shown to ‘be of less importance’



- \\ . . A
(Young and Dahab, 1@82). Large plastic media, which had a

surface area Df 98. = m~=, provided better COD removal than

-

did .small plastxc medxa which bhad. a surface area of 138 o=

188

A

m". Improvement in anaerobxc f:lter performance with

larger media bhaving a smaller surface area to volume ratio
and larger void volume is due to the majority of biomass not
being attached to support material but actually trapped

within the interstitial'spaces in the lower section of the

filter.: Media with. a high wvoid volume but capable of .

retaining biomass is most desirable for maximum anaerobic

filterwper¥EFESEEET/’

) ;\./" '
’.
5.3 Steady State DSFF Reactor Operation

. ' i < e - ’
5.3.1 Summary of . Steady State DSFF Reactor Performance

Summary data for each of EPE four substrate concentra—

txons evaluated are presented in_Tebfe S.35. Results are

'-presented for e+f1uent soluble and insoluble CQD{ VA; daily .

biogas,prodhction and eompesition;‘ éttached and susSpended -

biomass concentrations; and mixed liquor pH and Eh. Each ~

data point is the average of three measurewents except for:

-

b1efx1m bxomass cancentratzcn ahd biofilm thickness which

are the aver.age of 2 measurements.. Steadyystate results are

'presented iﬁfzﬁpehdix 5.

Biofilm blomass measurements were not nade at a o, 4 d

S

HRT" because of the Izmzted number of renovable b10+11m sup— i

.

o=
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oorts‘io the reactor,. Organxc loadlng rates. surface load—

150

ing rates_ and'HRT are based on a surface-area_ to volune

ratxo of 75 ot ;> and reactor lxquzd vo!u-e of 22.4 L, res—

' pect;vely. L1qu1d volume o+ the reactor and surface area to

volume ratio ;akes into account.yolume occupled by support
media but. not volume occupied by biofilm. Qs'an example,
for a’ flou réie of 44.8 L d—*, HRT is equal to reactor vol-

ume dzvxded by flow rate or = 22.4 L dxvzded by 44.8 L d-’

uhxch equals 0.50 days. Actual HRT would be slxghtly less_

than this. since biofilm occupied a volume of.the reactor.

5.3.2 ‘'Organic Carbon Balance ) )

Grganic carbon balances (Append;x D)  were made for

steady state oporating‘conditions to provide‘additﬁonal sup— -

port to experimental data by acting as a cross—check ooch—
mnism. The sum of the-five columns (Table S5.4), socluble £aD
in effluent, insoluble COD in effluent, methane production,
methane in effluent and accumulated COD is egual to totol

COD out ' of the reactor. This value is compared to total

input COD and expressed os a ratio in the last column. Mean,

ratios of COD in to COD out were 1.06, 1.05, 1.00 and 1.01
for reactors treating 0.25, 0.5, ;.Q'and_ZJO pgrcent sucrose

uastes, respect1vely. These results demonstrate ‘good ac—

count of organ1c carbon going. :mto and coming out of the'

XY
- DSFF reactor, and verify the relxabzl:ty af experlnental

r'esults.. A saltpie carbon balénce is qiven :.n Appendix D.
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.Table 5.5 shows a calculation similar to the above, in

which COD removed is 'conbared-to methane produced. Total

152

' méthane productioo (gaseous and dissolved) 15 co-pared ta

the methane equxvalent of COD removed. Methane equxvalent'

_of cop removed was deterained by multiplying the dxfference

betueen 1nfluent and effluent soluble COD by ‘the . dazly flow

rate and a conversion factor. The conyersxon fa;tor is dis-

tussed in Appendix D.

Results indicate that greater than 80 percenﬁ of sol—

uble COD was recovered méonmethane- Net biologicgl‘-soLids
synthésis of DSFF reoctors treating ;sucrosg-uasteﬂaté}_uas
low. This fact is further verified uhén'coapsred with meas—
ured biomass yields (discussed later) and biomass yields de—

termined during Startup. (Tables S.la and S.1b).

‘15.3.3 General DSFF Reactor Pér¥ornanoe
‘ ' -
Anaercbic - DSFF’ reactors successfully treated low and

- medium s%rength sucrose uastenater at hlgh organxc loadxné

. j -
: rates and \ﬁhort HRT.k For alI DSFF reactors operating at

/

varlousi steady state cond1t1ons, acet1c, propzonzc' and :

butyr1c aczds here the main acids detected in the effluent

and they were the -maJor component of solubie effluent COD

(Table 9.6). Perzod1c checks showed little or no sucrose in -

. the effluent zndzcatzng that the balance of the soluble €oD .

'was’gither longer chain VA or. . other soluble n;:rob;al by .

" products. DSFF reactors. treatzng 0. 25% ‘and O. sz .sucrose

- 8
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uasteuater_ were the most stable at all HRT's tested.
Similar findings were made durzng startup. At HRT daun tu
‘0.3 days there was little accumulatxon of VA and pH remalned
above 6.7. | With increasing influent waste cancentratjpn
,-therelwas.a decrease in reactor'stébility.

The reactor +treating 2.0% sucrose wastewater was un—

‘stable and. fsiled at’ an HRT of 1ess than 2 days {10 kg‘CﬂD‘f
T d=g £ 0.133 kg coo m—= a-. Instabil.ity was charac-
terizidd by accumulat;on of lbnger shain VA in the wmixed -
'11quor and concomitant decrease in pH below 6.3 (Table S.6).
Because of the 1nstab111ty of thzs reactor anly results re—.
corded at HRT of 7.0 and 4?% days. are used for kinetic
snalysis. ' It has._ been reported -that 'accunulatioﬁ of
propinsiq and butyric acids;;indicatES that reactors are
beiﬁg'sperated under stress (Kénnedy and wvan - ﬁeﬁ‘ Berg,
19ééb- Kennedy et al., i985). Buiot and van den Berg (1984)
ktreatzng the same 2 (¢ I & sucrose uastenater uzth an anaerobxc
UBF reactor also' reported . process 1nstab111ty and were
unable to achieve 51gn1f1cant rates of uaste stabxlxzat1on.
. ] s
5.3.4 Effect of Hydraulic and Drgaﬁic toading Rate on COD
. Removal Efficiency ' |
Effects of influent substrate concentratlon on COD re-~

-moval effzczency of anaerobxc DSFF reactor, compared to HRT
and organic loading rate, are shown in F1gs.45.12 and 5.13.>

Substrate removal effzczency is a function of HRTr and -
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' concomitant organic loading rate. It is important to note

. ./_

that for reactors treatingi50.25; 0.5 and 1.0 %’ sucrose

wastewater, COD removal efficiencies uefe in excess oOf 75,23

at HRT as low ‘as 1° day{jﬂ decrease in HRT from 1.0 to 0.5 _

days resulted in a SOIZ decrease in ‘soluble_CDD 'removal o

efficiency for the three reactors-discusSéd-aboveﬁ At a 2'.'

day HRT the-reéctor treating 2 O Z sucrase. had a COD removal

efficiency of S&%. However, in terms 04 organic loadzng, ;

COD removal eff1c1ency af the reactnr treatzng 2. 0 % suchSE

-

uastewater was approxzmately the same as the other reactors

s

-at similar organ1c‘load1ng_ rates, It 15,1mportant to men=— -

tionlthétnwhile the three DSFF reaétors'treafing mbré &iiuﬁé
?astewateré\ne%e stable -at éll'HRT.téstgd the reacfpf treat—
ing 2.0 % suﬁrqse Qaéte was unstaplg.’ High Suérbsé concen;
tration coupled ‘ with slight  véri$ i ns.iﬁ'jflou Fate'often
Eéused elevated VA coﬁ:éntrations_(::2> .

mass prbductioﬁ)‘ and IDQ‘ pH -in ,tbe-reaﬁtor. }These condi -
tions resulted in.an-inbalancefbétﬁgen‘aéidogenic and meth—
'anogehic bacterial speéges and.cqncomitanf,reactor instabi;—

ity.

reaSed-agidagenic bio—

-Total COD fembval. efficiency was only slightly less:

than éoluble CUD removal e+f1c1ency (Figs. 5.14 and 5.15).

£

Th1s re{lected the low c:oncentratxcm of, suspended bxomass

associated g@gg,bé?% reactors operated at short HRT,
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S.3.5 COD Removal vs Reactor Height

DSEF reactors in this study uer;\aperated af'a high EE;A
;irculétion- rége to ensure complete mixed conqitiong x
(Appendix A) . Figures S5.16a, b, c and.d show soluble COD
concéht&at;cns along reactor height at v;;ious HRT. Solubie
COoD reﬁoyal was constant at any point " for steqdy staté
‘conditions tested. Similar types of concentration profiles
were obtained for VA concentrations.- Insoluble_bQD reactor
profiles also showed no ‘ significanf éuspended'.solids

. . ;
gradients existed in the mixed liquor and that there was
little accumulation of biomass in the bottom of ‘the reactor. /
There ués no gxcesé floating sludge uhich was characteristic
of DSFF 'reagfors_ started with sucrose gastewater at a
éoncéntration of .2.0 %. Absence of floating .sludge at
steady stafe is ;elated Jto low aper#ting HRf and hés'been
discussed in a préviaus section. ‘These results indicated CM
EehaQinr and supported DS?f-réactor mixing studies-discussed
in Section S.1 and Appendix A. °~ The CM regime inia DSFF
reactar contrasts with the plug flow (bF) pattern reported<
for conventicnal\ upflow anaerobic:filters. In conventional %g
filters, the majority of waste stabilization occurs in th%//’ﬂ-&__'
bottom one;third of the reactor where most of thé.actigé
biomass is }ocatéd (Young - and McCarty, 1949; Mueller é;d

Mancini, 1975{ N

9.3.6 General Bioqass Characteristics _ ‘ 3

Suspended biomass made up a small percentage of the

-total biomass ‘within DSFF reactors (Table S-7). An average
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value of 8. 6 percent of . all biomass in DSFF reactnrs was

'suspended b1omass. " In general. suspended biomass 1ncreased

164 -

with 1ncreased uaste strength and longer HRT. For 'DSFF‘

reactnrs treating O0.25 and 2.ox sucrose uasteuater. averaqe
deS component of total reactcr bzomass ‘was Iess than S
percent and greater than 20 percent. respectlvely. '
Suspended. soll.ds cnncentratzcm :|.n the effluent :.s often
e measure of effluent qualzty. F1gures S.17a. and b shdu ef-

fluent suspended solxds for 1nf1uent waste concentrat1dns as

a function - of HRT and drganié loadxng rate. respectlvely.

Cdncentratzon of . suspended solids in the effluent increased

only sl1ght1y for {arge decreases in HRT and concomitant in-—
creased organic loading rates. Most effluent suspended- sol -

ids concentrations were lest than 1.8 kg COD @—= (1.4 kg VSS

m—=). Low biomass suspended solids even at low HRT indieate_

that microbial washout is not a major prablem.

_Peribdi: checks of mixed liquor acidogenic and methano—

genig activity showed Iittle or no methanogenic activity fnr;

 the majority Of Steady state conditions. Some methanngenic

. . / . ..
.activity was found in the mixed ligquor of the DSFF reactor

-+

treating 2.0 % sucrose.at a 7 day HRT, this qas not sufpris—'

ing since certain methanogenic bacteria have duub11ng times .

‘g 1c actxvzty was always found in the mixed - liquor and
varied between 2-8 g COD (g VSS)—2 d—1, Low :cncentqetidns
of suspended- salids (biomass) and absence of nethanegenic

Tactivity in  the mixed l;auor not’ only reflects the small

Q N

d:;iﬁss ‘than 7 days (wandrey and Axvas1dxs, 1984). Acido—
B \ -
1
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Figure 5.17 Effluént suspended solids versus HRT (4)
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binmass yield but .also the iﬁportance of the biofilam for
e . . . ' .
uaste stabllxzatzon\

' 5.3.7 Effect of SRT “on.COD Removal Efficiency and Effluent

Suspended,Solids‘

SRT is a basic design paraneter for biological waste

' treatment processes. Because of prevxous samplxng problens

166

related to the des:gn of DSFF reactors 1t had been 1nposs1—

ble to obtaln relxable SRT data. " This problem was Dvercqne

by using removable biofilm supports. #igure 5.18'is a plot -

of COD removal efficiency versus SRT. COD removal efficien-

cy was related to SRT and relatively unaffected by inf1uent

waste strength and HRT. Maximum COD removal eff1c1ency was

‘SRT"*, Eq. 3.53 and using kinetic constants déterﬁined-for

treatment of 0.5 Z sucrose wastewater (discussed later) was

,achleved thh SRT’ greater than 25 days. A curve based on

compared with actua1<resu1ts. Measured results compare well-

with predicted values. The predictive curve indicates that .

at a SRT of approximately 9 days COD removal eff1c1ency

teria would be uashed out of the reactor.
<

in a CSTR HRT - equals SRT. For. DSEF reactors no ih;

"formation ex1sts that shows ' a relationship betneen SRT and

HRT. The emplrxcal steady state model dlscussed in Chapter
3 relates- -COD removal efficiency and SRT to easily measured

parameters such as HéT, influent waste strength and organic

-

would be -O. At a SRT of- less than ¢ days methanogen:c bac- -
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Figure 5.18 Measured and calculated soluble COD removal efficiency
versus SRT.
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~ model ‘are discussed later..

l . 1 68 .

loading rate. Determination of kinetic constants for this

Figure 5.19 shows the relationship amoung SRT—%, HRT

-

andiinfluént waste strength and insoluble: effluent -COD.
Distinct trend; are indicated fi&gfffluent TSS as a_funéticn
of SRT, HRT and Sa. Knowing any 2 of the above parameters,
Fig. S5.19 can-be ﬁsed to find.the other pérameters.~ Fﬁr‘a
. . ‘
given waste strength inscluble effluent COD concentration
decreaseé with ‘increasing SRT. For a given HRT‘insolﬁble
cop c?ncentra#ién in the effluent increases with increasing
waste streﬁgth' while SﬁT decrea;es. Results from the re-

actor treating 2.0 % sucrose wastewater were not included

because -of the limited number of data points.

5.3.8 Biofilm Characteristics
Steady state biofilms that developed dH°NPP support
materiél.were“zoogloeal biofilms. DSFF biofilms were thick

(Table 5.3; Fig. 5.20) -compared ‘to biofilms found in an-

aerobic fluidized/expanded .bed'reactors which are abodt iS

microns thick (Switzenbaum, 1978). DSFF reactor biofilms

were po}ous and filamentous with tentacle like.aphendages

bio¥i1@. Figuré 5.21 shows many filaments of free floatiﬁg

vet attached biomass that profuced a porous biofilm with ex-

N
.\I

\ Y
1Y

\
Y

) . . N . -
-extending up to 1 cm into the mixed liquor surrounding the

'tensive surface area. : Vigual inspecfion showed little

. steady state. - Biofilms

diference between biofilﬁs that

-

eveloped during stértup=andf

that developed- -in . DSEF reactors -



. A
. /"_
\\
[
1.5 -
1.4 1
R R :
1.2 5 ' ' : . - ~
) e
1.1 - ,A. s
1 4 <
— ‘A /7 4
e, 094 s d
EE o034 - : // i‘?l/
e 8 . .
a3 Q.7 a C 239l °
oc / . @ ,sql' . ©
oL 0.6 - A e ., 10gL a
0.5 ~ / . . . 7 .
L B 78 ® " o7 oaHRT -
044/ _® s 7 ' 20.400HRT x
0.3 4. 4 ’ Constant HRT ———
B ) / i o Constant Sq
oz )/ /B/.’//-
L ! B
‘ . 014 ®37
O I 13 13 1 ] 1} ..l. 1 1 Tt 1] 1]

o] 0.02 "'0.04 0.06 0.03 0.1

[

Figure 5.1¢- Effect of

>

T

KRN, S and SrT+

i H

0.12 0.t14 0.16 .0.18
1/SRT (1/D)

=y

%

-

-

T

1]

0.2

on insoluble effluent COD.

169



| S - 170

Figure 5.20 Photograph of mature anaeroblc bic;films. .
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during .startup and steady. state operation were 5-6 percent
(w/v of biocfilm) non—soluble solids of uhich 7580 percent

were volatlle solids. . o
DSFF reactur -ethanoqenxc act1v1ty in th! blufxln, bio—
gas productxon and assncxated hxofxl- micromixing uere ob-

served to be 1ntense in relation to HRT and slow reactxon

172

rates of anaerobxc nxcrobes. Foraation 1of gas bubbles is .

readily observed in Fig. S5.21.

Microscopic observation of DSFF Biafil-s (Fig. 5.22..

magnx*zcatzan 959X) shoued uxcrobes attached both to individ-

ual polyester f1bres and entrapped by the NPP support mater—

131. Further uaqn1f1cat10n (Fig. ‘S. 22b 2420X) shows bac—

i'
teria characteristic of the genus Methanothrix. -

Hethanosarcina type '5acteria were ilsu observed but

were not as numerous .as Metharothrix type bacteria. Harveyf

(1984) reporte? that in DSFF reactors treating piggery

wastewater the majority of ' bacteria in the " biofilm were

simpilar t6 those of the genus Methanosarcina. Differenqeé in

-

due. to differences in the waste or operating conditions.

Microscopic observation of amicrobes 'that make up good

the methanogenic population which makes up the bin#iln are -

settling qraﬁular sludge in UASB reactors treating a~variety:.

of wastewaters have shown that they are mainly coccoid. bac-

-,terie of the genus Héthanosarcina (Lettingi et aI.;-t?BOJ.

As mentiocned- prev1od51y, attachnent of fxlanentnus and/or.

cnc:o;d ba:terxa in f:xed file resctors coupared to -a;nly

coccoid bacter:ap in UASB reactnrs\ 2ld explaxn_d;fferences



_J-,.Y

Figure 5.22 Electron micrographs of mature biofilms, NPP fibre (A),
bacteria (B), ; o
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- observed in startup and overall per{cr-ance of these two

reactor systems. : _ ‘ . ' . Q' )

-

Lt

5 3.9 onf:lm Concentratxun and Thzckness .

The relatxonsth between organxc loadan rate and DSFF
reactor bxofxln concentrat:on is shown in Fig. 5523. Bio{iln“ﬂ
biomass concentratzon (in terms ' of reactor liquid volume)
1ncreased-lxnearly with increased organic loadznq rates up
to 10 kg COD m—> g-1 - (0.133 kg cCOD m-2  g-1) and was
‘relatxvely unaffected by 1nf1uent substrate concentratxon.'
'.At a Iuadxng rate of 10 kg EOD a~= g-a 2 maximum biofilm
concentratxon and: maxisum bxofxlm thxckness of 8.7 kg VFS a
o= (0 116 kg VFS m=3) and 2.6 am respectxvely were obtaxned
At steady state loadxng rates hxuher than 10 kg CDD a3 g-—-2
' bxo+11m cancentratzon levels off or at least the increase
- Was veﬂy slow. onfxln developasent during steady state DSFF
_reactor operatlon différed from that found for reactor
startup. Dur1ng startep, biofilm development was found- te
‘decrease with increased substrate concentratxun for reactors
ope;ated at szmxlar organxc loadxng rates. Th:s difference -
in bxcf;lm development is 1n part due to the startup proto-
:col whxch limited VA accuaulat1on in the reactar.

F1gure S.24 shous bxof;lm con:entratxon for vvarxous
steady state organxc reuoval rates. Maximum b1olen concen—
tratxon or a yery lou rate ‘of 1ncrease in bxnixln bxonass:

'cancentratzon was achxeved at a steady state organic. removal

rate of 7.5 kg COD m~F d=* (0.100 kg COD n“?'d-‘)a" This in-
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dicates that a quasi- equilibriua was reached between bio-

film and mixed liquor growth, attachment and bicfilm slough—

ing. Thik situation cbrresponds to the final stage of

aercbic biofilm development (Bryers and Characklis, 1981).

Studies have indicated that when liquid velocity in reactor

channels is Sufficient, no significant plugging should occur

(Samson et al., 1§S4a). If_this_is the case, eventual plug—

ging of reactor channels should not occur. In this study, -

high biofilm biomass concentrations (up to 6.7 kg biofilme
VFS m—) cnupled uifh extensive surface area, the porous na-—
ture of the biofilm and negligitfle methanogenic activity in
tﬁe mixed liquor indicate ﬁhat the biofilm is primarily
responsible for ;aste stabilization. However, if a maximsum
biofilm concentration has been achieved, organic remsoval
capacity of DSFF reactors is limited unless there is a
change in the microbial population qékthe biofilm that would
effect an increase in the specific substrate utilization
Py

rate.

Figure 5.25 shows effect of HRT on biofilm concen—

tration at various steady state conditions. Reactor biofilm -

cbncentratiqn and biofilm thickness increase with decreasing

HRT and ihcreaéing waste strength. This behavior is siailar .-

to results reported for attached biomass in anaerobic éx—
panded/flufdized beds (Switzenbaum and Jewell, 1980).

DSFF reactor biofilm concentration was less than re—
portéd'{or other advanced aﬁaérobic reactors treating simi-
lar wastes at 35°C. Biomass concentrations in anaerobic ex-—

~
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Figure 5.25 Biofilm concentration versus HRT, 2.5 g”L_l m,
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_panded/fluidized beds (Switzenbaum and .Jewell, 1980), upflow
anaerobic, filters : (Dahab and Young, 1982), upflow anaercbic

sludge blanket reactors (Léttinga et;al.. 1980) and combina—

179

tion prlou' anaerobic blanknt—fiite}su (Buiot and van den

Berg, 1984) of 40, 25, 30 and 30 kg VS5S m—= r-specti;ely.
have been__rgpoﬂﬁed.;ﬁs;umiﬁg that biomass of similar speci-
| fic activity develops in “each type of reactor (Table 5.8),
1the maximum waste st&biliQétion q;hqcity of DSFF reacfors
would bé:Aless'ghgn other- advanced gnaérdbié reactors. How—
évef, ﬁiomqss may still be atdunuiating in fhe DSF# éeactnf
‘at a. low rate (Fig. 5.24), and over an extended period of
reactor operation biofilm -cancentraticn . may increase
resulting in- a higher " waste stabifization capacity;
However , periéfnance o% DSF% react;rs is quite satisfactory
~and  they  offer operational advantagés“‘thét have been

discussed previously.

S5.3.10 Biofilm Performance

Specific biofilm organic loading rates and specific

biofilm substrate utilization rates, Ue., were obtained by .

dividing amount of substrate added per day and amount of
sﬁbstrate reﬁoved per day, .respectively; by‘ amount of
biofilm biomass in tﬁe system (Table S.é). . The relationship

between COD removal efficiency and specific biofilm loading

‘rate is shown in Fig. - S5.26. cap reﬁoval efficiency .

decreased with increased spe;ifi: biofilm loading rate and

was relatively unaffected by. waste concentration. " At a
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Table 5.8 Comparison of specific utilization rate for anaerobic reactors treating

Substrate

Sucrose

Sucrose

Dextrose/
Protein

Sugar beets

(soured)

Sucrose

a (FG)y -

(sGy -
(FsG) -

carbohydrate wastewaters

Operating
Reactor? Temperature
°C
' DSFF: (FG) 35
Upflow sludge 27
blanket filter;
(SG)
- Upflow filter; 35
(FSG)
Upflow sludge 30
blanket; (SG)
Expanded bed; 30

(FG)

Tixed growth

suspended growth

fixed and suspended growth

Specifie
rate

P

0.9-1.2
*  1.0-1.2
1.0

0.6-0.9

0.4-0.8

VSS —1d-:

Reference

This study

Guiot and

van den Berg
(1984)

Mueller and
Mancini (1975)

Lettinga et al.

- (1980)

Switzenbaumr and
Jewell (1980)
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Figure 5.26 Soluble COD removal efficiency versus specific biofilm
| loading rate, 2.5 gL W), 5.0g L™ (®), 10.0g L™ &,
iy ,
and 20 L™~ 4@).
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specific biofilm loading rate of 1.0 kg COD (kg VFS)—* d-2
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CO0D removal efficiencies were BO, 79, and 83 pe;cent for .

reactors treating 2.5, 9.0 and 10 g L—* sucrose wastewater,
respectively. At loading rates greater than 1.0 kg €OD (kg
VFS)—* g—2 COD removal efficiency decreased rapidly.

Comparison of specific biofilm loading and substrate remaval

rates to specific loading and substrate removal rates shows

little difference indicating the small contribution of

suspended biomass to waste stabilization (Table 5.9).

Figure S5.27 shows the relationship between specific
' biofilm loading rate and specific’biofilm substrate removal
rate. Specific biofilm substrate removal rate incréased
with increased specific biofilm ioading rate. However, with

increased specific biofilm loading, the measiured .spécifi:

"biofilm substrate removal rate curve {curve B) diverges from

the maximum COD removal curve (curve A) indicating a de—

crease in COD removal efficiency.

Figure 5.28 indicates that the specific biofilm sub-
strate utilization rate increases with increasing volumetric
organic loading rate. A m&ximum‘specific biofilam utiliza—
tion rate of 0.9-1.2 kg COD (kg VFS)—* d=* was -obtained at a
load1ng rate greater than 5 kg CQD @~F d—1 (0.066 kg COD m—=

d—*). . Figure 5.29 shous that the 5pec1f1c b1o+11m ut:lxza-

-

tion rate increases with decreaszng HRT and increasing .

wastewmater concentration.

As discussed previously, Henze and Harremoes (1982)

suggest that ' anaerobic biofilms become diffusion limited at .
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Figure 5.29 Specific biofilm substrate removal r‘ate‘.versus HRT.,
2.5z @), 5.0z L (@), 0.0 L7 @
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biofilm thicknesses .of 1 mm or greater. On the other hand

Williamsom and McCarty (1974a, b) reported that anaerobic

187

[ T . .
biofilms should not be diffusion limited at any thickness.

Figuré 5.30 shows the relatiqnship between biofilm thickness
andlspecific biofilm ﬁubstraté removal rate. Biofilm sub—
stéate gtiliza{ion' Fate inc;eases with biofilm ‘tﬁickness,
reaéhing a maximum.at a thiékﬁess of 0.9 mm. When arganié
load¥ng rates and reactor VA concenfrations were low, bio—
" film thickness was less than 0.9 mm (Table S.b);. Under

these conditions substrate coqcenfrétion was less‘than the

saturation coefficient, K. Therefore, substrate did not .

:ompletely_saturate the‘biofilq: as a result part of tpe
' biofilm was inactive. This results iﬁ the Monod type plaot
in Fig. 5.28. As biofilm thickness increased up to 2.4 om,
crganid loading rates and mixed liquor VA. concentrations

were higher (Fig. 5.28; Table 5.6) and specific biofilm

substrate a«emoval  rate remained constant. This indicates, -
) *

that for thicknesses up to 2.6 aam the whole biofilm was

active and that .substrate completely penetrates the biofila.

Diffusional resistance was not . serious, which is in agree-—

ment with Tresults obtained by Kufnegay and Andreps (19468} ..

ff the biofilm was not completely active of if a diffusion
limitation existed there would have been a decrease in the
specific biofilm activity with incrﬁased biofilm thickness.
In Table 5.8 biofilm substrate utilization rates found
in the. DSFF reactor are compared to other anaerobic systems

treating carbohydrate wastewaters at 35<C. . Little dif-~-
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ference exists between suspended and attached biofilm reac-

189

tor biomass. The porous nature of DSFF anaerobic biofilms

with tentacle 1like appendages (increased surface area for

microbiél/substrate contact), ' lack of an electron donor,

high K wvalue of anaerobic bacteria (Williamson and McCarty, -

197&6a ;b)."effects of sequential substrate utilization and
disruption of the biocfilm diffusion pattern caﬁsed by bingas
micromixing all may be responsible for minimizing diffusion
problemg ;nd' increasing the_ active depth. of anaerobic bio-
films. It is also evident that high substrate resoval rates
in_DSFF reactors are'directly related to the amount of bio—

film biomass.

5.4 Determination of Empirical Design Equation

-Results presented in'Sectidns S.1 and 5.3 indicaﬁe that

ST -

there were no obvious violations of the assumptions usedliﬁ‘

deveioging the empirical steady state DSFF model.

It is important tog emphasize that naéte stabilization

in DSFF - reactors operated  at HRT of 4 .days or iess is

primarily dependent on biofilm jﬁionass. However, for the -

~ steady state empirical model deyelopméﬁt, kinetic parameters

afe‘based on total reactor biomass (Table 5.9).

S.4.1 Relationship Between HRT and SRT

The relationship between SRT and HRT for different in—

fluent wastewater concentrations is shown in Fig. 5.31 and

summarized in  Table 5.9. The'inberse of the slope for each
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curve gives the uasﬁnut:factor, ¢ (Eq. 3.52), for each sub—
strate concentration tested. - o ‘ .
Slopes of the curve% in Fig. 5.31 indicate that there
was an increase in the biomass ugshaut factor with increas- .
ing influent ‘Qasteuater coﬁceﬁtr;tipn. Values of | were
0.041, 0.086 and 0.115 fér 0.25, 0.5 and 1.0% sucrose waste—

water respectively. The relationship between f, and influ—

- ent feed concentration (Fig. S.32) can be expressed by Eq.

5.1z . ~

. § = 0.012 Sa¢ : =

Substituting Eg. S.1 into Egs. 3.52, 3.53 and 3.54 per-
mits ue, E and X to ﬁg determined as a functicn of volumet-—

ric gkganic loading rate.'“ﬂet specific growth rate, ua., ex-

"pressed in terms of  organic iaading rate can be witten as

Eq. S5.2. Figure 35.33 shows the relatiunshiplbetueen MERS—
ured and predicted (Eq. S.2). values of volumetric organic

lgading rate and u. for DSFF reactors used in this study.
Ue = 0.012 ~—— ‘ 5.2
Substrate removal: efficiency, E (Eq. 3.53), expressed in

terms of organic loading rate can be nritten as:

‘ K ((0.012 Sa/6p) + b)
E =[] —.( — —
" . Ba (Ua=(0.012 Sa’/Gw) — b)

)1 100 5.3
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Reactor biomass concentration, X can be written as:

) (0.0123./8_.-) +b) By

S.4.2 Determination of Kinetic Constants

Kl

Based on the assumption that non-biodegradable organic

material in the reactars is negligible Y. and b for each
L 4

194

substrate concentratzon can be deternzned from the slope and.

-1ntercept of a plot of U VS Ua '(EQ. 3.50, Table 5.9). Both
Y. and b (Figs. -‘5.34a, b, ;) increased with 'increasing
influent Qaste concentration. Values of VY, u;re 0.14}‘
o.zos-and fo.362 and for b 0.033, 0.066 and 0.222 d-3 for

influent waste stfengths of 2.5, 5.0 and 10.0 g sucrose L-*,

respectively. Average ‘valués for Y. and b were deter-ined'

for all steady stake data points and found to be 0.178 and -

0.0&60 day—?* L respectively. Parameters deterained fron'ihe

reactor treating 2.0 X sucrose waste wmater are suspect.

Because of the limited number of data points no‘calculationS'

.were made for this reactor. Comparing CDD renoved to .

'methane produced {(Table 5.5) an average neasured y:eld Yeave
.can be formulated from the difference between COD removed
and methane' produced. This difference ' is assumed tﬁ be
¢onvérted to biomaés and hence is a measured- vield. The
value for _average -easured vyield was 0.!9 uhich.conares

well with the average calcul ated yzeld Y--,. ‘of 0.178.

Good correlation between the two yield measurements further

)
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_Aemonstrates lduA_net synthesis of solids in anaerobic DSFF
reéﬁturs which has practical engineering significance.

Since specific substrate utilizatioﬁ-fate, U, is inde-
pendépt of influent waste strength (Fig. 5.26), k and K can
be determined from a plot of éq. 3.49 (Fig. 5.35; Table
S.8). Using linear regression analysis, values of K ﬁnq k,
based on socluble COD as limiting subsfrate, were determined
to be 299 mg COD L—* and 0.93 kg COD (kg VSFS)~* day~! res—
pectively. Substitutiﬁg'fqr' k and Y. in Eg. 3.51, us. for
each influent waste concentration can be determined. Values
Of "Um were 0.;36,- 0.190 and 0.3353 d—* for DSFF reactors
treating 2.5, 5.0 and 10.0 g L-* sucrose, respectively. Al-

~though U, %ncreased with increased influent'cdacentratian

- net maximum specific .growth rat;s for DSFF Egactars- were .
appfﬁximately the same. Net. maximum specific growth rates
were 0.103, 0.124 and 0.113 for reactors treating 2.5, 5.0

and 10.0 g L—3* sucrose wastewater, respectively.

S5.4.3 Empi?ical Model Predjéfion
Predictive COD removal curves were calculated uith‘Eq.

S.3 and compared with experimeﬁtai results in Figs. S.36a; b
and c. Both experimental and predicted resuits for DSFF re—
actof%-treating 2.5, 5.0 énd 10.0 g L-"sﬁﬁrose correl ated
well. Appliéétion of this predictive model to real sit-—
uationé-is important in reactor design. Figure 5.37 com—
pares measured biofilm concentrations with brgdicted values.

using Eq. S.4. Predicted and measured values are very

-
RS
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CI?fe' Equations 5.2 and 5.3 can be used to predict reactor -
be;%ormancsﬁggsed either on SRT,VHRT or LRT as denénstréted‘
in this section and Séction 5.3.7. Depending on the .
information available, the appropriate form of Eqs.'5.2 and
5.3 can be used., Co ‘

S.4.4 Siénificance of Kinetic Constants

. Values of various kinetic parémeters determined for an—
aerobic DSFF reactors compare well to other immobilized and
‘suspended anaerobic .processes (Table S5.8). Small di f fer—
ences bétween values of k and K determined for biofilm and
5uspendeq growth 'proceéséé indicate that effects of diffus;'
ional resistance in anaerobic “biofilms are small. Hence,
kinétic'parameﬁers obtained from an anaeragbic biofilm should
not differ ;ignificantly f;um those obtained +from an an-—
aerobic suspended growth system. These results are support—
ed by kinetic constants obtained in batch testé and discuss—
ed in the next section.

Values éf Y. and b, when related to low values of Ua,
irdicate the importance of the anaerdbic biofilm in DSFF
reactors. Althoﬁgh there have been reports indicating that
anaeﬁnbic filters an& DSFF reactors can beéﬁﬁe plugged
(Dahab and Young, 1982), low biomass Yyields, Y., and rel-
atively large channels indicate that DSFF reactors :oulé be

operated for lang pericds of time without excess biomass

accumulation and channel plugging.
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Q high K value ailous'substrﬁte to penetrate‘thick an-—-
aerobic biofilms with minimal diffusional - resistance
(Williamson and® McCarty, 1976a and b). Expe?imental evid- .
enée from this study has been presented that supports this.
Increase in Y, with increased influent waste cﬁncentraticn
is the opposite of what occurred during startdb of anaerobic
DSFF reactors. _During startup, Y. decreased nith increased
waste strength. fhis phénomenon is due in par£ to opera-
.tional restrictions placed on DSFF feactbrs Quring startup.
“Duri;g startup, mixed liquor VA concentrations were main-‘
tained within a range by cpnirnlling volumetric organic
loading rate. For co;centrated wastes this is a maée re—

5trictivé condition in terms of microbial growth when com—

pared to more dilute wastewaters. lDuring steady state

l‘ .
operation VA levels were not restricted and reactors

achieved unrestricted steady state biomass yields;

Kinetic constants  discussed above are calculated for
" total éiomass in bSFF reactors operating at steady state.
It is not known if these appd;eﬁt kinetic constants ucdld
vary from ;ntrinsiﬁ-constahts deﬁermined for biomass in sué—
pgnsﬁon. If is also not known if kinetic constants deter-
mined during steady state apply to reactors during startup.
The next section discusses results of batch bidfilm activity
tests conducted during startup and steaay state reactﬁr‘

-

operation.
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S.5 Apparent.and Intrinsic Kinetic Constants

Diffusional limitations in immobilized enzyme systems
and aerobic _immobili¥ed whole ﬁeri systems have been found-
to a{%ect the half velocity cunstaﬁg, K and ma*imuﬁ'specific
reaction rate, k (Dewey et al., 1984). 'On the other hand
~ Williamson and McCarty (1§76a,<b) reported that values of k
‘fcr.niféogén fi;ing b16+i1ms dia’not yary greétly from those
optained with dispérsgd cﬁltures.‘ They did.find that Nitro—
bacter biofilms made from cultures with differing k values
exhibited a damping effect -beﬁugen,a change in k and a
change in substrate ;tilization rate. The dauping effect,
resulted from a decreased effective biofilam thickness, and,
hence a sméller active mass of nitrifying bacteria when k

increased.

Although steady state results obtained in this study
(Section 5.3) indicated that anaercbic biofilms up to 2.6 @
‘in depﬁh Qere comﬁletely actiQe,'nq study Has demonstrated
. the relatianship between apparent and intrinsic kinefictﬁon—
stants k -and K (Eq. 3.2). Additionally, because of the slow
deyelopmen£ of anaerabic biofilas it is important to know if
kinetic parameters Aetermined for mature biofilms are the
same or different from .those détermined during sfartup.
This fact %5 of particular importance in:selecting constants
for a mgthematical moﬁel that describes startup or steadyh

state reactor performance.
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.

'Hhiie'methods have been-suggested-faf determination of

-:intrinsic kinefic cﬁnstants for inmobilgzed enzyme reactions ”
(Hamilton et al., 19?4;'l |
1984), no ‘method £as been applied  to anaercbic ‘biofilms.

o~

Chen et al., 1980; Lee et al.,

Since met5anogénesis is rate liéizing for easily degraded

. carbohydrate wastes, appareﬁt .kinetic cnnétants can be
detgrmined in a series of batch biofilﬁ activity tests uSihg"
acetate as the limiting.substfate.l Nb tests were conducted

to eva1uate the'ef€€%t of suﬁerficial liquid veiocity on

inittal substrate utilizatién rates. Houever,‘beuey ;t af-

_(198&) éeported _that for immobilized SiccharOlyées cere—

visiae 6pérated. at superficial }iqqid veiocities similar to

those used in these testé, the effect o{‘exte;nal substrate
diffusion was not significant, and reaction rate was

controlled mainly by internal diffusion resistance.

_/; During startup (Run.lx'and steady state reactor opera—
tion, ;emnvabie biofilms were transferred into batch activ— -.
ity test chambers and initial metﬁanogenic ireéction rates
were dqtermiheq as a function of acetate concentration (ex-—
presséa as COD). HZﬁes plots (Appendix F) were used to -
estimate apparent kinetic parameters K a&d E:fnr‘ various-
biofilm thicknesses. |

-~

Apparent kinetic constants K and k were then plotted
against apparent Thiele modulus,.$§ (Eq. 3.12a). The appar-

" ent Thiele modulus was determined by substituting apparent



ar measured -values efi K, k, average bicfilm thxckness and

b1o§11m concentratzon into Eq. 3.12a. (Appendxx .

‘When # equals zero, no, lnternal d1ffu51on 11m1tatxons

Exist and 1ntr1n51c kinetic parameters can be deternzned.

~
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By fitting  .a curve to the data and extrapolatxng to s equal,

tao zero, 1ntr1n51c values of K and k can be.estxuated for

startup and steady state reactcr aperat1on.

Figure 5.38 ‘shows the reléfioﬁship between apparent

values of k and # for startup and steadf state‘biofilms,‘

respectively. For startup and steady state bicfilms, values .

of k ranged between '0.40—1.73;kg- COD (kg VFS)—* d—3' and
0.80-1.67 kg COD (kg VFS)—t d-3, respectively. Based on our

exberience with mixed anaercbit tultures treatlng 'ca}bo—

hydrate uastewater the k valuer{/th§\rg COD (kg VFS)—3 d-1 o

is an outlxer. Over the. range of lyeégluated during steady

state, apparent\!alues of k did not 1nd1cate any posztxve ar

Ny

negatxve trends and remained relatively constant. Drawing
[Y ’ ‘

the 1line of the the averege of th® data points and

.

- .
extrapolating to # equal to zero the intrinsic value of k

was approxxmately i.2 kg COD (kg VFS)~—* d—=2 fo;\gteady state
' reactcr operat:nn. . The steady state value of k deteﬂmined
from batch tests'compares well with the value determin

1l

from continuous reactor operation.

Depasition on the biofilm of 1nert material or ac1d

forming bacteria from the inoculum (low methancgenxc actzv—
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-~

ity), the 'startup-prptpcal used to wmaintain VA concentra-—

tions and 1nsu{§1c1ent time for. nzcrob:al adaptatxan effect

the value of k durxng startup. For the first 40 days of
. startup there was cons1derab1e variation in values obtaxned

-for k. However, - as the biofilm matured, var;atxon in values

of k decreased (Fig. 5.39). Similar to steady state, no

‘specific paszt1ve or negatxve trend existed betueen apparentf

values of k and # (Fig. S5.38).

-

Dewey et al., (1984) reported that K was effected more

by internal diffusion limitations than uas.k Fxgure 5. 40

shows the relationship between apparent values of K and #

for‘startup and steedy state respectively. No relationship
was indicated betueen apparent values of # and K for startup
and steady state. Slnce no relationship exists‘and k re—'
mained relatively 'constant, 1nterna1 diffusion did not sig-—
nlfxcantly affect the biofilm. Compariscn of startup and
steady state K values with those in the literature for ceﬁ?
ventional methanogenic sludges sheus no 'great disparity .
which also fpdicates.that interpal diffusion limitations in
DSFF biofilms are small.™ This may or may not‘be the case’
for biofilms in anaerabtc fluidized beds which have been re—-
perted to be very dense (Suztzenbaum,ll978) but quxte thin
(100 microns). Biofilm K values uere within the range of K
values associated eith bacteria nf‘the.genera'Hethaedsarcina

and Methanothrix (Table -2.1)
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. There was a great deal of scatter for values of k and K
obtained during the initial stages of startuyp. It is during
startup that‘ the greatest chanﬁes occﬁr.in the”biofiln.‘ It
can ﬁe argued that as the biofilm matures. there isia chgnge
in the -types of methanogenic bacteria and/or relative béo—
portions of methanogenic and acidogenic bacteria within the
bio{ilm; and that chénges i; K as well as changés in k re—
flect this echange in microbial population. Comparison of
values of k and K during startup and steady state indicates
that for cakbohydrateluaspeuazers qsing'the "steady étaté
values. of these const;nts in, a model 'describing startup

-

would be adequate.

S.6 Application of Dynamic Model to DSFF Reactors

Simulations of DSFF reactor startup uere‘made“dsihg the
dynamic model develnped ip Chaﬁter 3. The model was used to
'sihulate the respnn%e of continuocus fiuu cultures to changes
in biomass attachment rates, bibfilm'detacﬁment rates and
substrate concentration. The model used daily flaw rate
data obtained during the experimental portion of the startup
study. Kinetic cbnstaﬁts anq_y{eld factors for acid forming.
and methane._fbrmihg_bacteria were obtained from pure or en-
richmenihcuiture étudies (Table 3.3). Values of kinetic
constants used .ih the model canm ‘be found in the program
listing (Appendix C). 'Kinetic constants for bacteria in the

mixed liquor were the same as for bacteria in the biofilm.



210

‘Based on. material presented previously the bio?iln
__/e{fzczency factnr, _E’,-uas set equal to 1. The model also
assumed that no interactions betneen the tuo'-groups of

bacteria occurs that-uiil ‘cause paraneters to change from

values associated u1th individual cultures n{ each group

Using ?ﬁe daily flow rates for startup of Reactor A,
(S°.= S.0 g L~%), Run 1 the dynamic nodel was used.td sim—
ulate the effect of having A* and D* equal to 0.0. The val—
‘ues of. the kinetic‘constants-used in the model ere.fcund in
lines 350-530 of tﬁe com;uter listing (Appeddix C’. Siece.
‘the initial concentratian of acid formers and methane farem-
ers on the biofilm was equal to 0 g L—* the model siaulates
a CSTR. Under these cond1t1ons there is no biofilm accum—
ulation and washout of . the methanogenx: bacteria occurs
(Fig. 5.41a). The end result is process failure as sho&n‘by
the increase in‘ratio 94 acetogenic to methanogenic bacteria

in the reactor (Fig 5.41b). . -

‘Figures 5(§2a. b and c and 5.42 a; B and C sﬁau the ef-
fect of . varying a* ;nd D= ;Eogdo.ds to 6.2 d~* on the
concenfraéian of acetogenied_and 'eethanogenic bacteria,
respecti§e1y in the mixed liquor and the bio*ilﬁ. Thelmodel
prediets é Seort'exponential biofilm gronth phase follaued
by e' much longer period of lxnear grouth. a s1m11ar trend

was'also reported in the experlmental study. Dependxng on

the values of A' and D= selected, the concentration: oi acid
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formers or methane formers in tfe reactor biofilm could be
o . - . - 1
changed. significantly. ' Simulations with a high valuelof A"

and low vaf&e of D™ resulted in biofilm concentrations far

beyond thase achieved in DSFF reactons.'  Based on the
. \ . A ) )

parameter valueg\fusad in’' the model, A" and D~ values of

0.1-0.2 d=* predicted biofilm concentrations simifgr’ to
those achievid in‘the‘experimeﬁtal study (Reactor A, Run 1).
S kv N ‘ | :
) 2 .

‘Figures 5.433; b and” c and 5.43A, B and C show the

~

ratio of acetogenic.to methanogenic bacteria with'Fespect to

~time in . the reactor 3@3 biofilm respectively. ‘The simula-—

t£ion predicts that the ratio of acetogenic bacteria to meth-—

anogenic bacteria in the mixed liquor and biofilm is between

E 5-6 to 1 when the reactor is stable. This indicates that

the methanogens make up apbroxiﬁqﬁeﬁy 15-20 % of the biomass

in the reactor. The measured- k value during steady state
. . - '

operation was 0.93 kg COD kg VSFS—* d—* and from batch meth-—

anogenfc activity tests it ranged from 1-1.2 kg COD kg VFS—?
. ' : N . N

d-1. A%suming from the’simufation 'thﬁf methanogenic bac-—
teria make up 20 % of the bi;mass 'in DSFF reactors the k
value of the methanogenic bécterié in fhe reactor or sidfiim
would be apprdximately 4-6" kg Coﬁ'kg VEFS—* d—2. This va;ue

is similar to k values -reported for pure aor enriched

methanagenic culturés‘(Table 3.3,

Expeéimental techniques are not advanced enough tao

physically differentiate the duantity of methane forming and

1213
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.acid forming bacteria that coexist in DSFF reactprs. H?”—
ever, ihe'lsimulation ratio of acetogenic to methanogenic
bacteria of S5-6 ta 1, coupled ujth experimental measurements

- of k and K values reported for pure and enrichment cultures
indicate that the model can be used to predict the relative
rproportion and concenératidn of these bacteria in the mixed .

liquor and biofilm.

As DSFF - reactars.become unstable the ratio of aceto-
genicLQacteria to methaﬁbgenic baéteria increases indicating
that acid forming bacteria are becoming more predominate in
the reactor. Instability associated with this ikncrease in
acid formers results in  increased accumulation of VA (Fig.
'5.44).  As discussed in previous sections accumulation of va
is a éign of reactor stress and instability. When the ratio
of acid formerg to metéane formers remains between 5 and &,
VA remain relatively low. Comparing simulated biéméss and
'\\\\“\\substrate concentration information from Fig; S5.42, Fig.

5.44 and Fig. 5.45 with experimental results shawn.in'Figs..

‘5.1 and” 5.8, indicates that A= and. D= values of 6.179.2 d;*

give the best fit to the startup data.

Results in Appendix C show biomass and substrate con-
centrations for startup of Reactor_g (Sa = 10 g L-%), Run 1,
based on A% and D~ values of 0.0 d-* and 0.1-0.2 d-*. With

A" and D" equal to 0.0 the simulation predicts that the
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reactor.will fail due to hi&rabial uashout._'Based on A'_Q.l

218

‘d—2 and D*. of 0.2 d-* the simulation shows relétively goaod

agreement with biomass concentrﬁfions and substraﬁe
concentrations reported it igs. S.1 and S5.8. .
The model also has the capability to simulate step

changes in substrate concentration, step changes in flow

rate and steady state reactor operation. Even though the-

model haél several limitations, it should be useful in guid-

ing experimentation and i;vestigating the e+fec£ -of dif—
;ferent control actions and design procedures on the dynamics
of the DSFF process. ﬁndoubtedly‘ the model uiil require
dodification as more experimental data are cbtained and more
comparisons are made between simulation results and

-~

'experimehtal operation.
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6. CONCLUSIONS .

A theoretical development d{ sequential substrate util—
jzation in biofilms was developed. Theipo&ellshouea;that
Aprbduction|of inte;mediate'substrate iﬁ a biofilm eﬁhahces
‘;qﬁversian'of pri?a}y substratg: té-ultiéate_pré&utt; .Coh—
comiténp.impravement .of.the biofilm effecfivéness,factor is
prOportionai to_tﬁe‘s modplus. For. some anaerob1c fermentp—
ticns a 'sigagficant change 1n the effectxveness factor may
apply which could lead toc erronecus results 1f productxon of
intermediate substrate in the biofilm is not _taken 1nto"
account. |

Modi fied .anaerobic .DSFF reactors %itted uith'removabie‘
biofilm supports . were used to.evalﬁate' startﬁp.#nd;sﬁeady
state reactnr operatiqn. For staftup total’ biomass and biﬁ—
film yields were higher: and rates of biofildiaccu$u1atinn
faster for treatmeﬁt of .lower strength uastés. It ié advan-—
tageads‘tn start fixed film reactors ;itﬁ-#'uéak waste that
results in greater biofilm accumulation and éasier
nperétional control. It ué% alsa concluded that ocganic
1oa&in§ of fixed film reactors can be 'increased‘ while
volatxle acid concentrations are maintained betueen 200—1500
mg L—¥. ' This assumes that the wastes are well buffered and -
reactcr pH 1is ma}nﬁained in'an optimuﬁf_range f6.8—7.6);
This conclusion differs from that reported for the startup

of UARSB reactors. For UASB reactors wvolatile acid



.concentrations. should be negligible ‘Befcre 'implementiqg
ihcreases in the organic loading rate.

Steady'state operation of anaerabic DSFF reactors has

220

-

shown that the high concentration of biomass retained in the -

bicfilm permits suécessful treatment of low to .medium

strength carbohydrate wastewater at high organic loading

.-

rates and short HRT. DSFF reactors do not retain as much

biamass as other advanced reactors and connot achleve as

high‘organic laoading rates and_remaval rates. During steady

state opération biofilm concentration 1ncreased with in—

creased organic. loading rate and decreased "HRT reaching a

maximum of - 8.7 kg VFSm—= (0.116 kg VFS m“’) at a loadxng 4

rate of 10 kg COD m== d—3* (0.133 kg. COD m‘= d—2).

For reactors treatinq different concentrations of
_wééteuater‘SRT could be described as a function.of the HRT
or LRT. Both HRT and LRT are g_asily measured and important
design criteria. ' A steady stafe émpinigal model and kinetic
-coefficiénts based on this fact were developed to predict
COoD remcval-éfficiency and biomass concentration in DSFF re—
actors._{ge model gave a good fit to-tﬁe data. |

‘nctiﬁty tests made during startup aﬁd steady state
cperatxon showed that the majority of methanogen1c activity

was located in the biofilm. Maximum biofilm substrate util-—

ization rates were not influenced by the film thickness and

were similar to rates reported for susbended.gtowth systems:

treating Similar wastes. Plots of k and K versus # indicat-

-~

ed that for # values between 0-3.1, apparent kinetic con—



221.

stants were tﬁe.same as intrinsic constants. .The bidfilﬁ
fuas comsletely éétive and substréte penetrated thé complete
depth of the biofilm. For anaercbic biofilms on NPP support
material of up tp 2.6 mm ih.thickness,‘internal‘di#fusibnal
_resiétance is negligible.

-A dynamic modei for DSFF reactoré based on mass bal-
ances of the acid formihg and methane forming bacteria }n
the liquid and biofilm_ phases was developed. Assuming'that
the reactor pH remained in an optimum range and no iﬁhibi;

tion occured the model described startup of DSFF reactors.

Based on the kinetic constants and yield factors used to

describe acetogenic‘anq methanogenic ba&ﬁgpia growing in’tﬁe
mixed liquor .and bﬁcf;lm; “attachment rates and detaﬁhmeht
rates of 0.1-0.2 d—* best described startup reactor perform—
ance. The simulation also indicated ;ﬁpat undér stable
operating'cﬁnd;t;aﬁé the methanageﬁic.”paeteria make up ap-

 prdximate1y 15-20 % of the total reactor or biofilm biomass.

.
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7. Future Studies

The fcllouing topics are suggested as possible subjects
for ferther investigation: -
1. Determine the effect of different control strategies an
Stertup. )
2. Develop techeiques to separate and quantify aceto;enic
aﬁd mefhanogenic bacteria coexisting in a single reactor.
3. Iﬁhorperete substrate diffusion ac?oss the liquid bound-
ary layer ie the sequential substrate utilization model.
.4. Conductu-furtﬁer'experiments lfn provide infermation for

.

ggeificatien or verification of parameters used in the'

namic‘model.
S. Use ~the dynamic model to simulate different control ac—
.ticns., ‘ . ¢
& Refine the dynamic model to incorporate an inhibition

\
factor.

[}

7. Conduct résearch to find ways of éttathieg viable organ-—

‘
L]

‘isms to sd?port material thus shortening startup time.
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-APPENDIX A& ®

A.l. Mixing Study Results

.

An ideal completely mixed reactor was assumed (mixed
wliquor) for material balances and model development. Any
departure from reactor idéality was determined by acc?pted

Stimulus—response tracer methods (see wmethods; Levenspiel, ..

1972). B : -
Stimulus—response studies for the DSFF reactor system

were carried  qut at HRT of 0.9, 3.0 and 15.0 days. Results

. obtained were compared with the tracer curve for a completg'

—

- - S
mixed reactor, which is described by Eg. A.1l:

where C measured concentration of tracer, DPM mL—2

Co = initial tracer concentration, DPM mi—*"
t = time, h : '
- ta = mean hydraulic residence time, h

}Results~plctted in Figure A.1 indicate né discernible
deviation of the experimental tracer response frén theor—
ﬂétical predictions. Results at fhe two extemes of HRT teétf'
ed indicaégd no large differences; indicatiﬁg ideal amixing

" throughout the operating range tested. In all mixing tests,

tracer recovery was in excess of 90 percernt.
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4 U@ day RT 1
"o 15.8 day HRT - s
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3

Tigure 4.1 Tritium tracer curves for DSFF reactors operating at different HRT.
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APPENDIX C
- - -
10 RESTCRE N
20 CLS:PRINT:PRINT:PRINT : . .
IO PRINT ~ - DYNAMIC SIMULATION PRCGRAM FOR ANAERQOBIC DSFF REACTOR *
40 PRINT LA 2 L L A, '+¥64++4**4++4***ff******t?*********i"
=0 REM , ‘
60 REM PROGRAM OWNED BY K. KENNEDY ANZ R. DROSTE
70 Rem,
80 \::M QSFF SIMULATION WITH ACID FORME EX AND “_IHHNE FORMERS DIF“ERENT;AT;D INT
HE MIXED LIQUCR AND BIOF: L” ' >~
Q0 REM
100 REM AT OR ATT = AT nHCFHENT RATE -
10 REM DAT OR DATT = DETACHMENT RATE : )
- 120 REM FOQ = FLOW RATS D TA STARTUP RUN 1 REACTOR A ‘
130 REM . ‘ ;
150 DIM AT(4),DAT(3) ,FCC(TS) ' ‘
1S0O REM ’ e

120 REM COMPOSITICN-OF MICROORGANISMS Céh'"ﬂ&. (HNDRENS AND GRAEF, 1972

17C REM Y(1) & YP(1) = ACID FORMERS IN MIXED LIGUCR, MOLES/L '

180 REM Y(2)i% YP(D) = ACID FCORMERS .ON BRI G";LH MOLES/L . '
190 REM ¥Y(2) % YP(D) = METHANE FCRMERS IN MIXED LIGUOR, MOLES/L .
200 REM Y(3) & YP(&) = METHANE FCRMERS ON BIOFILM, MOLES/L )
210 REM Y{S) % YP(S) = PRIMARY SUBSTRATE (C5&H1Z0s), MOLES/L

220 REM Y(&) % YP (&) = INTERMEDIATE SUBSTRATE (AC_J.C ACID), MOLES/L

220 REM .

240 DIM (6),YP(é)TSAVEY(éJ,DH'(&) FI&) ,¥X (6 * )
zs Tl =O:AT(")—.O¢:QT{3)=.1:“"(4)—.‘-DA:(4)-0 DAT(2)=.05:DAT(3)=.1

<60 FSA=.0Z7777:FXA=0: FXM=0: FEM IE-11:DAT(4)=. 2:FRR (1) =. &= EQQ("}' S:FAR(SYI=.001:
FGL'#)= OOL:FQGR(S)=.8::FQD¢5) =1 . tERR(TY=00 L FRR(B) =25

270 FRG(9)=2.S:Fa0{10)=. QOLl:FROC: J=L00L:FAR(IZI =, 001:FRO(1I)Y =3 L2IFQR(ISY=2.S:FC
leq)—u.u-rgak‘é)—u.q.PGQ(l/)-‘ SiFQR(LE =2 4 FER(19)=2.8 '

280 ruC(“D‘—U.Q':Cu(ZI)*V.S'—DQ(”"‘?4./'EDC(ZZJ—q./.FQG(_4)—g.b F“Q(“S)=4.6:FQG(
28 =S . FOR(ZTY=C.S: FEQ(2g) = «1IFO0(ST ) =6.2:FOR(30) =4, 2

IF0 FRO(T1)=6.5:F00¢ C2)=6.SFR0(TTI=T.4:FRO(S 4 =B.2:FAR{IS)=8.3: FRQ (I&) =8. 599999
'FCC(UJ)=E.u99°°°'rDC(u8)—8.g999°9-=cm(”?) < SO99FPIFRA(S0) =9, . = .

SO0 FOQ{&1)=101:F20 (4 2)=9.8:FRR (S J“-O.Q.FQQ(4»)"'O.U.FQQ(4 J=l0 4 FRR(S4Y =105
ruExwi}-I:!: C(4G)_1_-U-PHC\49J—61'FCQ(¢0)=I:-: . -

Hr

~ 4 "

-
EY

<10 FAnl=s: =1:.-.FCC(=“)=‘w.~.rum(=")= 1. S FRRISS) =13 . 2: FRQISS) =12, S: FOQ(SE) .
é:FGC(‘”)—.u.z.rLC(uaJ—-u.4 FOQ(Se)=1T.2:FAR(60) =12
SIC FRE(&L) =12.8:FR0(&2)=1T !'=QQ(ﬁu)=12.9:FQG(a4)=1:.9:=QQ(65 I:FDQ(bo)-Iu.-
SFORQ(STI=IT.T:F FRO(&EI =131 :F0Q(69) =14 :FOGR(TO) = S.3 . -
So0 FOQR(T12=14.2:FR0(T2)=14. 4+ rQ”(zu)=l4 Z:FRA(TEY=14.5 tFRQ(7S)=19!:FOR(7TH)=15":
FLQ(//)*lS SIFRRTE)=1S.3:FaR(79)=15"
<0 REM

Su REM UMAXA = MAXIMUM SEESCZIFIC GRCWIH RATE CF ACID FORMERS
—&0 REM LMAXM = MAXIMUM SPECZIFIC EROWTH RATE OF METHANE FORMERS
=70 REM HKSA = SATURATION COESF. FCOR ACID FCRMERS
<30 REM HKSM = SATURATION CCEFE. FOR METHANE FORMERS

= DECZAY RATE OF ACID FORMERS ‘
400 REM HKEDM = DECAY RATE OF METHANE FORMERS
4.0 REM GRCWTH CONSTANTS IN 23 CFILM AND MIXED LIDUQR WERE THE SAME

4320 LMAXA = T2S: UMAXM = [ 195: HKSA = -00133: HKSM = .0025: HKDA = .04 HKDM

= .02 '

= REACTOR VOLUME,L ’ ’

! -
460 REM YXAS = YIELD CF ACID FORMERS FRCM SUBSTRATE, MOLE/MOLE
£70 REM YXAM = YIELD OF METHAS FCRMERS FRCM SUBSTRATE, MCOLE/MCOLE
420 REM H = TIME INCREMENT

TIEIT My e e it - ——— RS, A e e Ao - ——— - el R T T
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Sul REM FRES = INVLG: rielluiGENGY : 244
S10 REM EFF = 3I0FILM EFFICIENCY FACTCR L
€20 REM. -
S0 V0L = TT.S8: YXAE = LD YEMA = [QT0: H = J0S: YXARS = (I-YXAEIxZ
Sa0 FREA = T7Q:EFF = L
S50 DEFINT I-M:LPRINT CHRF( : WIDTH "LPTi:z",tI2 .
Se0 NEG = & .
570 FOR T =1 70 4
530 DATT = DATI(T) -
590 FOR U = 1 7O 4 .
&0 ATT = ATWY . _ :
610 Y(1) = ,0TTI: Y(Z) = 0 Y(T) = .005S3: Y(3) =.0: Y(5) = .00135: Y(&) =.0016
B20 X=Y ) ' ' . '
60 LPRINT USING "FXA = #8. #ape~~~s M/L "3FXAS
&40 LPRINT USING " FXM = R BBRSESSSN MUY FRM
&S0 LPRINT USING "FSA = H#. HERBH NN M/L";FSAs
660 LPRINT USING " FSm = ##. BREHS~SSS M/LYFSM ) '
670 LPRINT USING "ATT = $#. 44484 1/DAY ":1ATT: . .
&80 LFRINT USING - DATT = ##.4%8%4 1/DAY “;DATT
650 LFRINT USING “"UMAXM = 44, RS 1/DAY"; UMAXM;
700 LPRINT USING " | UMAXA = #. SR8y 1/DAY" ; UMAXA =
710 LPRINT USING "HKDA = Hi. HHHY 1/DAY"; HKDA;
720 LPRINT USING * _ HIKDM = B HRHY 1/uQY“°HVDH
730 LPRINT USING "HKSA = HE. RS H/L"‘HKSH,
740 LPRINT USING " HKSM = -f#. #HEEes ML HKSM
750 LPRINT USING "YXAS = $4, Huny M/M" 3 YXAS;
7560 LPRINT USING " YXMA = $#, H8ay MM YXMA
70 LPRINT USING “VOL = B4 44 L *;VvOLs
780 LPRINT USING " HRT = WH. B8R D  *;HRT
7590 LPRINT USING "YXARS = _##. #4484 M/M" 5 YXAAS: : . -
BOO LPRINT USING EFF = H4. HHuH = EFF:LPRINT:LPRINT: ICOUNT
= 0 . - . "
810 REM
820 REM SPECIFIC GROWTH RATE. OF ACID FORMERS = UA .
820 REM SPECIFIC GROWTH RATE OF METHANE FORMERS = UM I '
840 REM METHANE PRODUCTION RATE = QCHS .
8S0 REM :
5§60 LPRINT " T FQ XAS XAF Ms XMF
A SM ua UM QcHa"
g70 LPRINT " D L/D G/L 6/L B/L G/L
G/L G/L i/D 1/D GM_/D " '
880 LPRINT Moo= e e e - T Pt == == L I Tt ] =E==ammEs=Tm=rs
890 UA ﬂ(UMAXQ*Y(q)/(HKSH+Y(¢)))?EFF
900 UM-=(UMAXM*Y (8) / (HKSM+Y (&)) ) #EFF
910 YX(1) = Y(1)*180
920 YX(Z) = Y{(2)*180
IO YX(T) = Y{I»#180 L
940 YX(4) = Y(4)#180
50 YX(S) = Y(S)#180 ‘ ‘ - ’
Sa0  YH{&) = Yoy *e0 T o
Q70 LPRINT USING ".##a~"~"" ";X,FD,YX(I),YX(:),YX(SJ,YX(4)1XX(S),YX(é),UA:
G800 LPRINT USING ".###~"~""~" ;UM | :
990 FOR V = 1 TO 79
1000 FQ = FRO(W) -
1010 HRT =VvOL/FQO =
1020 M=0
1030 REM CALL RUNGE-KUTTA SUBROUTINE
1040 REM
1050 GOSUB 13S0 . -
1060 IF LRUNGE <> ! GOTO 1190 ,,//
1070 REM COMPUTE INTERMEDIATE VALUES ’
1080 YP(1) = (FQ/VOL*(FXA=Y (1))} +{UA-HKDA) Y (1) —ATT*Y (1) +DATT*Y (2)
1090 YP(D) = (ATT*Y(1))—(DATT*Y (2)) + { (UA-HKDA) *Y ()
1100 YP(3) = (FR/VOL*(FXM=Y(3I)) )+ {UM—HKDM) +Y (3) —ATT#Y (Z) +DATT+Y-(4)
1140 VE AN =4 FATY AW I ™YV a ITAOT N 2 L T N Y



20 IF Yt_:‘, LE U ImEN YANZy = o ’ ’ 21'.5 '

130 YP(S) =. (FR/VOL#*(FSA-Y(S)))=(UA- HKDA) #Y (13 /YXAS— (UA-HKDA} #Y (2} /YXAS A
1130 IF Y(&) <= O THEN Y(&) = O ,
1150 YPi&) = (Fu/VOL*(rSH—Y(c)))—(UH—HKDH)*Y(U)/YXHH—(UH ~HKDM) *Y (&3 /Y XMA+ (UA—HKD
A *Y (L) JYXAS#YXAAS+ (UA-HKDA) #Y (D) /YXAS+YXAARS ‘

1160 UM = (UMAXA*Y (S) / (HKSA+Y (S) ) ) #EFF : . .

1170 UM =(UMAXMaY (&) / (HKSM+Y (&) ) ) *EFF ‘

1180 BOTC 1050

1150 ICOUNT = ICOUNT + -1 —

1200 REM - ' e o

1210 REM PRINT RESULTS OR RECALL RUNGE-KUTTA SUBROCUTINE

1220 REM : A : : ‘
1220 IF ICOUNT <> FREQ 60OTO 1020 ' i
1240 ICOUNT = O | o | : .
1250 QCHS = (FR/VOL#FSA*180) —((180#Y (S) )+ (L0#Y (&) )+ (Y (1) #180-YX (1)) +(Y(2)*180-YX
(2))+ (Y (3} #150=YX(3) )+ (Y (4) #1B0=-YX (4)) F#FQR/VOL .
1250 YX(1) = Y(1)#180 !
1270 YX{(2) = Y(2)#180 ‘
1280 YX(3) =_Y{3)#1E0 . . x
1290 YX(4) = Y13)»180 \§\ \ K

1300 ¥YX(S) = Y(S)*IBO. '

1310 ¥YX (&) = Y (&)*&0

g

1220 LPRINT USING ".###~~~~ “;X,FQ,YXCIE,YX(:)?VX%:LLIi(4),YX(S),YX(é),UALUM,Q'
CH& . . : . . : :

1330 NEXT-V,U,T .

1340 REM ====z=== = ==== z===Se== _‘=¥ ———————— ==
1550 REM RUNGE-KUTTA SuBRDUTINE / ;

1360 M = M+t o
170 ON M GOTO 1380,1400, 1790 1540,1610
1TE0 LRUNGE = 1 \

1590 ‘RETURN - .
1890 FOR J = 1 TO NEQ
1410 SAVEY(J)Y = Y(3) ) . _ )
1420 PHI(I) = YP(J) : ) K
1330 Y(J) = SAVEY (J)+.S#H#*YP (J) : .
1450 NEXT J - :

450 X = X+.S#H

1460 LRUNGE = 1

1470 RETURN

1280 FOR 5 = 1 TC NEQ .
1890 PHI(J) = PHI(I)+2'#YP(J)

1500 Y(J) = SAVEY (J)+.S#HaYP (J)

1810 NEXT J - ‘ _ -
1520 LRUNGE = 1 : ‘ -
15350 RETURN _ . _ - \ - ' ’
1540 FOR J = 1 TO NEQ '

. _ -
1SS0 PHI(J) = PHI(J)+2!#YP(J) _ : : . .

1S40 Y(J) = SAVEY (J)+H#*YP () , - e
1570 NEXT J . . N
S50 X = X+.S+H _ - o . ';5=

1590 LRUNGE = 1§ -
1500 RETURN :

1510 FOR J = 1 TO NER .

16870 Y(3) = SAVEYI{J)+(PHI(I)+F(J))*H/&

1620 NEXT J S , : '
1640 LRUNGE = 6’*\ , ’ T L
1880 M = O ) : :

1660 RETURN . - ..

1670 END : ) ' -
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APPENDIX D

-~

Di. Organic Carbon Mass Balance

Organic carbon mass balances were made during startup

and steady state reactor operatfnn. - Organic carbon mass

batances -are useful because they give additional support to°

experimenfalAdata by.aeping as a crassécheck mechanism.
DSFF reactors behéyed similar to a CSTR in térmsAof mixed
liqqor cop aqg‘it ’was assumed fhat-biofilm sanp;es_ were
representative of the whole biofilm.

Mass' balances an organic carbon during steady state
DSFF reactor operatioa were assesse& i1 the following
manner : carbon in =.soiub;e carben (COD) in thé effluent +

"insoluble carbon in the effluent +‘gaseous methane produc-

<tioﬁ + methéne dissolved in the éffluent. +. accumul ated
organic carbon in the DSFF. reactor (biomass). -

| "Carboh in” was ealculated by_multiplying the infi;ent
con concentration~by the flow rate. "Carbon in" is express-—
ed as g COD d~* as are all other entries. “Soluble‘eifluent
carbon” and "insoluble effluent carbon” are the products of
soluble Cﬂb and insoluble COD multipiied-times' the flow
rate, respecfively. "Baseous methane production” was cal-
lc&lated by aultiplying daily gas production by the per-—
centaée_of methane as determined by gas chroﬁatngraphy, and

then converting this quantity to its COD equivalent.
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J
Methane can be converted to a COD equivalent by the re-—
lationship that at 0°C and one atmosphere, one gram of COD

is equivalent to 350 ml of methane. This relationship can

Be further modified for temperature effects by the following

gas law relationship between temperature and gas volume.

h Y

T-gp

v-tp. = ‘vt

T

H

where Vaep Gas volume at standard temperature (O=C) and

pressure (1 atm.)

Ve = BGas vql‘Pe at operating temperature.
Teew = Standard temperature in degrees' Kelvin.
. ,

T = Temperature in degrees Kelvin.

Using the above relationship, one gram of soluble o))

is equivalent to 394 mL of methane at 35=C assuming a stand-

ard pressure of ;ne-atmcsphere.

“Metﬁane in the -effluen;“ déscribes_rate of loss of
dissolved.methane in the effluent stream. The rate of loss
of dissolved methane is the produ;t of methane solubility at
35 °C .and one atmosphere (0.032 L of methane (stp)L—2* of ef-

fluent; Switzenbaum, 1978) and waste flow in litres per day.

—r—

This assumes that effluent is safurated uith methane i sc;—
utiogn. The voluge bf dissolved gas is thgn converted fo its
COD equivalent.

"Accumulated organic carbon” accounts for solids accum—

ulating in the reactor. This was determined measuring the
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difference between successive biofilm biomass measuregents

and then ‘dividing by the number of days ,between measure— .

ments.

The -‘sum Df‘ the five pfev}ously mentioned columns is
equal tao the "total ca}bon aut”™ and is compared to "total
carbon in®“. |

Carbon balances during DSFF reactor startup were deter-—
mined similaély to the above éxcept that a daily cumulative
. mass balance uas.made.

A sample organic carbon balance calculation follows::
Organic carbon balance equation:

Carbon ‘in = scluple carbon in effluent + insoluble

carbon in effluent + gaseous methane .
production + amethane dissolved in effluent

+ accumulated carbon in the DSFF reactor
EXAMPLE DATA: HRT = 0.7 dy, Sa = 2.5 g L2 QDD

1. Carbon in : multiply influent substrate concgnt?ation by
flow rate.
2.5 g L-* COD x 32 L d—* = 80 g COD d-—*

2. Soluble carbon in effluent = multiply soluble effluent
COD concentration by flow rate.
0.515 g L=* COD x 32 L d~* = 16.5 g
COD d-t

3. Insoluble carbon in effluent: multiply soluble effluent

COD by flow rate.
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0.146"g L=t €OD x 32 Ld*=4.7g -
CoD d-3 T ol
Gaseous methane prﬁduction:- multiply amount of gas
produced b9 percent of meghane; then convert
to COD equivalent. - ' \j;yﬁ ,
29.0 L gas d—* x 61 % methane = 17.7 L B
1 methaﬁe d—*
17.7 L methane d—* = 44.9 g COD d—=
-(ilgram COD- equals 394 mL of methane)
Hethaﬁe dissolved in effluent: multiply dissolved
methane concentration by flo: rate,
effluent is saturated with dissolved methane’
at aconcentration of 32.8 mlL methéne =2
0.0328 L methane L% x 32.8 L d—2 ‘= 1.05 L
hethane’(stp)_d—1
1.05 L methane (Stp) d‘—1 7/ 0.35 L
- - methane g CUD—* = 3.0 g COD g-*
Accumulated. carbon in DSFF reactor: difference betueeﬁ
. two successive bicfilm biomass measurements;
then convert ta COD eﬁuivalent ‘ .
at HRT = 1. d, Sa = 2.5 g CDD L—*, biomass
. ‘= 3.19 g VS L~2; at HRT = 0.7 d,.é, =
2.5 g COD L-2, biomass = 3.44 ngFS L—a
Difference = 0.27g VS L—=
0.27 g VFS.L=* x 1.42 g COD g VFS—* x 2?.4.L

/ 36 d = 0.24 g COD d-*



. Total COD out

A

Total €0OD in

#1 = 80 gtcap d—*

#2 + #3 + R4 + 5 + #6

16.5 + 4.7 + 45.0 + 3.0 + 0.24

Ratio In/Cut = 80.0/69.4 = 1.14°

o

&9.4

254
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. APPENDIX .

El. Determination of Biofilm Thitk s

TES* ' ‘VFS3*
g cm™ biofilm g cm~= biofilm
0.0515 = . . 0.0400
- 0.0486 0.0363
- 0.0441. . 0.0314
Q.0500 0.0383
0.0620 ' 0.0478
0.0682 0.0527 .
0.0400 0.04446 -
Q.0895 0.0382 ' ‘
0.0343 ) 0.0460 -
0.0542 0.0428 ’
0.0676 - 0.0510 ‘ :
0.0728 0.0578 . T
0.0577 ¢.43558 A
0.0552 0.0428 L o
average 0.0558 . 0.0443
standard | )
deviation 0.00&2 ' " 0.0048

1 Based on 30 ml biofilm sample.

Biofilm thickness was calc;;;Led based on the average

volatile solids mass per unit volume of biofilm. A sample

calculation foilbus:

EXAMPLE DATA: HRT = 0.7 days, Se = 2.5 g L™* sucrose

Biofilm thickness = reactor VFS concentration divided by
average volatile solids mass per unit volume of biofilm
divided by reactor surface area to volume ratiao.

Le = 3.28 kg VFS m—= / 44.3 kg VFS. m™= / 735 a®m—=

Le

0.00057 m

255



. APPENDIX F

A
- Fi. Measurement _of Biofilm Hethanogenzc Activity Dur:ng
Startup
Time Initial rewmoval Initial substrate Correlation
" rate . : concentration coefficient
d g acetate L—1d—2 g acetate L-‘
REACTOR A
4 .
12 . Q.250 ' 1.292 0.976

k = 0.38 gCOD gVFS—3d—2

19 ///’ 0.170 F{ 0.051 . 0.997

0.219 . . 0.096 0.997
- 0.278 \ 0.135 0.995
0.37r __—7 0.258 ' 0.991
0.380 1.280 0.998
: k = 0.40 gCOD gVFS—3d-2
K = 0.061 gCOD -2
Correlation coefficient = 0.999
' ¢3= 0.81
26—  0.667 . 1.342 0.991
' "k = 0.67 gCAD gVFS—3id—*
33 0.336 0.055 0.992
0. 409 ‘ 0.093 ) 0.989
0.439 ' 04127 0.994
0.823 0.241 “ 0.991
1.072 - 1.417 o 0.999
k = 0.70 gCOD gVFS5—1g-2
K = 0.173 gCOD
Correlatxon coefficient = 0.9%7 -
#/= 1.21
47 0.0460 , C.051 0.990
' 0.558 0.102 0.993
0.623 0.141 C.993
0.878 & 0.257 *0.995.
o 1.644 1.379 0.979 °
) k = 0.96 gCQD gVFS—ig—2
. * K = 0.267 gCOD L
Correlation coefficien t = Q. 994
7= 1.24
&0 - 0.323 . 0.052 0.991
0.461 - 0.099 0.990
o-goz - 0.135 © 0.998 .

sy



0.914 0.250 0.992
¢ 2.832 1.305 0.997
k = 1.54 gCOD gVFS—*d—-12
K = 0.945 gCOD (—2
Correlation coefficient = 0.975
$r= 1,27
73 0.392 '0.045 0.994
0. 482 0.091 0.990
0.647 0.128 0.986
0.884 0.236 0.996&
2.802 1.3%0 0.984
k = 1.11 gCOD gVFS—id-2
K = 0.687 gCOD L-»
Correlation coefficient = 0.966
) $'= 0.1.52
as 0.432 0.049 - 0.994
: 0.568 - 0.098 0.997
1.048 -~ 0.137 0.996
1.635 0.253 . 0.994
3.330 1.335 0.985
: K~ 1.15 gCOD gVFS—:g-1
. K = 0.56% gCOD L-
Correlation dg;;;ECient = 0.983 :
‘o= 1.89
REACTOR B
12 0.348 ‘ 1.302. 0.986
k = 0.43 gCOD gVFS—xd-»
19 0.164 0.024 0.996
. 0.173 0.053 0.930.
0.246 0.097 - 0.969
0.088 0.134 0.961
: 0.388 0.260 : 0.991
. 0.648 1.336 0.995
k = 1.06 gCOD gVFS—1dg—2
K = 0.303 gCOD L—-t
Correlation coefficient = 0.922
7= 0.44 &
_ ”
26 0.212 '0.057 " 0. 945
0.222 0.081 0.998
0.239 0.116 0.992
0. 403 .0.193 : 0.990
1.525 1.407 0.962
- 1.15 gCOD gVFS—1d-2
— 0.4Q9 gCoD L-2

Correlation coefficien

\

artAX

Iononn

0.
O.

257
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33 0.216
0.274
0.187
0.312
0.621
2.049

x

nwwun

- K
Correlation coefficient

- §
N\

47

N
2]
2]

0opp000
SEEEN
N4

x

- non

. Correlation coefficient

a
\

60 . 0:204
332
.521
0.524 -
. 2.340 - P
k

) K
‘Correlation coefficient

..
\

73 0.232
: 0.340
0.396

0.488

0.49¢

0.779

2.330.

Correlation coefficien

\

artAX

86 - 0.274
0.338
0.378
0.524 -
0.828
. 1.905

L]

I

Correlation coefficien

\

nunH

artXx

,./1
,
rd

0.030 0.993
0.063 0.985
0.093 0.968
0.10%9 0.985
0.241 0.

1.309 - 0.598

1.59 gCdaDp -gVFS—td—2
1.112 gCOD (-2

0.764
0.88

0.026 - 0.985
0.044 0.9%90
0.060 0.992
0.082 : 0.997
0.131 0.993
0.220 ’ 0.974

0.94 gCOD gVFS—id-1
0.356 gCOD L—*

0.966
1.23

0.026 0.990
0.042 . 0.944
0.097 . . 0.998
0.128 0.994
1.234 0.997

1.08 gClbh gVFS—1d—:
0.483 gCoOD L=* :

0.977
1.40

0.024 . 0.986
0.041 - 0.994
0.068 - 0.995
0.092 0.995
0.128 0.992
0.258 0.980
- 1.392 0.987

1.15 gCOD gVFS—:d—2
0.518 gCOD L—*

0.945 }
1.29
0.023 0.998
0. 041 . ~0.996
0.090 " 0.998
0.137 - _  0.99
0.240 - 0.97
1.244 0.909

0.94 gCOD gVFS—1g-3
0.390 gCad L—2
0.962 )

1.30

258 .



i)

bl

0.448

0.120

0.209 -

0.229
0.319
0.768

Correlation coefficien

1.281

;9'354

0.411
0.361
0.395

1.840

Correlation coefficient

4

0.320
0.420
0.448

0.580,
1. 524;

Correlation coefficient

0.320
0.524
0.446
0.625
1.788

Correlation coeffiéient

0.408
0.510
0.718
0.477

artAX

\

nwnu

N

~

i nn

-
\

x

-3
\

x
wnann

n
\

' REACTOR C

1.265
0.53 gCOD gVFS—:d—2

0.107

3.148

0.271

1.3564

1.52 gCOD gVFS“d“
0.496 gcOD L—*

0.987
0.38

1.406
1.36 gCOD gVFS—id—*

¢. 0350
- 0.100

0.121
0.24%9
1.417

1.73 gCOD g¥FS—3d—3
0.791 gCOD L—2
0.811
0.76
o

0.049
0.068
0.122
0.237
1.665

1.26 gtCap gVFs—%d—=
0.340 gCOD L—3
0.987 :

0.87

0.04%
0.076
0.127
0.248
1.305

1. 27-gcon gUFS—1g-1
0.462 gCOD L-2

0.953
0.99

0.0656
0.122

0.146
0. 231

ey .
“

OOOO
.h

¢

3333

0000
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(&)

00‘993

2.190 1.411
2 k = 1.42 gCOD gVFS—id—t
_ K = 0.754 gCOD L2
Correlation coefficient = 0.867
' = 0.97 .
86 0.761 0.048 0.987
0.918 0.073 0.887
0.788 0.128 0.998
1.032 0.240 0.994
1.890 - 1.475 0.992
T k = 0.90 gCOD gVFS—ad—2
K = 0.163 gCOD -t
Correlation coefficient = 0.993
" Br= 1.78
” . -
F2. Measurement of Biofilm Methanogenic Activity During
Steady State
HRT  Initial removal Initial substrate “Correlation
) rate concentration coefficient
- d g acetate [—ig—: g acetate L2
REACTOR 1 (2.5 g L—* sucrose)
4.4 0.340 * 0.042 0.950
0.39&6 0.072 0.993
0. 600 0.186 0.993 °
0.712 0.392 - 0.995
0.874 0.582 . 0.987
1.200 0.888 0.979
k = 0.94 gCOD gQVFS—adg—3
_ K = 0.221 gCOD [.-»
Correlation coefficient = 0.959
= 1_03
. & »
2.0 0.37¢C - 060 ke 0.991
’ 0.588 ~ é§.148 0.994 °
1.134 . 326 0.998
1.243 0.5635 ‘0.982
1.604 0.921 , . 0.921
k = 1.18 gCOD gVFS—:g-12
| K = 0.349 gCOD L—3 '
Correlation coefficient'=’0.9§2//
. ' gr= 1,14~
1.0 1.92 0.780, 0.940
0.7 0.528 0.040 0.975
- "~ 0.744 . 0.111 0.995 -
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0.800

1,353
1.410

Correlation coefficien

0.5 0.754

1.128.

1.248

1.800-

1.764

. Correlation coefficien

artAX

art XX

\

\

I 1

0.155
0. 341
0.595

88 qCOD gVFSf’

C.
0.14S gCOD L—32
0.986 .

1,72

0.144

0.159

0.311

0.35Q

0.875

1.01 gCOD gVFS—*d-—

0.314 gCaOD L—2
C.959
1.746

o

4.1 0.500

1.02
1.26
1.08
1.481
1.760

'Correlation caefficien

240 ) 0.310

N

0. 440

0.740

- 1.330
2 2. 160
. 3.803

- Carrelation coefficien

3.210

0.7 0.710

1.000

. 0.930

w 1.450
‘ 2.760

Correlation coefficient

REACIDR 2 (5.0 g L™* sucrose)

P

¢

artAX

\

artXx

A

k
K

I [

0.045
0.093
0.187
0.377
0.637
0.963

0.995

1.08 gCOD gVFS—id-:

0.144 gCOD L—*

0.975
1.66°

0.039
0.100, .
0.205
0.396
0.4691
1.113

0.991
0.990
0.998
0.997
0.986
"0.989

1.67 gCOD gVFS-id—2

0.770 gCOD.L-2

0.827
1-5

0.7&0

0.042
0.140
0.214
0.401
C. 681

0090 o

3

33

3

0.993

0.80 gCOD gVFS-id—3

0.4035 gCOD L—=*.

0.781

-

2
3

FS
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: = 2,22 .
0.3 0.63 0.087 . 0.99&
0.95 0.215 0.991
1.13 0.318 - Q.999
1.46 0.401 ) G.998
2.42 0.655 0.996
3.16 T 0.920. . 0.996
k = t.44 gCO gVFS—id-2*
K= 1.469 gCOD L—2
forrelation coefficient = 0.723. ' - .
) : #= 1.76 -
REACTOR 3 (10 g L—* sucrose)
- . *,
4.0 0.979 ‘0.085 - Y0.997
0.588 ) 0.058 J}o.965‘
} 0.847 0.148 0.975
(};88 T 0.315 . 0.996
o e /68 0.580 .0 0.949
- 6.192 1.153- 0.987
k = 1.11 gCOD gVFS—xd-z
) o K = 0.350 gCOD L—1
Correlation coefficignt = ?.914
' gr= 1,52 ;
2.0 1.152 0.115 0.988
‘ 1.728 - 0.200 0.984.
{4.200 0.646 T Q.971
4,632 1.162 Q.994
k = 2.13 gCOD gVFS—2d-=
. - . K = Q.626 gCOD L—2
Correlation caefficient = 0.98& -
: ' #= 2,17
1.0 2.088 0.905 0.997
T 0.7 0.192 0.046, 0.979
0.475 0. 132 0.995
0.548 T 0.156 0.990
1.646 - 0.653 0.997
. k = 0.89 gCOD gypS—2d-2
. K = 0.345 gCOD L—2
Correlation coefficient = 0.993
' Co g7= 1.78
- . o .
0.5 0.619 : k\ 0.179 0.944 -
’ 3.120 . 0.316 0.9%1
4.201 No.590 | - 0.984
S5.632 N 1.140 0.933
k = 1.36 gCOD gVFS—2d—-z2
K‘=

0.536 gCOD L-—=
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/ : o
Correlation cpefficient = Q.998
’ - g7= 3I.10

p

REACTOR 4 (20 g L—* sucrose)

7.0 0.192 0.040 °

0.999
G.400 0.083 : 0.992 .
0.528 ' 0.178 ’ 0.994
0.876 0.448 0.989
0.364 0.5643 - 0.938
1.267 0.94% _ 0.990
. k = 0.65 gCOD gVFS—id—2
_ . K = 0.237 gCab L—*
Correlation coefficient = C.643
#-= O.86
4.0 0.436 . 0.062 0.982
0.397 ’ , 0.089 0.995
0.588 j 0.181 . 997
0.960 . 0.357 0.988
0.871 Co 0.580 0.995
0.976 o 0.951 Q.999
. - k = Q.96 gCOD gVFS—*d—*
A K = 0.146 gCGOD L2
Correlation coefficient = 0.989
. 8=

1.40

F3. Measurement of Mixed Liquor Methanogenic Acfivity
During Startup |

Time Initial removal - Initial substfate Correlation k

rate . concentration coefficient
d g acetate L—1d-: g acetate L—* *
<

- REACTOR A . 4

7 . 1.768 1.597 0.974 ' 0.36
: 1.811, - " 1.670 ~ 0.988°  0.45
11 " 1.989 - . 1.924 - . 0.938  0.55
1.846 - 1.748 . 0.971 0.47
14 S 1.128 - o 1.132 ~ol9@2 . 0.3%1
0.727 | 1.45% . | . 0.999  0.13
18 0.272 -, . 1.499 . 0.976 - 0.37
2 2 . fy"'



0.548 1.680 0.990 0.43
25 0.202 1.617 - 980 0.22
0.405" 1.701 0.985 0.36
32 0.013 1.790 0:808 . 0.02.
0.010 - 1.630 0.887 0.02
39 less than 0.02 g acetate L—* g—=
N 46 less than 0.02 g acetate L—* g-1
. 59 less than 0.02 g acetate L—1 d-3
72 less than 0.02 g acetate L—3* d-:
a5 less than \%302 g acetate L—2 d—*
* gCOD gvssS—* d—1
REACTOR B
7 1. 560 1.565 0.949 0.48
1.608 1.600 ~9.949 0.43 "
11 0.655 1.853 0.943 0.45
0.434 1.419 . 0.952 0.39
14 0.873 - 1.579 0.998 0.43
1.488 ' 1.435 0.996 0.75
18 0.784 1.621 0.988 0. 66
0.808 1.539 0.966 0.59 .
25  0.076 ; 1.695 0.848 0.20
. 0.093 1.846 0.8563 10.22
32 0.011 1.832 0.831 - 0.02
0.021 1.624° 0.877 0.03
39 less. than.0.02 g acetate L—%-d-: .
- S L '
46 less than 0.02 g acetate L—* d-*
/59 less than 0.02 g acetate L—* d—%
72 - less than 0.02 g acetate L—* d-*
85 - less than 0.02 g acetate L—* d—2

!

T
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Acidogenic agd- methanogenic mixed 'liquor and biofilm

activity were evaluated based on the volumetric removal rate -

were determined using least—squares linear rgﬁressinn. The

slope of the curves represents the volumetric acetate or

. sucrose removal rate, expéessed'as g L=* d=*. The intercept

determines the initial substrate concentration, éxpressed as
i . -

g L™*. ' The corresponding correlation coe#f;;ient is cal-

culated. Maximum specific substrate utilization rates, k,

»

and hal € yelocity'coefficients, K,'we}e determined by using

265

REACTOR C
7 . 1.665 ﬁ1;638 0.994 0.41
‘ 1.809 1.816 0.999 0.43
11 - 1.192 - ¥~ . 740 0.989 0.47-
. . 1.528 740 0.999 0.53
14 1.060 . ' 1.559 0.999 0.56
1.135 1.733 0.996 0.61
' 1 .
18 “0.518 , 1.681 0.987 0.37
0.404 : 1.726 0.996 0.35
25 0.082 1.814 0.961 0.08
0.144 T 2.048 0.881 ,0.15
32 " 0,039 1.952 0.824 0.05
0.087 1.785 0.887 0.07
39 less than 0.02 g‘acetate L=* d-*
46 A less than 0;02 g acetate L—* d—32
59 - less than 0.02 g acetate L—* d—2
72  less than 0.02 g acetate L—* d=*
: s
85 less than 0.02 g acetate L—* d—*.

~of sucrose and acetate réspectively. The degradation curves

Eq. 3.49 and least squares liﬁear regreséion.' Both k and K

-

. S
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aré expréssed in terms o¥‘substrate €0D. ' The corresponding
corrég;tinn coef%i:ient is also calculéted. In some cases
only k was determined. In these éituations it was assumed
that S in.Eq; 3.48 was much_larger than k and that U was
independent of S;‘follnﬁing zero order kinetics. Therefore
U equéls_k. .
Values of ﬁ’ were calculated by substitptiqg the
measured values of k, - K and L. into Eq. 3.12a. The dif-
fusivity is assumed‘to be 80 ¥ of the value reported for
water. A sample calculat{qn follows:
"éteady state HRT 2.0 days; Sa = 5 g Ll"'z sucrose
1. 'ﬁ“remavable bicfilm was placed in the activity test
chamber (surface érea‘tu voluﬁé.ratiu,SO M m—>). Volumetric

acetate removal rates were determined for differgﬁt runs at

hd -

h{J . »
various initial substrate concentrations. *
! . N
; % . .

Initial removal 1Initial substrate Correlation
: rate -concentration coefficient
g acetate L—id-2 g'acetate'L—*
-
0.31 . 0.039 0.991
L 0.46 : 0. 100 0.990
0.74 0.205 0.998
1.33 0.396 0.997
2.16 ' : OC.691 0.986 v
= 3.40 1.113 0.989
. &
2. Based on' a 30 m®m~= surface area to volume ratio the

-

biomass concentration is: @

<
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gVFS L=* = 4.00 gVFS L2 x (S0 m=m—= / 75 m32m—>)

‘Biomass concentration = 2.60 gVFS L—*

3.7 To determine specific SQbstraie 'utilizatinn rate, U,
divide volumetric substrate utilization _by - biomass
concentration for each initial éubstaté concentration.
b = 3.40 g acetate L—*’ d-* 7 2.6 g VFé L—=2

= 1.307 g acetate g . VFS—: S g-
4. 'Determine the value of S/U for each initial substratéﬁ-\\
concentration. '

S/7U

1.113 g acetate' L~=* / 1.307 g acetate g VFS—3 g—3

0.851 g VFS.d L—%

s N U s/u
r
g acetate L-t . g acetate g VFS—* d—1i g VFS d L-3
0.039 L 0.119 ' 0.327 -
0. 100 & . 0.177 0.565
. 0.205 | : 0.285 0.719
0.396 : 0.511 | 0.774
0.4691 0.830 0.832
1.113 § . 1.307 . 0.851
‘ (

9. . Make a plot of S'vs Ssu.
Sa) Slope = k™* = 0.437
k= 1.56 g acetate g VFS—: d o -
1 g acetate = 1.065lg‘bDD;
‘ w

Therefore k

_1.56 g acetate g VFS** d-* x (1.045 g COD g
acetate3=)_= 1.67 g €0D g VFs-1 d",-
éb) Intercept = K k=* = 0.461

K = 0.461 x 1.67

-



R, "

= &L770 g COD -3, s
o) Correiatinnrcpeifi:ieﬁt = 03827
4. The appéregt Thiele modulus, #7, is calculated from

.. 3.21a.

1.67 x 44.3 x 0.122%

g = yo-= . -

‘1.03 x £.80 0.770

= 1.25

5

Ty

Eg.
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