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ABSTRACT

A paralìe'l study was conducted with four laboratory-scale anaerobjc hybrìd

(Anhybrid) reactors. Three different media configurat'ions were

investigated: random med'ia (no orientation); med.ia with vertical

orientation; and no rnedia (an UASB conf igurat'ion). The reactors were

operated at a temperature of 35"C and fed a synthet'ic sulphìte evaporator

condensate. The performance and operation of the reactors was monitored

over a 100 day period. It was found that the reactors with random media

were best able to reta'in biomass and that their performance, in terms of

organ'ic removal efficiency, was more stable than the reactors with the other

two media configurations.

Tracer tests were conducted on the reactors to examine the effect of media

type on the hydraul'ic regime in the reactors. Methylene blue and rhodam'ine

B were used as tracers. The visual results obtained with the methylene blue

indicated that the hydrauìic reg'ime in the reactors with random media

grav'itated towards p'lug flow. The other reactors dispersed the tracer to a

much greater degree, tending towards a compìeteìy mixed hydrau'lìc regìme.

The dispersion number of each reactor configurat'ion was calcujated with

tracer-response curves pìotted from the tracer tests using rhodamine B. The

reactors with random ned'ia consistent'ly had lower dispersion numbers than

the other two reactors. This suggests that there is a correlation between

the ab'i1ìty of a media type to retain biomass and dìspersion number.
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NOMENCLATURE

Anbjof anaerobic fi ìter, anaerobìc biofjlter
Ancont anaerobjc contact process

Anhybrìd anaerobic hybrid reactor

C tracer concentrat'ion, M L- 3
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Hyan hybrìd anerobic reactor

k6 endogenous decay coefficìent, T- t

Ks half velocìty constant, M L-¡

Ki specific substrate ut'ilizat'ion constant, T-I

I length of path in reactor, L

Q flow rate, 13 T-t

rg growth rate, M L-3 ¡-t
rn net rate of growth, M L- 3 T- I

rs rate of substrate uti'l'ization, M L-3 ¡- t

S concentration of I imitìng substrôte in sol ut.ion, M L- 3
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CHAPTER I

INTRODUCTION TO ANAEROBIC PROCESSES

1.1 Advantages of Anaerobic Processes

Anaerobic processes have been utilized sporadically for wastewater treatment

for some time, but their fulì potential has yet to be real'ized. The reason

anaerobic technology is in jts infancy in the field of environmentaj

engìneering is not a lack of research; it is a result of the apprehens'ion of

design engineers towards the process and and their unfam'iliarity with the

mìcrobio'logical and biochemical fundamentals ìnvolved. This att'itude can be

attributed to the many misconcept'ions that prevail with regard to anaerobic

treatment'including the fo1'lowing:

( a)

( b)

( c)

the process is extremeìy sensitive,

it produces offensive odours; and

it is not adaptable to a variety of

and susceptible to shocks;

waste streams.

In fact, anaerobic treatment does have some drawbacks. The rncst prominent

of these are the long start up tines required (up to L2 weeks) and the

generaì lack of pract'icaì experìence with regard to the treatment of

wastewater.

However, the advantages of anaerobic treatment are far more numerous and

include the fol ìowìng:
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(a) a high degree of waste stab'ilization at hìgh organ jc 'load rates;

(b) the production of methane as a recyclable end product;

(c) smal I quantjties of excess sìudge are produced and these are easi ìy

dewatered;

(d) ìf properly accì imated, stabil ization of toxic compounds is possibìe;

and

(e) a well acclimated sludge can be left unfed for long pe¡iods of time

wi thout noti ceable deterioration.

Given these benefits, anaerobic treatment is sure to secure a

in envjronmental eng'ineerìng, and wil I continue to be utilized
upon ìn the future.

greater pl ace

and ìmproved

1.2

The anaerobic treatment of comp'lex organ'ic matter js essentia'l1y a three

stage process. As Figure 1.1 illustrates, the first stage involves a group

of fermentative bacteria which hydroì ize long chain organ'ics to soluble

organ'ics,'including fatty acjds and alcohols. In the second stage, the

degradatìon of propionate and ìonger chain fatty acids to acetate, hydrogen

gas and carbon dioxide is accompl'ished by a group of acetogen'ic bacteria.

F'inal ly, a group of strictly anaerob'ic, methanogenìc bacterja uti I jze the

acetate as a substrate (aìong with formate, methanoì, and hydrogen gas) to
produce methane and carbon d'ioxide.
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Ccllulosc and Hcm¡ccllulose

Solublc Organics

l{, + CO,

Acct ¡c Acid

CH. + CO,

Fermcnta(ive
D^-._-:.-
t)dL tË¡ ld

Ace togcn ic
Bac tc r ia

M ct h;rnogen ic
Bac teria

Figure 1.1 schemat'ic of the anaerob'ic process (f rom pf ef fer, 19go).

It was initia'lly bel'ieved that the rate ì imiting step in the anaerobjc

treatment process was the conversion of organic acids to methane gas (l).
Subsequent research, however, has shown that th'is 'is not always the case

(2). In the digestion of sewage sludge at 35"C (w'ith soljds retention tìmes

of greater than 10 days), the rate limit'ing step has been found to be the

hydrolysi s of organic so.ìids. Further, the d'igest'ion of mun'icipaì sol id

wastes is believed to be limited by the rate of celluìose hydro'lys'is.

The anaerobic process 'i s governed by a number of system

parameters. In order for the process to be eff i c'i ent, these system

parameters must be maintained within spec'ific ranges. They incIude ÞH,

alkalinity, and temperature. Other important factors in anaerobic treatment

are methanogen'ic inhibition, nutrìent requ'irements, and biokinet'ic

rel at'ionshi ps.
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1.2.1 pH

The methanogenic bacteria in the anaerobic process have an optimum

pH of approximately 6.6 to 7.6. rhe consequence of operating a system

outs'ide of these limits is a decrease in process efficiency.

Below a pH of 6.6, the inhibition of the methanogen'ic bacteria takes pìace

due to an 'increase in free hydrogen ion concentration. The result is a

reduction jn methane product'ion. Production of of volatile fatty acids

cont'inues, however, and when the system reaches a pH of approximately 4.5,

methane production ceases . Thì s si tuat'ion can be averted by mai ntai ni ng the

pH within the optimum range through the addition of alkaf inity.

At pH levels above 7.6, the voiatìle acids in the system are converted into

their salts. The methanogenic bacteria are not capable of uti'l'izing these

salts and methanogenic inhibition occurs once again.

1.2.2 Alkalinity

The term alkal'inìty refers to the ac'id-neutralizing capacity of water (3).

This parameter ìs particularly important ìn anaerobic treatment because the

methanogenic bacteria, as described earlier, util'ize acetate as a substrate.

When the concentration of volatile acids'in a system ìs'low, the bicarbonate

a jkal inity generaì'ly represents the total alkai'in'ity. In a system which i s

maintained and operating proper'ly, the acidic intermediates are converted
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irmediateìy after the ir f ormation. Thi s condìt'ion ì s i I lustrated ìn the

f ol lowi ng chemi ca'l equations:

C6H 1206 -> 3CH3C00H

Glucose Fermentative Acetic Acid
Bacter i a

CH3C00H+NH4HC03 + CH3C00NH4+H20+CgZ

Ammon'ium Acetogen'ic Anmonium
Bicarbonate Bacteria Acetate

CH3COONHa + H20 -) CH4 + NH4HC03

Methanogeni c Methane
Bacteri a

The first equation shows the convers'ion of glucose to acetic ac'id by the

fermentative bacteria. The acetic acid i s neutral ized by the armon'ium

bicarbonate present'in the system and'is then converted to ammonium acetate

by the acetogen'ic bacteria as shown jn equation (2). Finally, the

methanogenic bacteria ut'ilize the arrmonìum acetate, producing methane and

reforming the anmon'ium bicarbonate consumed in the second reaction.

It shou ld be noted that the carbon dioxide produced duri ng the second

equat'ion pìays an'important part ìn contribut'ing to the alkalinity of the

system. The folìow'ing equatìons show th'is reìat'ionship:

( l)

(2)

( 3)
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C02 + HOH HrC0 r H+ + HCll"-
J

H2C03 + 0H- -)
+ HC03- + HOH

When an imbalance occurs in the system, the methanogenic bacteria do not

convert the substrate as rap'idìy as required, result'ing in an increase jn

the volatile acids concentrat'ion. This, in turn, leads to a drop.in pH, ôS

mentìoned in the previous sect'ion. To prevent th'is, the alkalinity in the

system should be maintained between 2500 and 5000 ng/L (Z).

1.2.3 Temperature

For every 10'C rise in temperature, the rate of microbiological reactions js

approx'imateìy doubled (4) . Therefore, higher temperatures wi I I normaì ìy

yìeìd more ef f ic'ient operat'ion of anerobic systems at the same hydrauì ic

retentìon times.

Bacteria are generaìly classified into one of three temperature related

categories: psychrophilic; mesophìtic; or thermophì'lic (4). These

categorìes and the temperature ranges to which they correspond are listed ìn

Table 1.1.

I A\

(5)
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TABLE 1.1

Temperature Ranges for Various Bacteria

Type

Temperature ("C)

Range 0pt ìmum

Psychrophìl'ic

Mesophì I i c

Thermoph'iì ì c

Although it seems that thermophijic bacterja are most suited for anaerobic

dìgest'ion because of their h'igh optimum temperatures, thìs has been found

not to be true. In fact, processes operating at thermophil'ic temperatures

are generaì 'ly 
uneconom'i cal because of the I arge quanti t'ies of methane

requ'ired to ma'intain the hìgh temperatures. For thjs reason, most anaerobic

processes operate in the mesoph'i1ìc temperature range.

1.2.4 Methanogenic lnhibition

Methanogenjc bacterja are susceptible to a number of conditions which can

I imit or prevent the'ir growth. One of these conditions is an excessiveìy

low or high pH level. Another is the presence of oxygen, even in minute

quantities. Th'is 'is because the methanogenìc bacteria are obì'igate

anaerobes and require a h'ighìy reduced environment for optimum growth.

Thus, inhibition of the methanogenìc bacteria occurs when they are exposed

to any oxidized compounds such as nitrates and nitrites.

-2 to 30 12 to 18

20 to 45 25 to 40

45 to 75 55 to 65
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Toxicìty may result 'in the anaerobic process when the methanogenìc bacteria

are exposed to certain materials in solut'ion at thresho'ld concentrat.ions.

These jnclude sulfides, heavy metals, aìkaì ì and alkaline earth-metal salts,
and toxìc organìcs. A concentration of 1700 mg/L of NH3-N has been found to

be the threshold toxicity 'leveì for methane production. In the anaerobic

process, the total ammonia nitrogen exìsts in two forms, NH4+ ìon and free

NH3 form, the latter being toxic to methanogens at concentrations exceeding

150 mg/L (5).

Methanogenic bacteria can be acc'limated (to a varying degree) to virtuaì'ly

any toxic or inhibitory material over a period of time. Other means of

control ì'ing toxìcity olinhibition in a waste stream ìnclude:

(a) addìng a material that is antagonistic to the undesired materiaì;

(b) removing the undesired material by methods such as chemical

precipìtation; and

(c) diluting the waste stream such that the concentration of the undesìred

material is below the tox'ic threshoid.

1.2.5 Nutrient Requirements

The most ìmportant nutrients for anaerobic treatment are those that are

required in the greatest concentrations - nìtrogen and phosphorous. A

variety of other elements'including'iron, magnesium, potassium, and calcium

must also be present for the process to operate, but 'in smal ler
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concentrations. These nutrients are compu l sory for biological growt.h

poor effluent qual'ity ìs the result of their absence.

Based on the assumption that the average chem'i cal composì tì on of a

bio'logicaì cell is C5H903N (2), the theoretical amount of n'itrogen required

for sludge growth 'in the anaerobic process can be calculated to be

approximate ly l1% of the volat'ile sol ids weight of the cel l. The

phosphorous needed is about one fifth of thìs quantity or approximate'ly 2%

of the volati'ìe sol ids we jght of the cel l.

Such an assumpt'ion, however, may result in 'inadequate nutrient quantities

for efficient operatìon of the process. Ihis is because under high organ'ic

loads, the first two stages of the process continue while the methanogenic

bacterj a stabi I ize the waste. The fermentat'i ve and acetogeni c bacterj a

continua'l ìy require the essential nutrients durìng this time. Nutrient

requirements should, therefore, be based on the actual remova'l of the waste

from the system as opposed to the load on the system. The minimum carbon to

nitrogen to phosphorous ratio for the anaerobic process to proceed has been

estimated at 100:6:1 (6).

1.2.6 Kinetic Models

An understanding of the basic kinetic models of m'icrob'ia'l growth 'is

essenti a'l f or the eff icient design and operation of any mi crobiolog'ical

system. The majorjty of kinetic models are based on the assumptìon that the
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grow'th rate of

is 'ii lustrated

mi croorganì sms

in Figure 1.2.

'is based upon some ì'imiting substrate. Thjs

ym

2

Limiting nutrient corrcentration, S

Fìgure 1.2 Effect of limit'ing substrate on growth rate (from Metcalf and
Eddy, 1979).

Fn = umXSY 4- Kt+S

where = growth rate, M T-t ¡-r

= max'imum speci f ic growth rate, T- r

= concentration of microorganisms, 14 L-3

:L

d
(u

3
o
ol

.9
g
o.

U)

From that empiricaì representation, Monod proposed the followìng expression

for bacterial growth:

(6)

rg

um

X

Maximum
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S = concentration of I imiting substrate in solut.ion, M L-3

K5 = substrate concentration at half of the maxìmum growth rate, M L-¡

The net change in the concentration of microorganisms is a function of cel'ì

growth through substrate utilizatìon and ce'll loss through endogenous decay.

Thus, the net rate of bacterial qrowth may be described as follows:

(7)

where kd = endogenous decay coefficjent, T-t,

Fn=-Yr5-k¿X

where y = growth yie'ld coeff icient, M M-t

15 = Fôtê of substrate utilization, M T-l ¡-i.

Under steady state condit'ions it can be assumed that there'is no change in

the concentration of the microorganisms in the system. A mass balance can

then be conducted on the system'in Fìgure 1.3(a) and jt can be found that:

Q=l= umS _k6
V e K5+S

where 0 = V/Q = hydraulic retention tire, T.

rn = UmXS -k6X
Ks+S

0r

(8)

(e)
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(a)

S, Xe

Figure 1.3 schematic flow dìagram of system (a) without recycle and (b)
with recycìe.

In a system wjth no recycìe, the sol ids residence time, 0c, can

determined 'if both Q and V are mu'ltipì ìed by x, the concentration

microorganisms in the system:

be

of

0c = VX (mass of cells in system)
QX (mass of cells wasted da'i'ty)

The term 15 côn now be defined as:

Fs=-Q(So-S)=-So-Sv -6_

(10)

(11)

where So - S = coñcÊDtration of substrate util'ized, M L-3.
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The spec'if ic substrate uti'ì'izat'ion rate can then be calculated as:

U=So-S=Q
EXV

and the sol ids retention time may be expressed as:

I =YU-kd
0c

The Food to Microorganìsm ratio, F/M,

loading on a system can be determined

(r2)

( 13)

a term used to describe the organic

from the foliowing expression:

F /ì4 =So
õï

where So = the influent substrate concentration, M L-3.

Ïhis ratio can be related to the specific utìlization rate as follows:

A materìals mass balance

shown in FÍgure 1.3(b).

also:

(14)

(15)

also be conducted for the system with recycìe

hydraulic retent'ion tjme for thjs system is

( 16)

U = F /14 (So - S)
So

can

The

0=V
0
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Recal I ì ng equat'ion (10) , the sol'ids retent'ion t'ime can be expressed as:

0c = VX

a,'{f . rc - Qr{)Te

where Qw = f ìow rate of ì ìqu'id stream with cer js to be wasted, L3 T- t

Xe = effluent m'icroorganism concentratjon, M L-3.

( i7 )

Assuming steady-state condjtions prevail and the jnfluent concentration of

mìcroorganisms is equal to zero, the following expression may be derived for

bioìogica'l growth:

QwX+(Q-Qw)X.=-Yrs-kdvx x (18)

Thi s can be sìmp'lif ied using equation (17) to:

1 =-Yr5-k¿
0cX (ie)

I =YU-kd
0c (20)

as in equation (13).

By vary'ing the mass balance accord'ing to the parameters of the system, these

rel ationshi ps can be determ'ined f or any situat'ion. Once establ i shed, they

are instrumental 'in nonitoring the performance and operat'ion of the system.

or
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1.3 Flow Characteristics

A reactor may be defined as any vesse'I, container or

bìoìogica'l or chemical reaction takes place. In

characteristics, there are three general classifications

are:

tank i n whi ch a

terms of flow

of reactors. These

(a) the Plug Flow reactor in whìch each fluid particle that enters the

reactor stays'in the same ìongitud'inaì position w'ith respect to the

other fluid partìcles that enter the reactor for a period of t'ime

equivalent to the hydraulic retention time. There is no ìongitudinal

dispersion of the fluid;

(b) the Compìete'ly-Mixed Stirred-Tank reactor jn which al I the fluid
partìcles that enter the reactor are 'inmediately dissipated throughout

it. They ìeave the reactor in accordance with their initial numbers;

and

(c) the Arbitrary Flow reactor in which the fluid partìcles are dispersed

to any degree between the plug fìow and the compìeteìy mixed reactors.

In practice, it is impossible to ach'ieve true pìug flow or complete m'ix'ing

in a reactor. Generalìy, however, during operatìon the flow conditions are

close enough to e'ither situation for the purpose of design or anaìysis. The

degree of mixing j n a reactor may be estimated by devel oping a

tracer-response curve and determining the liqu'id dispersìon based upon a

sui tabl e model.
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1 .3.1 Tracer-Response Curves

Ïracer-response curves are used to heìp establ ish the nature of the

hydrauì ic regime in varìous vesse'ls, jncluding anaerobic reactors. A number

of parameters can be estab'l'ished through these curves wh'ich can be of great

use in the design and operation of the Anhybrid reactor. They 'include the

f o'l ìowi ng:

(a) the t'ime to f jrst appearance (the tirne at which the tracer f j rst
appears in the reactor eff .luent);

(b) the modal time (the time at whjch the greatest effluent tracer

concentration is recorded); and

(c) the di spersion number (a measure of the ìongìtud'inal d'ispersion of the

tracer as it traveìs through the reactor).

The materjal used as a tracer for the purpose of hydrauì'ic test'ing depends

upon the ease with wh'ich'it can be detected and the situation in which'it ìs

required (6). The tracer may be a dye, a fluorescent compound, a

radioactìve isotope, or any nonreactive, detectable chemical. The tracer

may be appl ied as either a step or impuìse d.isturbance.

In the case of the step disturbance, a tracer of constant concentrat'ion is

ìnjected cont'inuousìy into the reactor and the effluent 'is monitored at

reguìaLintervals to determine the tracer concentration. The data collected

is then used to plot a tracer-response curve. The curves obtained when a
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step disturbance ìs applied to a

arbìtrary flow reactor are shown

plug fìow, a comp'leteìy mixed,

in F'igure 1.4(a) .

and an

Plug Flow

If a slug of tracer is 'injected,

effluent is monìtored at regular

then plotted. Figure 1.4(b)

d'isturbance i s appl ied to a plug

flow reactor.

Comp le te ly-Mfxed
SÈlrred Tank

!o

(b)

ArblÈrary Flow

tracer concenÈrgtlon
cracer lnlet concenÈratfon
theoreclcal detenclon Èlne
real cLue

( b) impu ì se

to

(a)

Co-
fo .
t-

Figure 1.4 Tracer-response curves for (a) step disturbance and
d'isturbance (from Levenspiel, I9TZ).

an ìmpu'lse di sturbance i s created. The

intervals and the tracer-response curve is

shows the curves obtained when such a

fìow, a compìetely-mixed, and an arb'itrary
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The theoreti cal ef f 'luent concentrat'ions for the pl ug f low and

compìeteìy-mixed reactors may a.ìso be calculated as a functìon of tìme by

conductìng a materials mass balance around the system.

1.3.2 Dispersion Models

A very useful parameter that can be used to heì p de I i neate the

characteristics of the fluid flow in a reactolis the dispersion number.

The dispersion number may be estimated by comparing the shape of the

tracer-response curve obtained through testing to the ideal curves shown in

Fìgure 1.4. A far more precise method, however, is to determ.ine the

variance of the resultant curve and then relate it to the d'ispersìon

number.

Van der Laan has suggested that such a relat'ionship exists for a closed

vessel of finite ìength with no diffusjon across'its boundaries (6). For a

test monitored at regular time ìntervaìs, "t", the concentration ,,c,,, of

tracer in the effluent is determined. After the desired time has eìapsed,

(usual'ly 4 to 7 hydrau'l'ic retent'ion tìmes), the mean t'ime of the

concentration curve can be calculated as follows:

t=XtCr (21)
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The standard deviation of the curve is:

otz = xt2c - t2
xc

The variance in terms of dimensionless time can then be calculated as:

(22)

(23)

The variance can then be related to the dispersion as shown in the folìowing

equ at'i on:

o2 = 2(d/u1) - 2(d/u1)t(1 - e-ul/d) (24)

where d = long'itud'inal dispersion coeff ic'ient, [-2 T- t

u = mean f low velocity a'long reactor, L T-t
'l = I ength of path of trave ì i n reactor, L.

The term d/ul js collect'iveìy referred to as the dispersion number. For a

pìug f'low reactor the theoret'ical dispersion number ìs zero. For a

comp'ìete'ly mixed reactor the theoretical dispersìon number is infinity.

02 = ot'

i2
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CHAPTER 2

LITERATURE REVIEW PERTINENT TO

ADVANCED ANAEROBIC REACTORS

2.1 Development of Advanced Anaerobic Svstems

Anaerobic processes, ôs prev'ious'ly mentioned, have been used sporadìcal'ly in

wastewater treatment f or decades. Successf u I app'l i cat'ion of anaerobi c

treatment has been documented in papers dated as earìy as i939 by Buswe'll

(9). The last decade, however, has seen a marked rise in 'interest in
anaerobic digestion as a wastewater treatment alternative. According to

0leszkiewicz (10), this increase 'in interest ìs due to a number of

environmental and econom'ic factors. Among these are:

(a) new regu'irements to conserve water resulting 'in nìore concentrated

wastewaters which are well suited to anaerobic treatment;

(b) rising energy costs that necessitate efficient methods of treatment;

(c) the ease w'ith which anaerobic treatment may be appl'ied to comp'lex

organ'ic compounds; and

(d) the energy 'independence that may be achieved w'ith anaerobic treatment

through the recovery of b'iogas.

Recognition of the benefits of anaerobic treatment has prompted a great deaì

of research with regard to reactor configuratìon. As reported by van den

Berg and Kennedy (11) and Olthof et al. (12, 13), th'is research has led to

the developrrent of a number of advanced anaerob'ic reactors'in an attempt to
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opt'imize the treatment of a large variety of wastewaters. Among the more

notab'le of these are the anaerob'i c contact reactor (Ancont) , the anaerobi c

f i'ìter (Anbiof ), the upf 'ìow anaerobic sìudge-bed reactor (uASg), the

fluidized bed biofi lter (Fanbiof), and the anaerobi c hybrid reactor

(Anhybrìd). Each of these is a retained biomass reactor, the difference

between reactors be'ing the manner i n wh i ch they retai n the bi omas s. F'igure

2.I i I I ustrates the reactors schemati cal ly.

ANBIOF

ffi
Ë

FA¡¡BIOF

Figure 2.1 Advanced anaerobic reactors (from 0lthof et al., 1984).

FT
[:: i''.:.þruoc.
[,,',ir il SLUDGE

þit+g[ôüHå^.T
UASB

l-*eo,l

ANHYBRID.

ANCONT
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2.2 The Anaerobic Filter

The anaerobic filter is a treatment vessel filled with a fixed, or

stationary, bed of porous media. The reactor operates fuì ìy submerged,

usualìy ìn a plug fìow hydraulic regime. lilaste is passed through the media

and is stabil ized by biomass within the reactor. The biomass 'is trapped in
the interstitial voids in the med'ia and 'is also attached to the media

itself. For th'is reason the anaerobic filter is referred to as a

"fixed-fi ìm" process.

The attachment of biomass to the media enables the anaerobic filter to

ma'intain long sol ids retent'ion tìmes. A high treatment eff ìciency 'is

achieved w'ithout settì'ing and recycìing eff luent sol'ids and sol ids

separation is not requ'ired. There is a low synthes'is of biomass resuìt'ing

in low nutrient requ'irements and the m'inimization of sìudge d'isposal

probl ems.

2.2.1 Studies on Media Effects

The anaerobic filter was first investigated in a pilot-scale study by

coulter et al. (14) and subsequently developed by Young and Mccarty (15) in
systemati c 'l aboratory studi es. In thei r research, Young and McCarty

employed anaerobic filters constructed of pìexiglass i.83 m in height w'ith a

diameter of 15.2 c¡n. Smooth, quartz'ite stone 2.5 to 3.8 cm in diameter was

used as a media to retain b'iomass and to provide a surface for the b'iomass
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to attach ìtself. The filters, when compìeted, had a porosity of 0.42 and a

liqu'id volume of 12 L.

The effect of the media on the performance of the filters was evident

inmedìateìy. Biomass developed on the surface of the medi a and was also

trapped in the interstitial vo'ids jn the media. In addition, the med.ia

prov'ided a mechanism that separated the solids from the gas produced jn the

system.

Ïhe filters were fed a volatile acid and a protein-carbohydrate waste. They

exh'ib jted removal eff ic'iencies of up to 80Í at organì c load rates as high

as 3.4 kg C0D/m3.day with low effluent suspended sol ids concentrations.

However, there was an increase in soljds in the filters due to bioìogicaì

synthesìs. t'lhen the f i lters became f il led with this highly concentrated

biomass, a sudden rise'in the effluent suspended solids was observed. Thus,

wh'i'ìe the abi'lity of medìa to retain biomass jn the anaerobic filtelis a

great benefit, the accurmulation of biomass is a major drawback jn terms of

the hydraulic short-c'ircuitìng jt can cause and the solids carryover that

resu I ts .

Since the pioneering work by Young and McCarty, numerous laboratory and

piìot-scale studies have been conducted on the anaerobic filter to determ'ine

its appì icabiì ity to various waste streams (16). rhe effects of

temperature, retentjon t'ime, and more recently, the effects of packing media

on fiìter perfonnance have also been examined (17,18).
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A study by Meuller and Mancini (19) directed toward the biokinet'ics in

anaerobic filters had interesting resu'ìts with regard to med'ia type. Their

experimental apparatus consisted of two deep cast acryììc fìlters with a

height of 1.98 m and a diameter of L2.7 cm. Poìypropylene Pall r'ings with a

1.6 cm diameter were placed in the units to a height of I.2 n. The filters
had a final ìiqu'id volume of 13.1 L and a poros'ity of 0.8S.

Meuller and Manc'inj concluded that 'l'ightweight plast'ic med'ia has a d'istinct

advantage over rock media because 'it has a greater specific surface area

(aìlowing more bìological growth per unit volume) and the abi'lìty to change

shape. The maximum substrate removal for the filters in the study was L7.2

kg c0D/m3.day. Aìthough this js a relatively high removal rate, it was

noted that pìugging and solids carryover at hìgh organic loads is a problem

that requires further consideration.

In thei r research, Chian and Det{al le (20) recognized the fact that ìn a p'lug

flow reactor, such as an anaerobic fjlter, there is an'injtjal decrease in

pH in the d'irect'ion of flow as a result of ac'id fermentation. A graduaì

increase in pH then takes place as the biomass degrades the fatty acids

generated. General]y, 'large quantit'ies of buffer soiution are added to the

influent to combat this decrease in pH. ChÍan and DetJalle reasoned that a

comp'ìetely mixed reactor does not experience such a sh'ift in pH because the

hydraul'ic reg'ime maintaìns a uniform pH leveì throughout the reactor. They

proposed to demonstrate this by prov'iding an anaerobic filter w'ith an

effluent recycle which would dilute the incoming waste stream and raise its
pH.
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The reactors used in their study were constructed of plex'iglass with a

height of 2.46 m and an interior diameter of 18.7 cm. A recirculation surge

vesseì separated the effluent and recycled flow streams. The media used in

the filter cons'isted of pìastic "Surfpac" (Dow Chemica'l) slabs with plastic

strips between sheets. The spec'ific surface area of the material was 206

mz /n3. The poros'ity of the f i'lter was 0.94 with a ì'iquid volume of 13.2 L.

Landfill leachate, a high strength wastewater which provided an influent

with reasonabìy hìgh alkalinity, was used as feed. The filter was operated

at a hydraulic retention time of 42 days with a recycle ratio of 20:L. it
was assumed that this recycle rate resulted in the unit being completeìy

mixed every 1.8 days. The time requ'ired for mixjng was mr¡ch shorter than

the hydraulic retention time (1.8 days as compared to 42 days) and the

hydrau'lìc regime in the filter was, therefore, considered completeìy mixed.

Chian and Delialle found that jt was possible to operate an anaerobic filter
as a completely mixed unit, gìven the proper media and recycìe ratio.

0rganic loads of 7.0 kg C0D/m3.day were treated with 89Í removal effic'iency.

Buffer solutions were not required to neutralize the influent and the filter
was also capab'le of deaìfng with increases 'in organìc loads and shock

I oads .

Hudson et al. (2L) used two bench-scale anaerobic filters to compare granite

stones to oyster shel ls as a med'ia. The'ir columns were 1.53 m in heìght

with a 15.2 cm diameter. The granite stone media had a porosity of 0.53
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while that of the oyster shell media was 0.82. Both un'its were operated at

similar organic loads and hydraulic retent.ion times.

Their results indicated that the filter packed with the oyster shell media

was capable of achieving COD removals 20ß to 50f higher than the fìlter
packed with granite stone. It was bel'ieved that this was due to the hìgh

specìfic surface area (estìmated to be tw'ice that of the granìte stone) of

the oyster shell media.

Van den Berg and Lentz (22) tested anaerobjc filters in the upf'low and

downflow mode. It is their contention that upflow anaerobic filters operate

as a combination of fixed-film and upfìow s'ludge-bed reactors because there

is a great deal of bioìogical activìty in the interstitial voids in the

media. This'is partìcu'larìy true 'in the lower portion of the column.

Downflow filters, on the other hand, tend to functjon exclus.ively as

fixed-film reactors.

A number of researchers have exanined the effects of impìementing surface

active materiaì, such as activated carbon, in anaerobic filters (23-25).

Khan et al. (25) used two anaerobic filters to compare the performance of

granular act'lvated carbon to anthrac'ite as packing materlal. Their reactors

were 0.61 m in he'ight with a 5.1 cm dianeter. The porosities and specific

areas of the red'ia were not recorded. A high recycìe ratio of 25zl was

utilized to ensure a completely mixed hydrauìic regime.
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In all phases of theìr study, they found that the granular activated carbon

surpassed the anthracite 'in terms of substrate removal, methane production,

and biomass retentjon. The specìfìc reasons for the superior performance of

the act'ivated carbon were not ìdent'if ied in the study. It i s suspected,

however, that it was due to fluctuations in substrate concentration and the

abiljty of the act'ivated carbon to retaìn biomass.

The question of media-related design criteria has been addressed by Dahab

and Young (26) in a series of invest'igations beginning in 1980. Their

studies'involved a number of different types and sizes of med.ia with

laboratory-scale reactors 2 m in he'ight and 0.5 m in diameter. The reactors

were fed a synthetic alcohol stillage at organìc load rates of 0.5 to 16 kg

C0D/mt.day. The media and their characteristics are tabulated jn Table

2.r.

From an anaìysis of COD and suspended solids profiles throughout the heìght

of the fi lters, Dahab and Young found that nrost of the COD removal took

place jn the lower one-third of the reactor. There was a very h'igh biomass

concentration (up to 60 g/L) in this portion of the filters, one-haìf to
two-thirds of which was not attached to the med'ia. VÍrtuaìly all of the

biomass in the upper one-third of the filters constituted attached growth.
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TABLE 2.1

f h¡rr¡tanìcf i¡c nf Ma¡{'i r Tna+a.l 1..., n-Lrk â-¡ v^..-- l^Ê\vrrqr quusr r¡ervr vr |rçv rq ¡cJusu uJ uq,rtqu (lilu luung \¿ol

Med'ia Type Porosi ty
Specific
Su rface

Area (m2¡m3 )

Ave rage
Pore

D'iameter (mm)

25-37 nn
Quartzite Stone

90x90rm
Pall Rings
(Norton Actifiì No. 90E)

50 x 80 nm large openìngs
Corrugated Sheets
(Munters No. 27060)

20 x 40 rm smal'l openings
Corrugated Sheets
(Munters N0.19060)

0.47

0. 95

0. 95

0.95

20- 30

r02

138

L2

20

46

32

98

As expìained by Dahab and Young, gôs scouring ìn the higher regions of the

media results in some s'lough'ing of the attached matter. These solids may be

lost in the effluent or in-bed flocculation may occur and they wìll settle

downward. tventuaììy, the reactor can be expected to fill with bìomass and

pìug up. The reactor must, therefore, be des'igned, and the media selected,

to ensure that these solids can be rernoved by flushing or gravity dra'inage.

All of the filters in the study had similar removal effìciencies 'indicat'ing

that unit surface area does not play a ìarge role ìn COD rerþval or solids

distribut'ion. Thìs i s bel ieved to be because the greatest bioìogi ca'l

act'ivity takes place in the jnterstitial vojds in the med'ia.
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Porosity did not appear to alter the reactor performance. Pore size,

however, did seem to affect the removal effic'iencìes, partìcular'ly in the

case of the corrugated plast'ic media. The large, corrugated plast'ic media

with the greatest pore sìze had the highest removal efficiency, foìlowed by

smal'ì , corrugated plast'ic media and then the Pall rìngs. The two factors

most probably responsible for the differences in performance are channeììng

and sol ids accunrnul ation.

The anerobic filter has been tested extens'ively ìn Galway, Ireland (27-29).

Barry and Colleran (27) compared the performance of four media types (fired

cìay, coral, musseì shell, and pìastic) in different reactors, each with a

total void volume of 21.3 L. The characteristìcs of the media ìn their

reactors are listed in Table 2.2.

TABLE 2.2

Characteristics of Med'ia Tested by Barry and Colìeran (27)

Med'ia Type Poro s'i ty
Spec'if i c
Surface

Area (m 2 /n3 )

Active Fi lter
L'iqu'id Volume

(L)

3.8 x 2.5 cm
Fired Clay

l. 5 cm 'length

0.2 cm diameter Coral

6x2cm
Mussei Shel I s

3.8-5cmdiameter
Pl asti c

0. 69

0.71

0. 80

0.94

l19

490

161

t79

12.42

12.78

14.40

16.92
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l'Jhile all four fjlters dispìayed similar performance, the cìay media

appeared to be marg'inal ly superior in terms of COD remova'1, methane

productìon, and COD yield. The mussel shel I media yielded the poorest

treatment efficiency.

These results are in agreement with Dahab and Young (26), who reported that

the specific surface area of the med'ia does not affect reactor performance.

In their study however, Barry and Colìeran, however, could not correlate

porosity to treatment eff ic'iency.

l'jiìkie, et ai. (29) state that the superior performance of the clay media 'in

the prevìous study was not related to high porosity or spec'ific surface

area. Pore size and med'ia a'lìgnment may affect reactor performance, but in

the case of the cìay media, surface roughness and physicochemi cal

'interactions such as electrostatic attractjon or ìeachìng of essential

inorgan'ic nutrients may be more important factors.

In one of the most thorough studies conducted, Song and Young (30) assessed

the importance of horizontal alignment and spec'ific surface area of the

med'ia in anaerobic filters. The reactors were ìarge, ìaboratory-scale

reactors with a heìght of i.83 m and a diameter of 0.5 m resu'lt'ing in a

total lìquid voiume of 37 L. A synthet'ic wastewater was used as a

substrate.
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The research was carrìed out in three phases. In the fjrst phase, the

effect of the specific area of the med'ia on reactor performance was

examìned. The second phase attempted to find a correlation between the

horizontal alignment of the media and reactor performance. Ihe th'ird phase

was'identical to the second, but the specific surface area of the media was

increased. In all of the phases, three of the reactors were packed with

cross-flow, corrugated, plastic media and one w'ith pìastic, tubu'ìar media as

a further comparison. The packìng medìa are shown in F.igure z.z. Their

characteristics are l'isted in Table 2.3.

Cross-Flor¡

Tubular

Figure 2.2 rllustration of plastic, modular media (Song and young, lg8z).
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TABLE 2.3

Characteristics of Media Tested by Song and young (30)

Specì fi c ChannelReactor Medi a porosity surface srooeNumber Area (m, /nt ) (degrees )

Phase 1

i
2

3

4

Cross-flow 0.97
Cross-fiow 0.95
Cross-flow 0.93
Tubular 0.97

98
138
223

98

60
60
60
45

Phase 2

1

2

3
4

Tubular 0. 97
Cross-fl ow 0.97
Cross-flow 0.97
Cross-fl ow 0.97

98
98
98
98

90
67.5
45
22.5

Phase 3

I
2
3

4

Tubu I ar 0.93
Cross-flow 0.93
Cross-flow 0.93
Cros s-fl ow 0.93

223
223
223
223

90
67.5
45
22.5

The results of the first phase showed that the performance of the anaerob'ic

filters was only s'lightly affected by the specìfic surface area of the

media. The cross-flow medìa had a much better treatment efficiency than the

tubular med'ia with the same specifjc surface area. This led Song and young

to postuìate that the ab'iìity of a med'ia to redistribute flow when pìuggìng

occurs is one of the most 'important media design factors,
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The horizontal aìignment of the media had a signìficant effect on treatment

eff iciency. The cross-flow, pìastic media w'ith the interst'itial channels

p'laced at a s'lope of 22.5' prov'ided the best COD removal . The dif ference,

however, between that and the removal efficiency of the media oriented at

45o wou'ld probably be negated by ìong term p'luggi ng. song and young

bel ieved that when plugging and structuraì ìntegrity of the media are

considered, the optimum channel sìope most.ì'ikeìy lies between 45o and 60o.

The results show that pore size, or size of the interstitial openìngs'in the

interst'itial channels, is also related to the potential for pìuggìng in the

cross-flow media. The number of intersections, or contact points, appears

to affect performance, but onìy to a smal'l degree.

it is apparent that the choice of media in an anaerobjc filter is of great

importance because of the effect it can have on reactor performance and

stabi l'ity. Th'is factor must be taken into consideration during the design

phase. However, the drawbacks that accompany the use of medìa m¡st also be

recognized. The rnost serious of these are (31-33):

channeìing and hydraulic short-circuiting occurring as a result of gas

bubbles rising through a ljmited number of channeìs;

mixìng of the s'ludge is not poss'ible or, at best, hampered;

a large port'ion of the total reactor volume may be lost to the volume

of the media, depending on the media used;

treating wastes with high concentrat'ions of suspended sol'ids is

di ff icul t because of rap'id plugging of the media; and

( b)

( c)

(a)

(d)
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(e) packìng media can be

abie to treat wastes

investment on media.

very expensive and an

econom'i ca'ì 
'ly 'i n order

anaerob'ic f ilter must

to offset the initial
be

2.3 The Upflow Anaerobic Sludge-Bed (UASB) Reactor

The UASB reactor operates as a suspended growth process and, therefore, ño

media is utilized. It'is composed of a treatment vessel with a dense sìudge

bed at the bottom and a sìudge blanket that extends up to a gas-soìids

separator at the top. 9jaste is stabilized as it passes upward through the

sìudge-bed and blanket.

The dìgestion process results in the production of gas bubbles that have a

tendency to carry biomass particles with them as they rise. In order to
maintain the ìong sol ids retention times necessary for effective waste

treatment, these part'ic'les must be kept in the reactor. This is

accomp'l i shed by the gas-so'l ids separator at the top of the reactor which

allows the effluent to escape, but retains the solids in the reactor.

2.3.1 Development of the UASB Reactor

A varjation of the UASB concept was first'implemented in South Africa where

a Dorr-Oliver "Clarigester't was modified to meet the treatment standards for

specific industrial effluents (34). The modification involved revers'ing the

flow of the clarigester and pump'ing the influent into the lower digester

compartment. The organjc matter in the influent was stabilized by a dense
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bed of anerob.ic sludge. Sludge d isplaced by the jnf luent set¡ed .in 
a

clarifìer within the reactor and was returned to the lower digester

compartment.

Since 1971 the UASB concept has been 'investÍgated and deveìoped extensìveìy

in the Netherlands by Lettinga and his co-workers (3i, 33, 35-37). Thjs

work has been summarized in a number of papers whjch provide a great deaì of

informatìon with regard to the design, performance and operation of UASB

reactors.

One of the most jnterest'ing features of the UASB reactor discovered by

Lettinga et a'l. (37) is the formation of granu'ìes that takes pìace 'in the

s'ludge bed. This granu'lation takes place in three phases (37-39):

Phase 1 (organic loads of up to 2 kg C0D/mt.day). In this phase the

sludge bed expands because of the increasing hydraulic load and gas

production. The sol'ids that are lost in the eff luent are primarily

colloidal part'icles;

Phase 2 (organic loads of between 2 and 5 kg C0D/m3.day). Th'is phase

ìs dist'inguished by an increase'in the washout of soj'ids, particularìy

flocculent sludge. The organic load rate rises rapid'ly, but the

volumetric load rate remains unchanged because of the loss of biomass.

Granu I es beg'in to f orm; and

Phase 3 (organic loads above 5 kg C0D/m3.day). The growth of s'ludge

granules preva'ils over the flocculent sludge. The s'ludge concentrat'ion

(a)

( b)

(c)
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(c)

(d)

increases 'in the reactor, thereby al low.ing an .increase i n the

volumetric load rate.

Most researchers agree that these three phases occur in the process of
granulation but the specific conditions required for granulatìon remain

unknown (40-43). Lettinga et aì. (35) have suggested several factors that
they believe to pìay a role in the process:

(a) the presence of sufficient nutrients in the system for bacterial growth

and the formation of bonding agents between the bacteria;

(b) the continuous washout of flocculating sludge from the system under

high hydraul'ic load rates;

the presence of bivalent catìons that aid'in floccuiation;

the gentìe, vert'ical agitation caused by gas production that results in

the grav'ity compression of sìudges; and

the specific activity of the seed sludge and the concentration of inert
particles'in it.

Numerous species of methanogenic bacteria have been found in the s'ludge

granules of UASB reactors. The predom'inant species depends upon the ori91n

of the seed sìudge, the substrate utilized, and the process conditions (38).

The granules that develop with acetic acid substrates are composed maÍnìy of

the Methanosarcina spec'ies. llhen a reactor that has been seeded wi th a

digested sewage sludge is given a volat'i le fatty acjd mixture as a

substrate, the Methanothrix soehnqenii spec'ies of bacterium prevaiìs. These

granules can be either rod-like or filamentous in nature (37).

(e)
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Callander and Barford (44,45) used polyelectrolytes as flocculating agents

in their stud'ies with Upflow F'loc digesters (a variation on the UASg

concept). They found that the poìyelectroìytes enhanced the accurrrnulation

of biomass and suspended solids within the reactor. Th'is accelerated the

granulation process and al'ìowed the volumetric loads to be increased at a

more rap'id pace than is normal.

Cail and Barford (46) had similar results when they compared the granulation

process in an Upfìow Floc d'igester and a UASB reactor. The addition of

poìyelectrolytes d'id al low for more rapid increases 'in volumetrìc ìoad, but,

once granules were present'in both reactors, the'ir performance was v'irtuaì'ly

indistinguìshable.

A number of poìymers and elements are being tested for their effect on the

development of granu'ìes (43). Operating conditjons, such as thermophi'lic

temperatures, are also being investìgated to 'increase the appìicabììity of

the UASB reactor.

Granular sludge is conducive to the appìication of high hydrauì ic loads in

the UASB reactor, but f locculent s'ludge i s preferred when dea'l 'ing with

complex wastes with high suspended solids concentrat'ions (41). Insufficjent

removal of these solids may necess'itate the installation of an external

f ilter as well as a separate sludge d'igester. Thus, flocculent s'ludge is

desirable in a variety of situations because of its inherent ab'i'lity to

remove suspended solids. And, 'in order for a waste to make proper contact
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with a granular sludge, a more sophisticated influent d'istnibution system'is

requ i red.

The influent distribution must be designed such that the risks of channeling

'in the reactor are minimized. These risks are greatest when low volumetric

loads are applied to the reactor (the gas production is too low for m'ixìng

to take pìace); tne height of the s'ludge bed is too ìow; the feed is not

d'istributed evenly across the bottom of the reactor; and the sludge has a

high settleabi I ìty (35-37).

The primary dif f iculty encountered in the operation of the UASB reactolis
the escape of biomass from the reactor. The gas-soìids separator that

Lett'inga et al. (35) have developed 'in response to this problem serves f our

main purposes:

(a) the separation of biogas from the effluent and from fìoating sludge

particles;

the separation of biomass by a combinat'ion of settìing, flocculation,

and entrapment in the sìudge bed;

retention of the sìudge in the digester compartment; and

prevention of expansion of the sìudge blanket.

Van der Meer and de Vletter (47 ) have stud'ied the design and operat'ion of

the gas-sol'ids separator ìn depth. They report that, for the settler to

functìon most eff icient'ly, the gas must be separated from the part'icu'late

matter before entering the actual settling compartment. The retention time

(b)

(c)

(d)
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in this compartment should be kept to a minimum to avoid the production of

bìogas which can reduce settl ing efficìency. A sludge blanket is desirable

ìn the settler because it helps prevent sludge bed expansion, entraps solid

partìcìes, and provides a reductìon ìn effluent COD.

A settler that fulf i I ls al I of these cond jtions is shown 'in F'igure 2.3. The

gas i s separated from the sol'ids wh'ich then enter a compartment that al lows

the escape of gas released by expansion. It a'lso dampens turbulence caused

by gas generated in the reactor. The solids are separated from the effluent

in the settling compartment where the flow is predominant'ly laminar. Thjs

allows the th'ickened sol'ids to slide back into the reactor on the bottom

pìates of the settler. The optimum angle for these pìates has been found to

be between 45o and 50" (33, 35-37, 47).

1

Influent

with settler (from van

Effluent Effluenc

Figure 2.3 UASB reactor
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t/hen the system is subjected to ìarge organic loads, there.is a strong

tendency towards flotation 'in the sludge. Mechanical mixing may then be

requ'ired at the top of the settler. If the flotation ìs caused by lìp.ids or

fatty acids, a skimmer should be installed in the settler to remove them

(37 ) .

2.3.2 Hydraulic Characteristics of the UASB Reactor

The reason f or mode I I 'ing the hydrau ì 'i c characteri sti cs of a reactor are

twofold: it allows the prediction of the reaction of the system to changes

in operating conditions without performing full-scale experiments; and

phenomenon that cannot be measured dì rect'ly , such as hydrau ì .i 
c

short-circuiting and dead spaces, can be est'imated (48,49). A number of

hydrauìic studies have been undertaken to determine the m'ixing efficiencies

and sludge distributions in anaerobic digesters (48-s0). However,

relatìveìy little work has been done on the hydraulic characteristics of the

newer, advanced anaerobic reactors.

In a study by Heertjes and van der Meer (51), there mathemat'ical models were

deveìoped to predict the dynamìcs of the ì iquid flow ina 6 mt,

laboratory-scaìe UASB reactor under various operating conditions. For

anaìytical purposes, the reactor was div'ided into three parts: the sett'ler,

a plug fìow region; the sìudge blanket, a compìeteìy mìxed region; and the

s'ludge bed, in which the flow is predomìnantly conpìete'ly mixed, but dead

zones exist and bypassing may also occur.
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The reactor was operated under three di fferent process and reactor

conditions. A step disturbance was app ì'ied to the reactor during each of

the operatìng condjtìons. The tracer used was LiCl. The tracer-response

curves obta'ined from these hydraulic tests were then compared to the curves

generated by the computer models for the same operating conditions.

Heertjes and van der Meer concluded that the modeìs presented were effect.ive

in predictjng the dynam'ic behaviour of the fluid jn the reactor and,

therefore, their division of the reactorinto three parts vras reasonabje.

They also noted that an'increase jn the gas production of the reactor from

2.7 to 4.5 m3lh caused no signifìcant change 'in the fluid flow pattern. An

increase in the heìght of the sìudge bed, however, from r.z to z.z m

resulted in increased bypassìng of the sludge by the influent flow stream.

It is believed that this was due to compressìon settl'ing of the sludge and

an influent djstribution system which was not capable of introduc'ing the

influent evenly.

Bo'lie et al. (52) used a similar mathematjcal model to predìct the fluid
flow in a 30 rr3, P'ilot-scale UASB reactor. Their model, as'in the prev'ious

study, divided the reactor into three parts to ease the analys.is. They

discovered that the short c'ircuiting of flow over the s'ludge bed 'increases

ì inearly with height and with ìncreas'ing gas veloc'ity. There ìs a

possibììity that the maximum short circuiting f'low is a funct'ion of the gas

velocity in the UASB reactor.
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Hydraul ic tests have been conducted at Envjroment Canada's [.lastewater

Ïechnology Centre on an UASB reactor and an anaerobic filter (53). The

tests were des'igned to monitor the changes jn the internal hydraulics of the

reactors due to the accumulation of biomass after ìong term operation.

Specifically, the biomass-associated dead volumes and the flow channeì'ing in

the reactors were assessed us'ing tracer-response technìques coupìed to

non-linear modelìing of the flujd flow. Estimates of the active flow, the

port'ion of the influent flow that does not bypass the treatment zone of the

reactor, and the active volume, the portion of the reactor that constitutes

the treatment zone, were made for both reactors.

In the anaerobic fi'lter, both the active flow and the active volume

decreased s'ignificantly because of the accumulation of biomass over a three

year perìod. The active volume was reduced by 45f, and 30f of the 'inf'luent

flow bypassed the treatment zone. These hydrau'l'ic difficultjes were

corrected on a regular basis by shutting down the reactor and rernving the

excess biomass. In fujl-scale appìicat'ions, this remedial action is both

costly and time-consum'ing.

Durìng the same period, an equal amount of biomass was measured in the UASB

reactor. The act'ive volunp'in the UASB reactor was usually greater than 90f

of the total vo'id volume and the bypass flow averaged onìy 3% of the

i nfluent flow.

The results of these hydraul'ic tests indicate that the UASB process is far

more efficìent than the anaerobic filter. tlhen the performance of the UASB
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reactor was monitored, however, it was observed that the loss of biomass in

the reactor was very rapid, in sp'ite of the presence of a gas-soì'ids

separator. This problem has been detailed in a number of other studjes and

ind'icates the potentia'l need for external clarif icat'ion and recycl'ing of

solids with the UASB reactor (32, 54).

2.4 The Anaerobic Hybrid (Anhvbrid) Reactor

Many researchers have exam'ined the anaerobic filter and the UASB reactor and

found that, while both processes are vìabìe, they possess drawbacks inherent

i n the'ir des'igns. To minimize these weaknesses, a number of reactors have

been designed that incorporate the bas'ic elements of each process (54-56).

The result'ing hybrjd reactors are composed of a treatment vessel with an

upfìow sludge bed at the bottom and a zone of support media at the top. In

theory, this suspended-growth, fixed-film configuration has many benefits

because it combines the most desirable features of the UASB reactor and the

anaerobic fi I ter.

The hydrau'l'ic regime in the hybrid reactor is similar to that of the UASB

reactor. The sludge bed is the main treatment zone while the media acts as

a gas-so'ììds separator. The entire sludge bed volume of the reactor can,

consequentìy, be considered active and channeling or bypassing of the

treatment zone (a major problem in the anaerob'ic filter) 'is virtuaì'ly

eliminated. The absence of media also allows for the system to be easi'ly

mon'itored and sìudge to be wasted, when necessary.
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The potentia'l for the granulation of biomass exists'in the hyb¡id reactor

when the phys'icaì, chemicaì, and operational conditions are favourable. In
cases where the granulat'ion process'is slow (due to unfavourable operatìng

cond'it'ions, wastewater characterist'ics, or poor s.ludge setileabi j i ty) , the

media serves to retain the unattached biomass in the reactor. This'is most

benef icial duri ng start up and other perìods of reactolinstabi l'ity such as

trans'ient operat'ing condit'ions. As a result, the hybrid reactor, like the

anaerobic filter, has shorter start up times than the UASB reactor (5i).

The biomass that occup'ies the media zone, both attached and unattached,

polishes the wastewater that leaves the sludge bed zone and increases the

overall treatment capac'ity of the hybrid reactor. If a system fajlure

occurs, this b'iomass is a potentiaì source of seed sludge when the reactor
js restarted. As the biomass accummulates in the media zone, channeling and

plugg'ing wj'11 begin to affect the hydraul ic eff ic'iency of the reactor. The

extent of the reduct'ion wilì depend on the type of media used and its volume

in relation to the totai volume of the reactor.

In the event that the media zone of a hybrìd reactor with a well acclimated

s'ludge becomes pìugged, the performance of the reactor may be on'ly sììghtly

altered. This situation is temporary because the excess b'iomass can be

removed from the media by drain'ing the reactor until the medja is no ìonger

submerged. The process is less t'ime-consum'ing than with an anaerobjc filter
because of the smaller volume of media involved.
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Commerciaì ly avai lable media contributes between l0O and 3OO doì'lars/m3

(Canadian, 1985) to the capital cost of a high rate anaerobic reactor (SB).

The cap'ita] cost of the hybrid conf iguration i s substant'ial ìy lower than

that of the anaerobic filter because of the 50 to 75?., reduction in media

vol ume. Th i s fact al one makes the hybri d reactor a very attract i ve

treatment alternati ve.

2.4.1 Development of the Anaerobic Hybrid Reactor

The hybrid reactor was conceptua'lized by Maxham jn a study that compared

four paral'leì upflow reactors (57). The reactors were 35.6 cm in he1ght

with 3.8 cm diameters. Glass beads w'ith a 6 rm diameter were used as media.

Three of the coiumns were operated as hybrid reactors and one was filled
entirely w'ith glass beads to determine the effect of the additional med'ia on

reactor performance. The reactors ryere monitored for their treatment of

b'iomass gas if ication wastewaters.

The hybrid reactors and the anaerobic filter exhjbited similar treatment

efficiencies in the study. However, the comparison between reactor types

lasted only 7 weeks because the anaerobic filter was taken out of operation.

After 12 weeks of operatìon, all of the reactors were shut down and

dismantled. No attached growth was observed in any of the reactors,

presumably because of the brief duration of the study. In sp'ite of th'is,

the feasjb'iììty of the hybrid configuration was demonstrated as they

provided cOD removals of up to 80Í at organic load rates of 2.3 kg

COD/mt.day.
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The Anhybri d reactor

(DLA) i n Pittsburgh,

various waste streams

as part of a nndu'lar,

organic wastes (over

treatment train for a

was conceived in 1981 at Duncan, Lagnese and Associates

Pennsylvanìa. Pj lot studies were conducted with

and the Anhybrid reactor was subsequentìy 'introduced

packaged bioìogìcal treatment plant for high strength

1500 mg/L COD). A schemat'ic f low diagram of a

chemical wastewatelis shown in Figure 2.4.
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Figure 2.4 Schematjc
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flow dìagram of packaged, Anhybrìd treatment
1982) .

2-27

pl ant



Guiot and van den Berg (60-62) used four identìcal reactors with hybrid

confjguratìons to test their effectiveness in treating a soluble sucrose

wastewater of varyi ng concentrati ons. The reactors had a ì 'iqui d hejght of

62 cm and an interior diameter of 9.6 cm. The top third of the reactors was

filled w'ith 1.5 cm plastic Flex'irings (Koch, Inc.). The seed sludge was a

combination of flocculent sìudge from a UASB reactor treat'ing sugar waste at

35oC and granular sludge from a UASB treatment synthetic acetate waste at

27"C. The characteristics of the reactors and the operating conditions of

the study are shown in Table 2.4.

TABLE 2.4

Physìcal Characteristjcs and Operatìona'l Conditions
of Hybrid Reactor used by Guiot and van den Berg (60)

Total Reactor Volume (L)

Medìa Type

Number of Rings

Ring Densìtv (kglL)

Specìfic Surface Area (mtlmt)
I'ledja Zone Volume (L)

Med'i a Dead Vo I ume (L )

Sludge Blanket Voìume (L)

4.25

Flexirings (Koch, Inc.)
250

0. 85

235

i.41
0.14

2.75

Recycle Ratio

Operating Temperature

Infl uent

5:4: I
270C

Synthet'ic, sol uble
sucrose waste
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An impulse disturbance was appìied to the reactors to determine the mixìng

regime within them. The tracer-response curves obta'ined from these

hydraulic tests were those of a compìetely-mixed system without dead spaces

or hydrau I 'i c short c'i rcu i ti ng .

Granulatjon of the sìudge 'in the reactors was rapìdìy achieved due to the

nature of the seed sludge. The granules that formed increased in size with

operating time as well as organic load rate. The majority of bjomass

present'in the reactors was granu'lar, but filamentous biomass was found orì,

and near, the media.

B'iomass yieìds as h'igh as 0.024 g VSS/g COD removed were recorded during the

study. Y'ields observed by other researchers treating the same waste with a

d'ifferent process were signif icantìy lower than th'is (63).

As expected, the presence of media greatly enhanced reactor performance and

the retention of biomass. volumetric load'ings of up to zs kg cOD/m'.day

were treated with 90* COD removal efficiency. B'iomass concentrations of 25

g VSS/L were observed in the med'ia. Volati'le suspended sol ids prof iìes of

the reactors revealed that the media retained the biomass independentìy of

the sìudge bed. No major change in the effluent suspended sol ids

concentrations took place in sp'ite of an increase jn upflow veloc'ity in the

reactors from 1 to 4 m/h, further evidence of the pos'itive effects of the

med i a.
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Oziemblo et al. (64) ran a study with four Anhybrid reactors to assess the

'importance of the media zone volume to total volume rat'io in the process.

The reactors were constructed of plex'igìass tubìng wìth an 11 cm diameter.

Each reactor had a s'ludge bed zone volume of 8.5 L. The medja zone volume

was varied. Unglazed, 2.5 cm, ceramic Rashig rings were used as media and

placed randomìy jn the media zone. The dimens'ions of the reactors and the

operating cond'itions of the study are tabulated in Table 2.5.

TABLE 2.5

Phys'icaì Characteristics and Operating Conditions
of Anhybrid Reactors used by Oziembìo (64)

Reactor

Parameter
R4R3R2R1

Reactor Height (m)

Total Reactor Voìume (L)

Media Zone Volume (L)

Media Zone Voj./Total Vol.

1.8

16. 1

8 .05

0.50

1.5

13.4

5. 35

0.40

1.2

10.7

2.68

0.25

0. 95

8.5

0. 40

0. 05

Recyc'le Rati o

0perating Temperature

Infl uent

4.3 to 164.2

35'C

Synthetic materials and
industrial wastewater
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At organìc loads of between 2 and 4 kg cOD/mr.day all of the reactors

provided treatment effjciencjes greater than 90%. Increases in the organic

load rate had no signìfjcant effect on the performance of Rl and R2. They

maintained high treatment efficìencies throughout the study. Reactors R3

and R4, in contrast, dÍspìayed a progressive deterioration in performance

and, by the end of the study, their COD removal effjc'iencies were below

50%.

This disparity in performance was attributed to the vo'lume of the media zone

in the reactors. The reactor with the highest media zone volume to total
volume ratio, Rl, lost the least amount of sludge durìng the course of the

study. The other reactors lost larger volumes of s'ludge in proportìon to
the volume of their medja zones.

The F/M ratios ìn the reactors w'ith lower media zone volume to total volume

ratios'increased because of the extensive loss of biomass. Near the end of

the study, R4 was operati ng at an F /¡'t rat io of more than z kg cOD/kg

VSS.day. The maximum substrate removal rate in a m'ixed anaerobic culture at

35'C has been reported to be only I kg COD/kg VSS.day (65).

The retention of biomass was cited as a contribut'ing factor in the start up

of the reactors. At the end of the study, the quantities of volat1 le

suspended solids in the reactors were proport'ional to the volumes of the

med'ia zones. Vjsual examination of the Rash'ig rings in the reactors

revealed no attachment of biomass. Biomass was discovered however, in the

interstitial voids of the media 'in al I of the reactors. l.lhile th'is biomass
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was observed to cause some channeling in the media, its impact on reactor

performance was m'inimal, as attested to by the superior performance of R1.

Among his conclusìons,0ziemblo noted that the optimum rat.io of volume

occupjed by the med'ia to the total volume of the Anhybrid reactor lies
between 0.25 and 0.40. An analysis of the biomass in the reactors indicated

that solids loss from the Anhybrid'is proport'ional to the vo'ìume of the

medìa zone.

In an ongoing study by Canv.iro Consultants Limited (66) at portage La

Prairìe, Manitoba, three paraì lel , l0o0L, pì ìot-scale reactors are being

loaded with a carbohydrate influent to exam'ine the effects of dìfferent
media on their performance. The reactors are operat'ing at a temperature of

35oC under the f ol lowi ng cond'itions:

an Anhybrid conf iguratìon with cross-f 'low or.iented med ja (Munters);

an UASB confìguration wìth no media; and

an Anhybrjd configuration with randomly pjaced 90 nm Norton pall

ri ng s.

The reactor with Munters media has just recently been started, whi'le the

other two have been in operatjon for several months.

The reactor wjth Munters media was'in'it'ia'l'ly seeded with sìudge from the

existing Portage La Prairie treatment plant. The mass of the total solids

in the reactor at the time was i5.7 kg. After 4 weeks, a reduction in the

(a)

( b)

(c)
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vojat'ile sol'ids content of the reactor was noted and the reactor was again

seeded, th'is t'ime with a granul ar s'ludge prev'iousìy accl imated to a brewery

waste. There has been a contjnual decrease in the organic content of the

reactor in spite of the introduction of the new s'ludge.

The same difficulty has been encountered jn the UASB configuratìon; a

decrease in the total volatile sol'ids content of the reactor has been noted

each week and reseeding has been necessary on several occasions. This

reactor has ajso been seeded wìth granular sludge recentìy. The results of

this action have yet to be realized. It is suspected, however, that a

further decrease in the organ'ic content of both reactors will continue

because the sìudge is not acclìmated to the present substrate. Thjs will
result in some disintegration of the granuìes after which, if the required

cond'itions are met, some improvement wi ll take pìace and the granuìes wi'ìl

redeveì op.

To date, the Anhybrid reactor with the random media has provìded the best

overall performance. Organ'ic load rates of up to 9 kg C0D/m3.day have been

treated with removal efficiencies of 90f. Biomass retention has not been a

probìem and the reactor has rema'ined relatively stbìe throughout the study.

The UASB reactor, in contrast, was shut down due to an excessive loss of

s'ludge.
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2.4.2 Full-Scale Applications

At present, there are very few full-scale hybrid reactors in exjstence in

Canada because the technoìogy is still relativeìy new. Those that are in

operation, however, have met with successful results. At Hardee Farms

International in Lambeth,0ntario, a vegetabìe processing wastewater is

being anaerobìcal ìy treated by two paralìeì, hybrid reactors (53). Plastic,

modular, Munters medja has been instailed in the media zone at djfferent

depths to examine the effect of bed height on reactor performance. The

system has been I imited by wastewater avai lab'i I ity but the system has

operated as close to des'ign conditions as poss'ibìe.

A hybrid faci'lity has been constructed at Lakeview I'later Pol lution Control

Plant in Mississauga, 0ntario by Gore & Storrie Limìted to anaerobicaìly

treat thermal sludge conditioning ìiquor (67). The construct'ion of the

reactors (referred to as the "Hyan" process) ìnvolved the modifìcation of

two existìng digesters by incorporating a 2 m media zone with random,

plastic media. Fìgure 2.5 is a dìagram of the Hyan des'ign for the Lakeview

Plant.
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Figure 2.5 Diagram of Hyan reactor at Lakev'iew ldater Pol lution Control
Plant (from Crawford and Teletzke, 1986).

A number of startup techn'iques were investigated prior to the actual

operation of the reactors. Among these was the use of a target reactor

effluent acid level of 2000 mg/L as a means of feed control. The

performance of the reactors has exceeded the expected levels of treatment

efficiency. At loads of over 6 kg C0D/m3.day and hydraulic retention t'imes

of between 32 and 48 hours, the reactors have cons'istentìy achieved CQD

removal s of 72%.

A thi rd hybri d f aci 'l 'i ty 'i s be i ng des'igned f or the treatment of therma I

condit'ioning lÍquor by Proctor and Redfern for the H'ighìand Creek Treatment

Plant 'in Scarborough, 0ntario (68). The reactors wil I be a converted

primary and a modified secondary digester with 15.9 cm Propak biorings

p'laced at random 'in the media zone. The sìudge blanket wil I occupy

approximately 501 of the total reactor he'ight.

F|{ED FLM PACI€D 8€D.

SUSPEI€€D GRæÍTH zq\€
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CHAPTER 3

SCOPE OF STUDY

3.1 Background

The hybrid reactor conf iguration 'is a recent deveìopment 'in anerob j c

wastewater treatment. Because of this, design informat'ion and performance

data are limited and design standards have not yet been developed.

Extensive laboratory and p'iìot-scale studies are essentiaì, therefore, pr.ior

to any fu I I -scale appl i cation.

Thi s research 'is a continuation of the work prev'iousìy conducted on the

Anhybrid reactor by Oziemblo (64) at the Universìty of Man'itoba. In the

earlier study, the volume of the media zone in relation to the total volume

of the reactor was examined. The results of that research indicated that an

optimum ratio between the media zone volume and the total volume of the

Anhybrid reactor did ex'ist, and that further examinatjon of media effects on

the reactor were warranted.

3.2 Obiectives

The generaì purpose of this research was to provide jnformatjon on the

design and scale-up of the Anhybrid reactor. The specìfic objective of this

study was to quantatìvely determine the effect of medja type on the

performance and operation of the Anhybrid reactor.
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3.3 Studv Approach

A study with four para'l'leì Anhybrid reactors was conducted over a 100 day

period. Three different reactor configurations were exanined:

(a) random media (no orientation);

( b) vert i ca'l 'ly ori ented medi a; and

(c) no med'ia.

The study was broken into two stages; an operational stage and a hydrauìic

stage. During the operat'ionaì stage, the performance of the reactors

equipped with the various med'ia types under increasing organ'ic load rates

was mon'itored. This was followed by an examination of the hydraulic effects

of the djfferent media through the application of tracer tests.
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4.1

CHAPTER 4

MATERIALS AND METHODS

Apparatus

4.1.1 Reactors

The Anhybrid reactors utilized in th'is study were constructed of plexiglass

columns with an interior diameter of 0.ll m and a height of 1.5 m. Sampìing

taps were 'instal I ed i n each reactor at he'ights of 15 cm, 75 cm, 90 cffi, and

130 cm.

Reactor I (Rl) and Reactor 2 (R2) contained randomly oriented, uñglazed, Z.s

cñ, ceramjc Rashig rings as media. Reactor 3 (R3) contajned rigid,
verticaììy oriented PVC tubÍng wìh an interior diameter of 2.5 cm as media.

Reactor 4 (R4) was operated as a UASB reactor and contained no media.

F'igure 4.1 il lustrates the d'imensions of the reactors. Table 4.1 I ists the

physicaì characteristics of each reactor.



TABLE 4.1

Physicaì Characterist'ics of Laboratory-Sca'le
Anhybrjd Reactors

Reactor

Parameter
R4R3R2R1

He'ight (m)

Volume ( L)

Media Zone Volume (L)
Media Support

Specific Surface Area (mtlm')
Porosi ty

1.5

13.4

5.35
Rash'ig
R'ings

190

0.70

1.5

13. 4

5. 3s
Rash'ig
Rìngs

190

0. 70

1.5 1.5

13.4 13.4

5.35
PVC None
Tubi ng

65

0.94 I.00

All dlmensions ln centimeters.

Fìgure 4.1 D'imensions of laboratory-scale Anhybrid reactors.
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The reactors were housed in a walk-in environmenta'l chamber maintaìned at a

temperature of 35"C. The influent, synthetìc feed used in the study was

prepared and stored i n a sim'i lar, ad jo'inì ng environmenta'ì chamber mai ntai ned

at a temperature of 5oC. The second chamber was set at th'is temperature to

minimize the decomposition of the feed durìng storage. Figure 4.2 shows the

reactors in the walk-in environmental chamber.

The influent vras pumped from the feed tank into a mixing chamber which

combined the raw influent and recycle flows. This comb'ined flow was then

pumped into the reactor through a distributor located at the bottom of the

reactor.

in walk-in environmental chamber.
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The effluent fjow was separated from the bìogas produced in the reactors by

using a spì'itter box. A thermal shock soljds separator was installed ìn the

second environmental chamber to enhance solids removal from the effluent and

to measure lost solids. The effluent was stored in a container for later
measurement and anaìyses.

Pumpìng of the influent and recycìe

variable speed pumps (Coìe Parmer

Masterfìex Neoprene tubing was used

al I other gas and 'liquid transport

f lows was accompì ished with Masterf .lex

Instrument Co., Model No. 2553-00).

in the pumps. Tygon tubi ng was used for

lines in the system.

Ïhe b'iogas was directed through a water seai, after which it was measured

a gas meter and released to the atmosphere. Fìgure 4.3 is a schematic

the experimental apparatus in the Iaboratory.

on

of
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Effluent
ïonk

Fìgure 4.3 Schematic f iow d'iagram of experimental apparatus.

4.1.2 Synthetic Feed

A synthetic sulph'ite evaporator condensate (SEC) was empìoyed as the feed

(67). Thefeedwaspreparedintwol00 L conta'iners, as requìred. The

constituents of the feed are listed in Tabl e 4.2. The ìnfiuent feed also

conta'ined a trace metal solution that provided i mg/L each of ni ckeì ,

cobalt, and iron. Sodium carbonate was used to supplement alkal'inity.
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TABLE 4.2

Composìtjon of Synthetic Suìphite
Evaporator Condensate (SEC) Feed

Consti tuent Concentrat'ion
(mg/ L)

Acet ic Ac'id

Methano I

Ethanol

Pheno I

Acetone

Ammonium Phosphate (Dìbasic)
Ammonium Chloride
Potass ium Phosphate

Magnesium Chloride
Fu rfural
Sodium Su'lphide

2400

850

450

100

100

10

10

10

10

10-25*

l0-25*

* The concentrat'ions of Furfural and Sodium Sulphide were increased during
the course of the study to concentrations that could reasonabìy be
expected in actual SEC. This was done to allow the bjomass to acclimateto the compounds.

The SEC feed was chosen to simulate an actual industrial waste, and also to
ensure that the nutrient ratio of C:N:P (100:6:i) requìred for anaerobic

treatment was ma'intajned. The 'influent feed concentration was approximateìy

5500 mg C0D/1.
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4.2 Operational Procedure

4.2.1 Start-up and Acclimation

The seed sìudge for each reactor was obtained from the Winnipeg North End

Treatment Plant. Each reactor was charged with 4.14 L of thickened,

actìvely digesting s'ludge contaìn'ing a volatile soljds content of

approx'imateìy 20 S/L. The ìnìtjal organic load rate was t kg C0D/m^3.day at

an F/M ratio of approximately 0.1 COD/kg COD/kg VSS.day.

The reactors were operated at a sol'ids retention t'ime of approximateìy 50

days. Genera'lìy, steady state conditìons are assumed when consistent

operat'ion of a reactoris recorded over a period of two or three sol'ids

retention times. However, due to the time constraints ìnvolved 'in this

study, it was assumed that pseudo-steady state conditions were achieved

after a period of two weeks. That ìs, the remova'ì data were obtained in

four consecuti ve measurements after whi ch the organi c load rate was

increased step-w'ise as shown ìn Fìgure 4.4.
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Figure 4.4

Lood Rote vs Time

t5

Load R¿te
(kglr'3. o)

Figure 4.4 Increase in

Tiæ (daysl

organic load rate with respect to t'ime.

4.2.2 Performance Study

The duration of this study was 100 days. The reactors were monitored

throughout the study in order to compare the effects of the media on their

performance and operation. The parameters chosen as the basi s for

comparison were as follows:

-l 
I t---+---+-

7t4?læ35.¿.955637077819198
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(a) soluble COD removaì;

(b) soluble organìc carbon (SOC) removaì;

(c) cunmulat'ive gas production; and

(d) volati le fatty acids concentrations.

The reactors were operated at organic load rates from I to 20 kg CgD/m..day

at varying recycle rates.

4.2.3 Hydraulic Study

Hydraulic testing of the reactors involved a slug Ínjectìon of known tracer

concentration 'into a rrTrr connection between the recycìe pump and the

distributor for the reactors. The effluent flow was not recyc'led.

The tracers, methylene blue and rhodamine B, were chosen for their visual

and fluorescent properties, respectiveìy.

In the fjrst phase of the study, the reactors were cleaned thoroughìy and

fì I led onìy with water. A s'l ug of methylene bl ue was i njected i n each

reactor. The progress of the tracer through each reactor was then

photographed at reguìar time 'intervals in order to visually distingu'ish the

effects of the different media.

In the second phase, eôch reactor was charged with 4.L4 L of sludge,

acclimated durìng the performance study. Rhodamine B was'injected'into the

reactors in a similar manner; the concentration of the rhodamine B in the
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effluent was monìtored every 5 minutes for 30 mìnutes and then every 30

minutes for a total elapsed t'ime of 360 minutes (6 hydrauì ic retention

times).

Ïhe reactors were subsequent'ly started again at an organìc load rate of 0.5

kg C0D/m3.day. l'Jhen gas product'ion reached 5 L/d, the procedure ouil jned

above was repeated with rhodamine B to examine the comb'ined effect of gas

productìon and media type on the flow. The parameters of the hydrauììc

tests are I 'isted in Tab I e 4.4.

TABLE 4.3

Parameters of Hydraulic Iests

Parameter methyìene b'lue rhodamìne B

Hydraulic Retention Time (m'in.)

Gas Production (L/d)

Tracer Concentration (mg/L)

Slug Voìume (ml)

60

0

750

20

60

5

100

30

4.3 Sampling and Analvsis Schedule

The samp'ling schedule designed to mon'itor the reactors during the

performance study 'is shown in Table 4.5. Those parameters that were v'ital

to the daììy operation of the system were monitored most frequent]y.
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TABLE 4.4

Analys'is Schedule for Anhybrid Reactors

Parameter Days Moni tored *

GasProductìon I234567
InfluentpH L234567
tffluentpH 1234567
S'ludge Bed Heìght I23 4 5 67
FlowRate 1234567
RecycleRate 1234567
EffluentVolume I23456t

Effluent Suspended Sol ids
(Totaì and Volatiìe)

COD (so1ubìe)

SOC

Volatile Fatty Acids

Volatile Solids Content in Reactors

Volat'ile Sol ids Lost f rom System

24

24
24

3

6

6

* I - I'tonday
2 - Tuesday
3 - l{ednesday
4 - Thursday
5 - Friday
6 - Saturday
7 - Sunday
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The organic load rate was increased on day I (Monday) after pseudo-steady

state condìt'ions were reached. Samples from the reactor effluents were

taken on days 2 (Tuesday) and 4 (Thursday) and anaìyzed for suspended

soljds, soluble COD and solubìe organic carbon.

The volat'ile fatty acids concentration and the alkaìinity 'in each reactor

were each determined once per week, on days 3 and 5, respectìveìy.

The volati'ìe solids content ìn the reactors and the thermai sol'ids shock

separators were measured once per week in order to calculate the operating

F/M ratio.

4.4 Monitoring Techniques

4.4.1 Gas Production

The daiìy gas production was measured by'low volume gas meters from Triton

Electron'ics (Model P.180). The meters requìred no maintenance other than

chang'ing the power supply and an occas'ional visual inspectìon.

4.4.2 pH

All pH measurements were made with a Radiometer pH meter (Modeì No. PHM 29

b) using a gìass pH electrode and a calomel reverse-sleeve reference

electrode. The pH meter was calibrated daìly.
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4.4.3 Flow and Recycle Rates

Pump speeds and flow rates

The feed and recycìe pumps

digital tachometer (Modeì

were correlated

were monitored

No. DT-105).

at the beginning

twi ce dai ly wì th

the study.

Shimpo hand

of

a

4.4.4 Total and Volatile Suspended Solids

The total suspended sol ids in each reactor effluent were determi ned

accord'ing to the procedure outlined in Standard Methods (3) Section 209C,

"Totaì Suspended So'lids Dried at 103-105oC". The volat'ile portìon of this

was then calculated by foììowing the procedure jn Section 2090, "Fjxed

Volat'ile Solids Ignited at 550oC".

The total volatile solids in both the reactor and the thermal shock solids

separator were determined by follow'ing the procedures in Sections 209A,

"TotaI SoIids Dried at 103-105oC", and 2090.

4.4.5 Soluble Chemical Oxygen Demand

The soluble COD of the 'influent and effluent samples was determined after

filtration (tlhatman grade 9344H g'lass-fiber filters) as outlined in Standard

Methods (3) Sect'ion 508C, "Closed Reflux, Co'lorimetric Method" using a Baush

and Lomb Spectronic 20 spectrophotometer (t= 600 ¡rm).
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4.4.6 Soluble Organic Carbon

Sampìes anaìyzed for soluble organic carbon were fi'ltered as described in
Section 4.4.5 and then acidified with phosphoric acid to a pH 2. Sampìes

were analyzed on a Dohrmann Carbon Analyzer (Model No. DC-80) wìth an Auto

Sampìer (Model No. ASM-1).

4.4.7 Gas Analysis

The constituents of the gas produced by each reactor were determined

according to Standard Methods (3) Section 511 B, "Gas Chromatograph Method,'.

A Gow Mac Thermal Conductivity Detector (Model 550) with a Porepak Q column

was used.

4.4.8 Volatile Fatty Acids

Volatile fatty ac'ids concentrations in the reactors were determined using a

Gow Mac Flame Ionization Detector (Model 750) w'ith a Chromasorb 101 column.

4.4.9 Hydraulic Tests

The fluorescence emitted by the rhodam'ine B in the hydraulic tests was

measured on a Turner Model 110 fluorometer. Baush and Lomb Spectronìc 20

gìass cuvettes (Model No. 33-29-27) were used to contajn the samples jn the

f I uorometer.
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CHAPTER

RESULTS

5.1 Summarv of Results

The data accurrmulated from the anaìyses conducted durìng the performance

portion of the study are shown ìn Append'ix A. These resu'lts have been

tabulated'in Tables 5.1(a) to 5.1(1) along w'ith the corresponding operatìng

parameters for the reactors.

Tables 5.2(a) and 5.2(b) l'ist the values obtained for the parameters

determ'i ned ì n the hydrau ì i c porti on of the study. Append'ix B contai ns the

raw data and the tracer-response curves that were used to evaluate the

hydraul'ic characteristics of the reactors.



TABLE 5.1(a)

Performance Comparìson (0LR*= 1 kg COD/m3.day)

Reactor

Parameter
R4R3R2R1

vSS (mg/L)

C0D5 Removaì (%)

vFA (mslL)

Average Daily Gas
Producti on ( L)

L CHq/g COD Removed

HRT (d )

**

140

50

3 150

8.4

0. 30

4.9

133

68

2460

t3.4

0. 35

4.9

r67

51

2980

10. 6

0. 37

4.9

173

59

3 340

10. 1

0. 31

4.9

*

**
OLR = Organic Load Rate

At 35"C.
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TABLE 5.1(b)

Performance Comparison (OLR = 2 kg COD/m'.day)

Reactor

Parameter
R4R3R2RI

vSS (mg/L)

C0D5 Removaì (%)

S0C Removal (%)

Average Da'iìy Gas
Productì on ( L)

L CHqlg COD Removed

HRT (d )

140

55

33

16.2

0. 19

2.5

100

64

84

23.0

0.27

2.5

140

55

45

17.8

0.2i

2.5

167

54

52

17. 5

0. 21

2.5
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TABLE 5.1(c)

Performance Comparison (OLR = 5 kg C0D/m3.day)

Reactor

Parameter
R4R3R2R1

vSS (ms/L)

C0D5 Removaì (l)

SOC Removal (%)

vFA (mg/L)

Average Daily Gas
Production (L)

L CH4/g COD Removed

HRT (d)

sRT (d)

F/M (ks COD/kg vSS.day)

113

79

86

380

32. 3

0.6?

1.0

60.2

1.4

80

87

91

320

33. 5

0. 58

1.0

64. 3

1.4

1s3

52

65

710

27 .7

0. 80

1.0

50.9

2.0

180

75

82

640

27 .9

0.56

1.0

47 .9

2.2
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TABLE 5.1(d)

Performance Comparison (OLR = 6.4 kg C0D/m3.day)

Reactor

Parameter
R4R3R2R1

vSS (ms/L)

C0D5 Removal (f)

vFA (ms/L)

Average Daìly Gas
Production (L)

L CH4/g COD Removed

HRT (d)

sRT (d)

F/M (ks COD/ks vSS.day)

260

84

320

43.3

0. 45

0. 79

61.3

0. 85

160

85

320

44.6

0.45

0.79

57.2

0. 86

233

81

540

42.9

0. 46

0. 79

44.0

1.0

213

79

430

35.0

0. 38

0.79

47 .0

1.4

5-5



TABLE 5.1(e)

Performance Comparison (0LR = 7.5 kg C0D/m3.day)

Reactor

Parameter
R4R3R2R1

vSs (mg/L)

C0D5 Removal (%)

SOC Removal (%)

vFA (mglL)

Average Daìly Gas
Production (L)

L CHa/g COD Removed

HRT (d )

sRT (d)

F/t, (kg COD/kg VSS.day)

133

78

79

3 150

8.4

0. 30

4.9

48. 5

1.5

114

89

89

2460

13. 4

0. 35

4.9

45.3

t.4

93

80

82

2980

10. 6

0.37

4.9

40.7

1.6

100

79

82

3 340

10.1

0. 31

4.9

44.2

1.9
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TABLE 5.1(f )

Performance Comparison (OLR = 8.5 kg C0D/m3.day)

Reactor

Parameter
R4R3R2R1

vSS (mg/L)

C0D5 Removaì (%)

SOC Removal (%)

vFA (mg/L)

Average Daìly Gas
Production (L)

L CHa/g COD Removed

HRT (d)

sRT (d)

F/M (kg COD/kg vSS.day)

r67

63

61

1800

30.3

0.22

0.59

61.8

1.3

160

82

80

540

54.1

0.43

0.59

78.6

1.2

287

69

63

440

48.1

0. 36

0. 59

50.3

1.4

320

62

32

i 380

0. 59

47 .6

1.4
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TABLE 5.1(g)

Performance Comparison (0LR = 9.2 kg C0D/m3.day)

Reactor

Parameter
R4R3R2R1

VSS (mg/L)

C0D5 Removaì (%)

SOC Removal (%)

vFA (ms/L)

Average Daì1y Gas
Production (L)

L CH4/g COD Removed

HRT (d)

sRT (d)

F/M (ks COD/kg vSS.day)

187

60

50

2060

53. 1

0.55

0. 55

58.8

1.6

100

72

82

520

44.2

0. 41

0. 55

59.6

1.5

187

66

83

500

45.7

0. 46

0. 55

43. 5

I.7

160

76

48

1 150

41.3

0. 39

0. 55

55.1

1.4
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ïABLE 5.1(h)

Performance Comparìson (OLR = l1.l kg COD/m'.day)

Reactor

Parameter
R4R3R2R1

vSS (mg/L)

C0D5 Removaì (%)

SOC Removal (%)

vFA (ms/L)

Average Dai'ly Gas
Producti on ( L)

L CH4/g COD Removed

HRT (d)

sRT (d)

F/t4 (ks COD/ks VSS.day)

53

68

69

1860

39. 6

0.29

0. 45

63. 6

i.9

73

66

69

I 110

49.2

0. 39

0. 45

47 .7

1.8

107

67

67

1950

30.9

0.23

0. 45

35.1

2.r

107

6t

42

157 5

37 .7

0. 30

0. 45

53. 3

1.6
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TABLE 5.1(¡)

Performance Comparison (OLR = 11.6 kg C0D/m3.day)

Reactor

Parame te r
R4R3R2R1

vSS (mg/L)

C0D5 Removaì (%)

SOC Removal (%)

vFA (mgll)

Average Dai'ly Gas
Production (L)

L CHa/g COD Removed

HRT (d )

sRT (d)

F/M (kg COD/kg vSS.day)

167

76

73

1210

47.6

0. 28

0. 43

41.8

3.3

203

72

68

860

52.8

0.3s

0. 43

46.4

3.2

353

65

56

940

42.0

0.25

0. 43

33.1

3.9

313

63

45

1 380

43. 3

0. 33

0. 43

41. 3

3.0
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rABLE 5.1(j)

Performance Comparìson (OLR = 13.Z kg C0D/m3.day)

Reactor

Parameter
R4R3R2R1

vSS (mg/L)

C0D5 Removal (f)

SOC Removal (%)

vFA (mslL)

Average Daiìy Gas
Product'ion ( L)

L CH4/g COD Rernoved

HRT (d)

sRT (d)

F/M (kg C0D/ks VSS.day)

203

61

66

1430

62.3

0. 35

0. 38

61. 5

4.6

267

57

62

I 580

57.8

0. 38

0.38

32.9

4.4

323

44

46

I 540

62.5

0.43

0.38

30.1

5.7

387

54

51

1 710

40.8

0. 30

0. 38

32.3

4.6
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TABLE 5.1(k)

Performance Comparison (OLR = 17.5 kg COD/m..day)

Reactor

Parameter
R4R3R2R1

VSS (mg/L)

C0D5 Remova'l (%)

SOC Removal (%)

vFA (mg/L)

Average Da'i'ìy Gas
Production (L)

L CH4/g COD Removed

HRT (d)

sRT (d)

F/M (ks COD/kg VSS.day)

203

33

23

1950

37.6

0. 30

0.29

42.8

7.5

333

24

14

2300

37.8

0. 45

0.29

25.8

7.L

387

20

t2

2460

37.9

0.52

0.29

16.4

8.7

467

22

8.5

2380

31. 3

0. 40

0.29

20.5

7.6
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TABLE s.1(t)

Performance Comparison (OLR = 20.0 kg COD/m3.day)

Reactor

Parameter
R4R3R2R1

vSS (mg/L)

C0D5 Remova'l (%)

SOC Removal (f)

vFA (mg/L)

Average Daily Gas
Producti on ( L)

L CH4lg COD Removed

HRT (d)

sRT (d)

F/M (kg C0D/kg vSS.day)

333

13

I2

2120

28.8

0. 85

0. 25

23.5

7.2

387

13

I2

2 310

27 .3

0.81

0.25

25.8

7.0

433

9

I
2 590

24.1

r.02

0.25

16.4

8.8

467

11

7

2600

23.6

0.83

0.25

20.5

7.7
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TABLE 5.2(a)

Hydrauììc Comparison (Gas Production = 0 L/d, HRT = I hr.)

Reactor

Paramete r
R4R3R1

Time of first tracer
appearance (mi n. )

Modal T'ime (min.)

Mean Time (mìn. )

Vari ance

d /ul

Time of first tracer l0
appearance (min. )

Modal Time (min.)

Mean T'ime (mìn. )

Vari ance

d /u1

Run #1

l0

55

73.1 75. I 79.9

0.26 0. 31 0.32

0.15 0.19 0.30

Run #2

45 35 35

70.0 60.96 79.92

0.30 0.35 0.33

0.19 0.23 0.21

5050

l0
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TABLE 5.2(b)

Hydraulic Comparison (Gas Product.ion = 5 L/d, HRT = I hr.)

Reactor

Parameter
R4R3R1

Time of first tracer
appearance (mi n. )

Moda'l Tìme (mi n. )

Mean Time (min.)

Vari ance

d /u]

Time of first tracer
appearance (mi n. )

Modal Time (mìn.)

Mean T'ime (mìn.)

Vari ance

d/u I

Run #1

l5

60

80 .8

0 .25

0. 15

Run #2

10

50

78.3

0.29

0. t8

5

55

78.2

0.3 i
0. 19

5

99

80.9

0.28

0. 17

5

55

80. I

0.30

0. l9

5

65

82.5

0.32

0. 20
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5.2 Performance Results

To ensure that al l four Anhyrid reactors were operating undelidenti cal

conditions, the volat'ile suspended solids content of each reactor and jts

effluent were measured on a regular basis. This data was used to monìtor

the solids retent'ion times of the reactor and their respective substrate

uti I 'i zat'ion rates .

A su'itable model was chosen which characterizes the effects of a variable

substrate concentrat.ion on substrate ut j I izat'ion. It has been suggested by

Grau et al. (68) that:

So-S=KlSef 
-so (25)

where So = in'itial substrate concentration, M L-3

S = substrate concentration surounding the biomass

at any time, M L-3

K1 = spêcific substrate utilization constant, T -t

X = acti ve b'iomass concentrat ì on , M L- '

If a plot js drawn of (So-S)/X0 versus S/So, the sìope of the resu'ltìng

curve wìll gìve the specific substrate utilization constant, K1. Using thìs

equation, the value of K1 of each reactor was determ'ined (Figure 5.1) and is

listed in Table 5.3. It should be noted that the values of Kl for all the

reactors are comparable, indicating that their operatjng conditions were

s imi I ar.
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TABLE 5.3

Comparison of Reactor Performance

Reactor

Parameter
R4R3R2Ri

Kl (days -r)

Averge COD Removal (f)

Average SOC Removal (f)

Cumulative Gas
Production (L)

VFA at Fai lure (mg/L)

6.28

58. 9

58.9

3 589

2120

3.92

66. 4

66. 0

3756

2310

5.98

55.5

55.5

3381

2590

3.85

56.2

52. 0

2857

2600

Determinotion

ïnends

Biokinetic Constont, K1

a I I Reactons

of

of

1

3.5

3

2.5

(So-S) /xt
( 1/days) 2

r.5

I

0.5

0

S/So

Determination of biokinetic constant, Kl.Figure 5.1
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The soluble influent and effluent COD and SOC concentrat'ions were monitored

to calculate the organic removal efficìencies of the reactors under the

various operating conditions. As shown in Figures 5.2 and 5.3, the removal

effìc'iencies in the reactors increased as they acclìmated to the synthetic

feed until day 20 at which point the organic load rate was jncreased

step-wise. Th'is was continued until failure was reached ìn the reactors.

Chemicol Oxygen Demond Removol vs Time

r00

90

80

70

60

c00
Benoval 50

(¡l
40

30

20

l0

0

10 50 60 70 80 90 100

Tine (days)

C00 removal with respect to time.Fìgure 5.2 Illustrat'ion of
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The reactors maintained consistent removals until day 77 when the load was

'increased to 13 .2 kg C0D/m3.day. At th'is point in tìme, a deterioration in

the performance of all four reactors was noted with the greatest reductions

takìng place jn R3 and R4.

l..lhile aj.l four reactors faì'led at approximateìy i00 days, ìt is apparent

from Figure 5.2 that Rl and R2 were providìng greater COD removals than R3

and R4 prior to failure. This'is reflected in the average COD removals over

the entire study as'ìisted in Table 5.3. The average values for Rl and R2

are both h'igher than those of R3 and R4. The same holds true for the SQC

removals recorded during the study.

Soluble Orgonic Corbon Removcl vs Time

100

90

80

70

60

s0c
Bemoval 50

(¡t
40

30

20

10

c

{0 50 60

Tine (daysl

Figure 5.3 Illustratjon of SOC removal with respect to time.
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It may be observed that, although R1 and R2 possessed ideni'ical medja and

were operating under comparable conditions, R2 had higher average CQD and

S[lC removals than Rl. This d'iscrepancy can be attributed to an upset that

occurred in Rl early jn the study due to a mechanica'l d'ifficulty.
Sim jlar]y, R3 experienced an upset that requ'ired a smal I period of t'ime for

recovery, as seen in Figure 5.2.

Figure 5.4 il lustrates the cumulative product'ion of b'iogas with respect to

time for the reactors. By day 21 both Rl and R2 were producing ìarger

quant'ities of biogas than R3 and R4. This trend continued unti I the end of

the study. In al I cases, the production of biogas decreased with a

corresponding decrease jn COD removal effic'iency - most notabìy in R4. The

values for the cumulat'ive gas production of the reactors are shown'in Table

5.3.

Cumulotive Gos Production vs Time

Cun.
Gas

Pnod.
(1)

40 50 60 70 80

Tine (days)

cumulative gas production withF'igure 5. 4 Illustratìon of
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The variatìon in the concentrat'ion of volatì'le fatty acids ìn al'l four

reactors w'ith respect to organìc load rate is shown in Figure 5.5. The

upsets that took place early in the study in Rl and R3 are vjsìble, ôS are

the subsequent periods of stabijization. The volatile fatty acids in all
four reactors generally increased w'ith each increase jn the organic load

rate. These increases'in vojatile fatty acids also correspond wjth the

decreases in COD removal seen in Figure 5.2. By day 80, the volatile fatty

acids concentrations in the reactors had reached a level whereby the

operating pH of 7 to 7.5 could no ìonger be maintained. As shown in Figure

5.5, the volati le fatty acjds concentrations in all the reactors increased

dramatica'ììy at an organìc load rate of approximately L3.z kg c0D/m2.day.

The pH decreased consistent'ly after that point unt'il failure. The volatile

fatty acids concentrations at fai iure are I isted in Table 5.3.

Volotile Fotty Acids vs Orgcnic Lood Rote

2000

Vo lat i le

li!l! rsoo

(nglL)

05
0rgan i c

Figure 5.5 Illustrat'ion of
load rate.

Load Bate (kg C00/n'3.day)

volati ìe fatty acids with respect to

25

5-2r

organl c



The effluent volat'iìe suspended soljds concentrations from each reactor were

monitored throughout the study. F'igure 5.6 shows the change in vo'lati'le

suspended sol ids concentrations 'in each reactor wìth respect to t'ime. As

can be seen, whìle the concentration from each reactor increased toward the

end of the study, the concentrations in the eff'ìuent from R3 and R4 were

greater than R1 and R2.

Volotile Suspended Sotids vs Time

400

Vo lat i le

#,'lo; *
(ns/t-)

t."....mrfm I r r rr I r ¡ r r I r ¡ r r | ¡ r r r I r,r ¡ r I r ¡ r r Is 10 50 60 70 80 90 t00

Tine (days)

Fìgure 5.6 Illustration of volati le suspended sol ìds in effluent with
respect to time.
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The concentrations of the volat'ile suspended solids and their distributions

aìong the height of the reactors were also monitored during the study.

Figure 5.7 is an example of one of the volatile suspended solids profiìes

obta'ined for the reactors. It'is clear from this visual representat'ion that

R1 and R2 retained a greater concentration of sol'ids both in the sìudge bed

zone and in the media volume zone.

Reoctor Height vs Volotile Suspended Solids

Reacton 1 Reacton 2
t50

_ 100
lap

He i ght
(cnl 

so

_ 100
lap

Height
(cm) 

50

vSS (s/1)

Reacton 3

_ r00
lap

He ight
(cm) 

so

vss (s/ll

Figure 5.7 Illustration
heì ght.

of volati le suspended

Reacton 4

vSS (s/t)

solids profile aìong reactor

vSS (s/1)
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5.3 Tracer Test Results

The visual comparison of media type usìng methylene blue as a tracer is
shown in Figures 5.8(a) to 5.8(g). The difference in the hydrauì.ic regime

of the reactors was apparent (F'igure 5.8(c), l0 minutes after the

introduction of the tracer into the reactors. This i l'lustration shows the

greater difference of the dispers'ion of the slug of methylene blue in R4 as

compared to R2. The d'ispersìon of R3 was between these two reactors.

In Figure 5.8(d), 15 minutes after the input of the tracer, an even larger

dispersion in R3 and R4 can be seen. llhile these reactors disp'ìayed

evidence of hydrau'lic short-circuiting and m'ixing, R2 continued to operate

essenti al'ly as a pl ug f low reactor.

After 20 minutes, the methylene blue was dispersed completeìy throughout the

contents of R4. The sìug of tracer in R2, however, had not yet reached the

level of the media. It may be observed that the tracelin Rl continued to

behave as a plug while the tracerin the other two reactors was mixed to a

large degree. These visual observations'indjcate that the hydrauìic reg'ime

in R2 was essentìaììy plug f'low whjle R3 and R4 gravìtated more towards

compìete'ìy mìxed flow.
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introductìon of tracer.

5-25

Figure 5.8(a) Reactors prior to



introduction of tracer.
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Fìgure 5.8(b) Five minutes after



introduction of tracer.
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Figure 5.8(c) Ten minutes after



after introduction of tracer.
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Figure 5.8(d) Fifteen m'inutes



after introduct'ion of tracer.
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F'igure 5.8(e) Twenty m'inutes



Twenty five minutes after

5 -30

Figure 5.8(f) ìntroduction of tracer.



after introduction of tracer.
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Figure 5.8(g) Thìrty minutes



F'igures 5.9(a) to 5.9(d) il lustrate the iracer-response curves resulting

from the tests using rhodam'ine B as a tracer. These corroborate the visual

observatjons mentioned above. In each curve, the modal time increases w'ith

the porosity of the media. That is, Rl had the greatest modal time,

fol lowed by R3, and then R4.

All of the reactors had low dispersion

the tests were run without a recycìe

therefore, operating w'ith a pìug fìow

tests, the dispersion number of Rl was

numbers, whìch was expected because

flow stream. The reactors were,

hydrau I 'i c reg ime. I n a'ì 
'l of the

lower than that of R3 and R4.
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Trocer Concentrotion vs Time
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Tracer test with rhodam'ine B
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Fìgure 5.9(a)
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Trocer Concentrotion vs Time
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CHAPTER 6

DISCUSSION

The results of this study indicate that the type of media ut'i'lized in the

Anhybrid reactor does, ìn fact, have a significant effect on reactor

performance. Throughout the operational stage of the study, the performance

of the two reactors wìth random media was characterized by more consistent

operation than the reactor with oriented media and the reactor wìth no

media. The reason for this stabiìity was the abiìity of the random medìa to

reta'in bìomass more effectively than the other two configurations.

In their research, Maxham and l,lakam'iya (57) reported the presence of med'ia

in the hybrid reactor was most benef icial durìng start-up and reactor

instability. ïhis was also the case in th'is study. The reactors with the

Anhybrid configuration were more easily accljmated to the synthetìc suìphite

evaporator condensate substrate than the other reactors. l,Jhen the organic

load rate was increased after 14 days, all of the reactors were providìng

similar COD removal efficiencies. After 28 days, R4 began falìing behind

the other reactors in terms of treatment effic'iency - a trend that continued

unti'l the end of the study. Sjm'ilarìy, R3 d'id not provìde as consistent COD

removal as Rl and R2 during the entire study. This was partìaììy due to an

upset 'in the reactor. The average values for COD removal reflected their

performance during the study (Rl and R2 had the h'ighest averages folìowed by

R3 and then R4).
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During other trans'ient cond'itions throughout the study, 'it was observed that

the reactors with the random media were least susceptìble to bìomass 'loss.

The reactors were operated at an SRT of approxìmately 50 days throughout the

study. As time progressed, ìt became increas'ingly difficult to maintain the

sol'ids 'in R3 and R4. Rl and R2, however, were able to operate at a

rel ativeìy constant SRT unti I the end of the study. The volati le fatty

acids concentrations in Rl and R2 were, consequently, lower than in R3 and

R4 at fajlure because the F/M rat'ios in the reactors were higher.

Dahab and Young (26) reported that most of the biomass was in the 'lower

portion of the anaerobic filters jn their study. Less than half of thìs

constituted attached growth. Because there was very little bìomass in the

interstitìal voids in the upper region, it can be reasoned that the media in

this reg'ion serves to retain biomass. ïhus, the need for media in the lower

two-thirds of the reactor must be quest'ioned.

ïhe volatile suspended solids profìles taken during the course of this study

showed that this was the case. ïhe greatest quant'ity of biomass was found

to be in the bottom one-third of the reactors. Although the amount of

biomass in the reactors was sim'ilar at the beg'inn'ing of the study, after

failure Rl and R2 had the greatest quantities of biomass remaining followed

by R3 and R4. A ìarge part of this biomass was retained in the interstitial

voids of the media. No attached growth was observed on the medja, most

likely because suffic'ient time was not allowed for a ìayer to deveìop.
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Gi anulation of the sìudge

study. There are several

did not occur ì n any of the reôctors ciur.ing the

possìble reasons for this:

(a)

( b)

(c)

the hydrau.ìic flow rate was not hìgh enough to promote granuìatìon;

the synthetic feed lacked the nutrients required for granulation; and

the seed sìudge was not conducìve to the formation of granu'les.

The most pìausible reason for the absence of granu'lation in the reactors

the fact that the seed sìudge was of a flocculent nature. Granulation

have eventuaììy taken p'lace, but the study was not of suf f icient durat'ion

examine the development of this phenomenon.

In agreement with the f ind'ings of Song and Young (30), 'it appears that pore

size and horizontaj alignment of the media were the properties which had the

greatest affect on med'ia performance. It was assumed that the pore size of

the Rashig rings jn the Anhybrid reactors ranged from 0 to 2.5 cm because

they were pìaced at random. The horjzonta'l alignment, therefore, also

varied f rom 0 to 90o. The PVC tubing had a pore s'ize of 2.5 cm and a

vertical aìignment. The pore size of the reactor w'ithout media was 11 cffi,

the interior diameter of the reactor itself.

The significance of these properties on fluid flow are read'i1y apparent from

the i llustrat'ions in the previous sect ion. The Rashig rìngs served to

dampen the f'ìuid flow through the reactor and thereby reduce the

'longìtud'inaì d'ispersìon. l,lhi le the methylene bìue tracer behaved as a plug

in R2, it was dispersed in R3 and even rnore so in R4.

is

may

to
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The difference in the results of the tracer tests with rhodamine B were not

as marked. A mass balance of the tracer showed that a portion of the

rhodamine B remained in the reactors and was assumed to have been absorbed

by the sludge. It is bel'ieved that this affected the tracer-response curves

somewhat and a true representation of the d'ispersionìn the reactors was not

obtai ned.

The calculated dispersion numbers 'indicated that a pìug flow hydraulìc

reg'ime preva'iled in the reactors. Th'is was expected because no recycle flow

was applied during the tracer tests. The dispersjon number for Rl jn each

of the tests was smaller than R3 and R4, 'indicating that the hydrauììc

regìme'in it rnost cìosely approxìmated p'lug flow. The dispersion increased

when the gas product'ion was 'increased to 5 L/d. The gas production,

however, was not high enough to corroborate the research by Bolle et al.

(52) whìch suggested that the max'imum short-circuìting flow is a function of

gas velocity in the UASB reactor.
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CHAPTER 7

CONC LUS IONS

The fol low'ing conclus jons are drawn from the results of th'is study:

(a) the type of medìa utilized in the reactors affected their performance

(the reactors with random med'ia dìsplayed superior performance 'in terms

of organ'ic removal eff iciency);

(b) poros'ity and horizonta'l al'ignment of the media pìay a major role in

biomass retentjon in the reactors;

( c) the operat'ion of the reactors wi th random med'ia was more stabl e than

the reactor w'ith oriented medì a and the reactor w'ith the UASB

configuration during start up and periods of increased organi c

ì oad'i ng;

(d) the quant'ity of b'iomass reta'ined'in the reactors varied in accordance

wi th the type of med i a uti I i zed (the reactors wìth random med'i a were

better able to maintain biomass than the reactor w'ith oriented media

and the reactor wìth the UASB confìguration);

(e) the type of media uti I ized affected the hydrau'l ic regime in the

reactors (the reactors wi th random medi a has less ì ong'i tudi nal

d'ispersion than the reactor with oriented media and the UASB confìgured

reactor) .
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CHAPTER 8

SUGGESTIONS FOR FURTHER STUDY

The Anhybrid reactor has provenitself both in the laboratory and ìn full scale
faci'ìities. Further research, however, is still required on the configuration
to opt'imize its design. It 'is suggested that the f ol lowìng top'ics receive
pri ori ty:

(a) a laboratory study should be conducted in which tracer tests are run on the

Anhybrid with a variety of media types. To prevent absorption of the

tracer, gìass beads may be usedin the sìudge bed zone instead of actual
sì udge. An arti fj ci al source of gas can be j ntroduced to exami ne the

comb'ined effects of media type and gas veìocity on the hydraulic regìme in
the reactor; and

(b) tracer tests should be run on existing ful l-scale installations w'ithout
recyìe to quant'ify the d'ispersion of the flow. These results can then be

compared to the performance data that has already been obtained from the
fac j I it'ies to determ'ine the ef fects of media type on ful l-scale Anhybrid

reactors.
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CHAPTER 9

ENGINEERING SIGNIFICANCE

Based upon the results of this study, it appears that the pore size and

horizontaì aì ignment of the med'ia ut'il'ized are critical to the perf ormance

of the Anhybrid reactor. Various media may also be better suited to

different waste streams. Great care, therefore, should be taken when

choosìng a media for a particular influent.

The effect of the media type in the reactor can be quant'ified through the

use of tracer tests. By runnìng a tracer through the reactor without

recycle flow, the devìation from plug f'low can be quantjf ied for any

combination of med'ia type and waste stream. The dìspersìon number obtained

can then be used to choose the opt'imum media type.
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APPENDIX A

PERFORMANCT AND OPERATION DATA



Date
(D/j,tlY)

03/06/85

04/06/85

Day

05/06/85

Reactor

Þ
t

N)

2

06/06/85

I
2
3

4

I
2
3
4

I
2
3
4

pHi

07 /06/85

4.6
4.6
4.6
4.6

4.2
4.3
4.3
4.3

6.4
6.4
6.4
6.4

7.4
7.2
7.?
7.2

7.9
7.9
7-9
7.7

7.?
7.2
7.2
7.2

6.0
6.0
6.0
6.0

08/06/8s

PHe

4.9
6.7
s.1
5.0

6.4
7.3
6.5
6.6

7.0
7.5
6.9
7.t

7.6
7.7
7.2
7.4

7.6
7.8
7.6
7.7

7.8
8.0
7.6
7.7

7.0
7.6
7.5
7.3

oe/06/85

tff ì uent
Volume (L)

I
2
3
4

I
2
3
4

6

9.4
8.7
9.4
9.6

ll.6
tl.2
11 .9
14. I

ll.B
11.5
lt.2
ll.e
10.2
10.3
10.0
10.0

13.0
13. I
12.8
t2.4

ll.8
t2.r
12.1
12.0

10.0
9.8

10.4
9.8

Gas
Voìume (L)

I
2
3

4

I
2
3
4

5.8
13.4
7.6
8.1

8.5
10. 3
9.8

ll.3
9.8

10.0
t0.B
ll.6
7.6

8.4
9.4

16.7
10.1
l1 .3

16.0
8.5
9.4

16. B

18.6
9.5

lì ì udge Bed
lled Height

( cm)

23
26
2B
23

23
23
24
22

25
25
24
22

23
25
24
20

22
23
23
2I

22
26
23
2t

80+
80+
80+
80+



Date
(Dfi/Y\

ro/06/85

tl/06/85

Day

t2/06/85

Reactor

I(,

9

13/06/85

I
2
3

4

I
2
3
4

l0

pHi

14/06/85

6.0
6.0
6.0
6.0

5.7
5.7
5-7
5.7

5.4
5.4
5.4
5.4

5.9
5.9
5.9
5.9

5.7
5-7
5.7
5.7

5.7
5.7
5.7
5.7

5.8
5.8
5.8
5.8

1l

pHe

1 5/06/85

1

2
3
4

I
2
3
4

6.9
7.3
7.3
7.r

6.9
7.4
7.2

17.0

6.6
7.2
7.1
7.1

6.7
8.9
7.2
7.3

6.7
7.8
7.3
7.O

6.8
7.7
7.1
7.3

7.0
7.7
,_,

t?

E ff ì uent
Voìume (L)

16/06/85

13

10.7
10.4
10. 4
10.0

ll.9
I1.6
11.8
11.6

I1.4
11.3
11.9
11.3

1

?
3

4

I
2
3
4

I
2
3
4

T4

Gas
Volume (L)

10.2
17 .8
12.0
12.2

12.0
20.0
12.0

12.7
19.9
15.2

14.7
22.8
17. B

16.2

18.9
26.6
20.6
19. 5

22.O
27 .3
24.3
20.8

22.8
26.5
24.4
19. I

Sìudge Bed
Bed Height

( cm)

o.?
2.2
9.7
9.9

23
25
22
20

24
25
23
20

10. B

10.2
10.7
10.1

12.7
12.6
t2.2
12.0

t2.l
t2.l
12.0
1l.B

B0+
B0+
B0+
B0+

B0+
80+
23
B0+

22
25
20
l9

21

19
l7

22
24
?0
t7



Date
(D/ì4/Y)

17 /06/85

l8/06/85

Day

ls

19/06/85

Reactor

Þ
IÞ

l6

20/06/85

1

2
3

4

I
2
3
4

l7

pHi

2l/06/85

5.3
5.3
5.3
5.3

5.2
5.2
5.2
5.2

5.2
5.2
5.2
5.2

5.3
5.4
5.4
5.4

s.l
5.1
5.1
5.1

5.0

5.0
5.0

5.2
5.2
5.2
5.2

1B

PHe

22/06/Bs

I
2
3

4

I
?
3
4

7.1
7.7
7.2
7.3

7.1
7.7
7.O
7.1

7.2
7.5
7.2
6.9

7.1
7.6
7.2
6.9

7.0
7.6
7.O
6.8

7.4

7.1
6.0

7.1
7.4
7.1
7.4

l9

t ff I uent
Voìume (L)

23/06/85

20

9.5
9.1
7.2
9.3

11.3
I1.0
11.0
11.0

11.1
11.0
l1 .2
ll.3
11.6
ll.4
1l .4
11.6

10. 3
10.1
10.6
to.2

14.2

t4.2
14.0

t2.t
11.4
11 .8
12.6

I
2
3
4

I
2
3

4

I
2
3

4

21

Gas
Voìume (L)

lB. 7

2T.B
19.4
14.6

23.5
27 .3
23.3
17 .2

22.7
?3.8
20.r
17 .9

24.7
28.0
22.1
17.0

99.4
25. 5
22.6
15. B

.4
5.6

32.t
22.4

.2
21.3
23.7
16.9

Sìudge Bed
Bed Height

(cm)

22
27
l6
15

i,
l2

IB
24
l3
l2

l9
25
l2
T2

IB

T2

23
2l
10
l0

l7
23
l5
T7



Date
(D/t4/Y)

24/06/85

25/06/85

Day

22

26/06/85

Reactor

I('r

23

?7 /06/85

I
2

3

4

I
2
3

4

24

pHi

28/06/85

5.
5.
5.
5.

25

PHe

29/06/85

I
2
3
4

5.3
5.3
5.3
5.3

5.1
5.1
5.1
5.1

5.2
5.2
5.2
5.2

5.3
5.3
5.3
5.3

5.3
5.3
5.3
5.3

5.3
5.3
5.3
5.3

7.t
7.5
7.1
7.3

7.6
7.7
7.4
7.6

7.3
7.8
7.3
7.3

7.5
7.6
7.3
7.2

7.5
7.7
7.4
7.4

7.6
7.5
t.5
7.5

7.4
7.3
7.6
7.3

26

Effìuent
Voìume (L)

30/06/85

I
2
3

4

I
2
3
4

27

10.2
10.0
10.4
10.2

14. I
12.t
14.2
13.9

12.t
12.2
t2.l
I1.9

9.2
9.4
9.3
9.1

11.3
ll.6
10. 5
rt.2

13. I
12.9
13. 5
13. I

l0.l
10.6
ll.7
9.5

28

Gas
Voìume (L)

1

2
3

4

I
2
3

4

rõ. q

21.9
15. 5

22.3
2l.r
?2.2
15. 4

27 -0
25.5
27 .I
19.7

22.3
2t.5
22.6
18.0

25.8
25.9
26.4
21.6

27 .2
26.0
26.1
?2.0

21.6
20.2
21.3
17 .7

lìludge Bed
tled Height

(cm)

l5
20
15
t5

2l
26
15
l7

22
25
l6

22
26
l4
20

2l
26
T2

20

23
25
10
10

2t
25
16
l8



Date
(D/¡4/Y)

or/06/85

02/07 /85

Day

03/07 /85

29

30

Reactor

Þ
l

cn

04/o7 /85

Reactors shut off for 24 hours to measure sludge content.

3l

05/07 /8s

I
2
3

4

I
2
3
4

pHi

32

06/07 l8s

5.0
5.0
5.0
5.0

4.9
4.9
4.9
4.9

4.9
4.9
4.9
4.9

4.7
4.7
4.7
4.7

4.6
4.6
4.6
4.6

4.7
4.7
4.7
4.7

PHe

33

06/07 /85

I
2
3
4

I
2
3
4

I ff ] uent
Voìume (L)

7.7
7.7
7.4
7.5

7.6
7.6
6.5
7.4

7.6
7.6
7.0
7.4

7.6
7.6
7.4
7.5

7.r
7.5
6.5
7.4

7.1
7.3
7.3
7.5

34

35

7.8
8.7
8.6
9.0

9.1
9.5
9.2
9.6

9.4
10.0
10. 6
10.1

Gas
Voìume (L)

I
2
3
4

I
2
3
4

Sìudge Bed
Bed Height

( cm)

lB. 6
16.3
1B.l
17 .7

23. B

24 .1
15. I
20. B

26-5
25.4
22.6
22.4

30. 5
17 .7
29.7
25.2

48.9

33.9
42.9

45.6

46. 5
38. 3

22
25
23

23
23
23
l7

23
23
16
l9

15.9
13. 2
14.2
14.4

11.4
ll.3
ll.1
ll.0

23
24
23
20

22
24
26
20

26
23
23
20



Date
(Dlvt/Y\

08/07 /85

09/07 /85

Day

36

LO/07 /85

I\¡

Reactor

37

It /07 /85

I
2
3

4

I
2
3
4

1

2
3
4

38

pHi

12/o7 /85

4.7
4.7
4.7
4.7

4.8
4.8
4.8
4.8

4.6
4.6
4.6
4.6

4.6
4.6
4.6
4.6

4.6
4.6
4.6
4.6

4.6
4.6
4.6
4.6

4.6
4.6
4.6
4.6

39

PHe

13/07 /85

7.3
7.7
7.4
7.3

7.4
7.3
7.3
7.3

7.5
7.2
7.4
2.3

8.0
7.1
7.t
7.2

7.6
7.3
7.2
7.2

7.2
7.0
7.O
6.9

7.7
7.5
7.5
7.4

40

E ff ì uent
Voìume (L)

t4/07 /85

I
2
3
4

I
2
3

4

4l

6.3
6.2
6.3

23.O

12. B

11.5
12. 3
tr.7

13.4
12.8
13. B

13.2

6.2
14.2
14.5
14.7

14.2
13.4
14. I
14.0

16.9
15.2
16.9
16.9

16.5
14. 5
15. 7
1.6

Gas
Voìume (L)

42

I
2
3
4

1

2
3
4

26.4

28.0
0.0

49.0
6.0

50. B
37 .7

52.4
52.6
52.6
42.3

2?.4
49.5
45.7
39.3

47.4
5I.7
47.9
40.0

51.7
56.5
50. 6
42.1

53.6
57 .2
52. B
43. 6

5;ìudge Bed
Eed Height

( cm)

19
20
l5

22
22
l7
16

23
23
16
14

IB
23
l3
l3

23
23
l2
l3

22
22
ll
t2

2T

22
ll
l3



Date
( D/M/Y )

15/07 /8s

Day

16/07 /85

43

Þ
I
æ

t7 /07 /85

Reactor

44

18/07 /85

1

2
3
4

1

2
3

4

45

pHi

19/07 /85

4.6
4.6
4.6
4.6

4.4
4.4
4.4
4.4

4.5
4.5
4.5
4.5

4.5
4.5
4.5
4.5

4.5
4.5
4.5
4.5

4.5
4.5
4.5
4.5

4.6
4.6
4.6
4.6

46

PHe

20/07 /85

I
2
3

4

I
?
3

4

7.3
7.4
7.3
7.3

7.3
7.5
7.3
7.2

7.2
7.5
7.3
2.2

7.O
7.5
7.3
7.6

7.0
7.4
7.2
7.2

7.0
7.3
7.?
7.1

7.t
7.2
7.1
7.O

47

Iff ] uent
Volume (L)

2r/07 /85

4B

10.7
10.0
10. 5
10.0

14. B

12.5
14.8
t4.7

15.5
13.?
15.3
15. I

14. 3
11.9
t3.7
4.0

1 .60
13. 5
15.2
1.5

15.6
14.4
ls.I
15. 3

15. 7

14.3
15.4
15. I

I
2
3
4

1

2
3
4

I
2
3
4

Gas
Volume (L)

49

36. 6
37. 5

34.6
29.8

38.4
83.4
45.7
37.3

40. 5
46. 5
45.4
28.5

42.5
50. I
47 .l

0

5l. s
58.5
54. I

0

s1 .8
57.4
56.2
48. I

53.2
60. I
58.2
49.9

lSìudge Bed
l3ed He i ght

(cm)

22
?2
13
l6

1B

2T
9

16

22
23
1l
l4

T7

l6
9

11

1B

l4
l0
l3

19
l6
l3
l4



Sìludge Bed
Bed Height

(cm)

23
23
17

20

22
23
16
16

19
2I
23
22

22
22
17
22

22
22
l2
1B

22
21
t2
24

22
23
t2

Gas
Voìume (L)

22.8
39.7
36. 6

20.0
41.5
34. 3

24.7
55.9
45. 5

21.7
42.0
38. 3

.l
30.6
53.6
s1.3

.l
45.4
68.6
61.4
12.0

39.?
62.8
58.0
16.5

tff ì uent
Voìume (L)

20.9
22.t
18.6
19.2

18. 5
15.0
17 .6
20. B

1.70
15.2
16.0
4.0

14.7
13. 7

15. 7

.3

19.7
18. 3
19.4
3.6

18.2
19. 5
18. 3
19.2

20.2
19. B

20. I
20.2

PHe

7.0
7.2
7.t
6.8

6.8
7.2
7.1
6.5

5.1
6.9
6.2
4.6

5.1
7.1
6.7
4.9

4.9
7.0
6.8
4.8

5.0
7.O
6.8
4.9

4.9
6.9
6.8
4.6

pHi

4.6
4.6
4.6
4.6

4.6
4.6
4.6
4.6

Reactor

I
2

3

4

I
2
3

4

I
2
3

4

I
2
3

4

I
2
3

4

I
2
3

4

1

2
3

4

Day

50

4.6
4.6
4.6
4.6

4.6
4.6
4.6
4.6

4.6
4.6
4.6
4.6

4.6
4.6
4.6
4.6

Date
(D/)¡ilY)

51

22/07 /85

52

?3/O7 /85

53

24/O7 /85

54

25/O7 /85

I
\o

55

26/s7 /85

56

27 /O7 /85

?8/07 /85



0ate
(D/¡4/Y\

29/07 /85

30/07 /85

Day

3t/o7 /85

57

58

Þ
I

H
O

Reactor

01/08/8s

59

Reactors shut off for 24 hours to measure sìudge content.

02/oB/85

I
2
3

4

I
2
3
4

pHi

60

03/08/8s

5.1
5.1
5.1
5.1

PHe

6l

04/o8/85

05/08/85

I
2
3
4

I
2
3
4

5.1
5.1
5.1
5.1

5.0
5.0
5.0
5.0

5.1
5.1
5.1
5.1

5.1
5.1
s.1
5.1

6.1
7.2
7.6
6.5

6.0
6.9
7.1
6.6

5.5
7.1
6.8
7.6

6.7
7.2
7.1
7.4

6.8
6.9
7.t
7.4

E ff ì uent
Volume (L)

62

63

64

15. I
1s. I
6.0

12.8

1

2
3

4

Gas
Voìume (L)

Reactors shut off for 24 hours to measure sìudge content.

I
2
3

4

29.8
45. 3

39.4
3.1

38.2
48.4
44.5
31 .0

37. I
55.9
4l.l
9.1

65-2
26.9
53. I
8.6

56.2
44.4
50. I
51.3

Sìudge Bed
Bed Height

(cm)

5.1
5.0
5.0
5.0

18.6
17 .2
17.9
18. 3

16.4
16.8
16.3
16.7

22
22
T7
23

7.0
7.2
7.1
7.0

22
23
2B
27

19.2
19.4
18.9
19.6

23
22
l8
2?

22
23
T7
?2

54. I
47 .3
52.8
49.8

23
23
18
22

2I
23
22
2T



Date
(D/t4/Y)

06/08/85

07 /08/85

Day

65

08/08/85

Þ
I

Reactor

66

09/08/85

I
2
3

4

I
2
3
4

67

pHi

l0l08/8s

5.
5.
5.
5.

68

ÞHe

Ll/08/85

I
2
3
4

I
2
3

4

5.0
5.0
5.0
5.0

5.8
5.8
5.8
5.8

5.6
5.8
5.6
5.6

5.6
5.6
5.6
5.6

6.4
6.4
6.4
6.4

6.6
6.6
6.6
6.6

6.8
6.7
6.8
5.9

5.6
6.7
5.5
5.2

6.2
7.2
5.9
6.4

6.4
6.4
6.1
6.3

6.6
6.8
6.7
6.7

6.7
7.2
7.1
7.2

6.8
7.4
7.t
7.3

69

Eff ì uent
Volume (L)

l?tog/85

70

20.r
19.9
20.0
20.0

20.2
20. 1

19.9
20.2

I
2
3
4

I
?
3
4

I
2
3
4

Gas
Voìume (L)

7l

30.9
55. 1

44.2
53.6

32.1
54.6
20.0
34.2

30. 7

58. B
16.2
27 .9

34 .9
?9.4
14.9
t5.?

35. 5
50.1
37.3
45.3

59.2
105. 3

86.4
78.5

26.6
53.7
46. 5
10.4

l8
l7
l9
IB

lSìudge Bed
l3ed Height

( cm)

20.5
19.8
20
20.?

18
18. 2
17.8
l8

?0.2
20. 5
19. B

20.1
19. B

19.6
19.6

19
22
I7
22

22

15

l2
20

15

16

l6
22
16



Date
(Dlvt/Y)

I 3/08/85

14/08/85

Day

72

I

l\)

1sl08/85

Reactor

73

16/o8/85

I
2
3
4

I
2
3
4

74

pHi

17 /08/85

5.4
5.4
5.4
5.4

5.4
5.4
5.4
5.4

5.4
5.4
5.4
5.4

5.5
5.4
5.4
5.4

5.4
5.2
5.4
5.4

5.4
5.4
5.4
5.4

4.8
4.9
4.9
4.9

75

PHe

l8/08/85

I
2
3
4

I
2
3
4

6.8
6.9
7.t
7.0

6.9
6.9
7.0
7.0

7.2
7.3
7.O
7.4

7.1
7.1
7.O
7.3

7.0
7.1
7.1
7.2

7.0
7.O
7.1
7.1

6.6
6.8
6.7
6.3

76

Iff I uent
Voìume (L)

l9l08/85

77

35.?
3s.0
35.4
35. B

29.8
29.6
29.8
29.4

19.8
20. I
19.6
19. 7

2t.8
21.4
20.9
20.6

22.7
21.4
20.8
21.4

21.6
21.4
2l.o
2t.6

14.8
13.6
13.2
13.8

1

2
3
4

I
2
3
4

1

2
3
4

Gas
Voìume (L)

7B

56.9
69.0
38.4
42.8

52.8
54.6
42.2
43. 5

45. B

43.2
38.8
40. 3

48.2
47 .2
40.3
44.4

49.6
49. B

43.2
44.3

52.9
sl.8
44.4
44.5

27 .4
30. 3

24.8
28.9

S'ludge Bed
Eed Height

(cm)

l4
20
12
19

l5
2I
14
19

l3
2t
t3

14
20
l6

20
ls

19
l4

l6
20

15



Date
(D/¡4/Y)

20/08/85

2l/08/85

Day

79

I
H(,

22/O8/85

Reactor

80

23/08/85

1

2
3

4

I
?
3
4

81

pHi

24/08/85

4.9
4.9
5.0
4.5

4.9
4.9
5.0
4.9

4.9
4.9
4.8
4.9

5.4
5.4
5.4
5.5

4.9
5.0
5.0
4.9

5.0
5.0
5.0
5.0

5.0
5.0
5.0
5.0

82

ÞHe

25/08/85

I
2
3
4

1

2
3
4

6.4
6.7
6.6
6.0

6.2
6.6
6.5
5.8

6.3
6.5
6.4
5.2

6.6
6.8
7.O
5.0

6.5
6.6
6.6
5.3

6.6
6.6
6.6
5.3

6.6
6.7
6.7
5.3

83

Eff I uent
Vo'lume ( L )

26/08/85

84

26.8
27 .l
27.6
27 .B

26.4
27 .1
28.0
27 .2

26.8
27 .l
26.9
27.0

2l
2l
23
22

I
2
3

4

I
2
3

4

I
2
3
4

Gas
Volume (L)

85

57 .2
60. I
63.2
40. 3

61.2
55.6
7 4.t
35.2

64.?
57 .9
69.9
23.9

46.2
43. 3
58.4
41.3

56. s
51.3
73.2
36. I

6l .4
48. 5
7l.l
38.8

23.2
2t.5
26. 3
19.4

Sìudge Bed
8ed Height

(cm)

l4
20

?

?

?

?

?

?

?
?

l2
2l

l4

9.2
9.4
9.2
9.3

t;
I2
l2
13
T4

11
t3

l0
l3

2T

l5



Date
(Dlttt/Y)

27 /O8/85

28/08/85

Day

86

Þ
I

FJÞ

29/O8/85

Reactor

87

30/08/85

I
2
3
4

I
2
3

4

88

pHi

3l/08/85

5.0
5.0
5.1
5.0

4.5
4.6
4.6
4.5

4.5
4.5
4.6
4.5

4.5
4.5
4.5
4.5

4.5
4.5
4.5
4.5

4.5
4.5
4.5
4.5

4.8
4.8
4.7
4.8

89

ÞHe

ol/os/85

I
2
3

4

I
2
3
4

6.7
6.8
6.7
6.8

6.6
6.8
6.8
6.5

6.7
6.8
6.8
6.8

6.9
7.0
7.1
7.0

6.9
7.I
7.O
7.0

7.0
7.0
6.9
7.0

6.9
6.8
6.8
6.8

90

Eff ì uent
Voìume (L)

02/o9/85

91

31.2
30.8
32.2
30.9

24.1
23.7
24.2
23.6

30.9
31.8
31.9
32. 3

3I.2
31 .4
30.9
30.8

76.2
16.4
16.4
16. 3

28.1
?8.2
28.2
28.l

4I.2
41.4
41.s
41.0

I
2
3
4

1

?
3
4

I
2
3

4

Gas
Voìume (L)

92

50.6
49. 3

41.3
37 .9

54.7
54 .9
60.6
47 .l
52.9
55.6
61.3
48.4

53.9
56. 6
50.9
45.4

27 .8
26.t
25.1
2t.2

46. 3
44.?
34. 3

37 .2

44.4
43. 3
31.3
40.0

Sìudge Bed
Bed Height

( cm)

2i
l4
I7

10
IB

l2

10
19

t0

l4

l4
16
11
l2

2l

?0



Date
(D/t4/Y\

03/0e/85

Day

04/o9/85

05/o9/85

93

Þ
I

H
('l

Reactor

94

I
2
3

4

95

pHi

4.8
4.8
4.7
4.8

shut off.

shut off.

Reactors

Reactors

ÞHe

6.4
6.6
6.3
6.3

tff I uent
Volume (L)

38.2
38.4
38.2
38. I

Gas
Voìume (L)

43.3
40.2
34.2
38.2

lSìudge Bed
lled He'ight

(cm)

l9



Date TSSe
(D/t4/Y) Day Reactor (mg/L)

03/06/85

04/06/85

05/06/85

06/06/85

07 /06/85

08/06/85

oe/06/85

I

2

3

4

5

6

7

1

2
3
4

I
2
3
4

I
2
3
4

I
2
3
4

I
2
3
4

I
2
3

4

1

2
3

4

VSSe C0D5i
(mg/L) (mg/L)

180 140
167 133
247 133
280 173

CODse SOC¡ SOCg Gas
(mg/L) (ms/L) (mg/L) (%air/CHq/

coz )

3800
3800
3800
3800

200 127 3800
153 t27 3800
220 180 3800
233 213 3800

lB60
1460
1880
1880

I

Ot

Al kal i ni ty
(mg/L as

CACO3 )

1900
1200
1880
1560

L CH4
per g
COD ¡

VFA
(mglL )

5/75/ts
- /75/15
- /75/20
- /75/20

VSS 'in

Reactor
(g)

1990
2350
1860
2020

3150
;?460
:?980
3340

0. 30
0. 35
0.37
0.31

40.?
50.4
45. I
38. 3



Date
(DljtUY) Day Reactor

lo/06/85

Il/06/85

B

TSSe
(mg/L )

I
2
3

4

I
2
3

4

l?/o6/Bs l0

9

VSSe C0D5i
(mg/L) (mg/L)

t3/06/85

?33
187
213
260

I
2
3

4

I
2
3
4

c0Dse
(mg/L)

14/06/85 t2

ll

140
100
140
167

SOC i
(mg/L )

15/06/85 13

4400
4400
4400
4400

SOCe Gas
(mg/L) (Xair/CHq/

coe)

207
273
267
260

I
2
3
4

I
2
3

4

16/06/85 14

2000
1570
2000
2010

l?7
187
160
133

5750
5750
5750
5750

Aìkaì'inity
(mg/L as

CAC03 )

I
2
3
4

2010
760
2000
2010

1772
1772
1772
1772

L CH4
per g

COD p

5/75/15
- /75/15
- /75/15
-/75/15

I l84
290
978
857

VFA
(mg/L )

VSS in
Reactor

(g)

I 350
1650
1425
I 525

0.19
0.27
0.21
0.21



Date TSSe VSSe C0D5¡
(D/t4/Y) Day Reactor (mg/L) (mg/L) (mg/L)

17 /06/85

l8/06/85

le/06/85

20/06/85

2l/06/85

22/06/85

?3/06/85

l5

l6

l7

l8

l9

20

?l

I
2
3

4

I
2
3

4

1

2
3

4

I
2
3
4

I
2
3

4

1

2
3

4

I
2

3

4

313
200
340
300

c0Dse
(mg/L )

253
t?7
220
200

193
200
260
153

SOC i
(mg/L )

4800
4800
4800
4800

S0Ce Gas
(mglL ) (%air /CHq/

coz)

247
207
293
213

2000
940

2000
2080

1 708
1 708
1708
1708

4500
4500
4500
4500

- /60/lo
- /75/t5
- /75/t5
- l7o/t5

I

oo

Alkaljnity
(mgll as

CAC03)

745
337
768
780

1960
880

2000
l9B0

1705
I 705
1705
I 705

L CH4
per g
COD p

749
335
767
777

VFA
(mglL )

VSS in
Reactor

(s)

I 375
1700
1450
I 575

160
120
170
190

.45

.35

.33

.23

26.0
45.7
30. 3

23.5



Date TSS. VSSe C0D5¡

@/n/Y) Day Reactor (mg/L) (mg/L) (mg/L)

24/06/85

25/06/85

26/06/85

27 /06/85

28/06/85

29/06/85

30/06/8s

22

23

24

25

26

27

28

I
2
3

4

I
2
3
4

I
2
3

4

I
2
3

4

I
2
3

4

I
2
3

4

I
2
3

4

207 93
153 100
200 140
353 200

c0Dse
(mg/L)

SOC.¡

(mg/L )

4700
4700
4700
4700

S0Ce Gas
(mg/L) (%air /CHq/

coz )

247 L87
ll3 73
160 I 13
187 140

1020
540

1280
1500

l60l
l60l
l60l
1601

5100
5100
5100
5100

5/85/15
5l80/20
- /85/15
- /8o/t5

I

(O

36?
191
597
597

Al kal i ni ty
(mg/L as

CAC03 )

860
500

1060
1280

1627
t627
1627
1627

L CH4
per g

COD p

299
182
360
488

VFA
(mglL )

VSS in
Reactor

(g)

I 350
1725
1400
I 525

100
120
160
170

0.45
0.48
0.47
0. 38

46.1
47 .4
32.7
29.9



Date TSSe
(D/)4/Y ) Day Reactor (mg/L)

oI/06/85

02/o7 /85

03/o7 /85

M/O7 /85

05/o7 /85

06/07 l8s

07 /07 /85

29

30

3l

3?

33

34

35

R

I
2
3

4

I
2
3

4

I
2
3

4

1

2
3

4

I
2
3
4

1

2
3
4

eactors shut

173
133
240
253

vsse
(mg/L)

C0D5¡ CODse SOCi S0Ce Gas
(mglL) (mg/L) (mg/L) (mg/L) (l,air/CHq/

coz )

off for

il3
80

ls3
180

24 hours to measure sludge content

2950 720 1459 s58
2950 520 1459 473
2950 2060 1459 991
2950 900 1459 595

lB7 153
80 67

I47 100
133 107

3 100
3100
3100
3100

I
N)o

660 1435 204
400 1435 130

1500 143s s03
730 1435 258

Aì ka ì 'ini ty
(mgll as

CAC03)

L CH4
per g

COD p

VFA
(mglL)

VSS in
Reactor

(s)

980
970

1260
900

380
320
770
640

.62

.58

.80

.56



Date
(D/)îi/Y)

08/07 /85 36

TSSe
Day Reactor (mg/L)

09/07 /85 37

I
?
3

4

I
2
3

4

lo/07 /85 38

VSSe C0D5i
(mg/L) (mg/L)

ll/07 /85 39

267
t67
240
253

1

2
3
4

I
2
3
4

c0Dse
(mg/L)

12/07 /85 40

260
160
233
133

S0C.¡
(mg/L )

13/07 /85 4t

S0Ce Gas Aìkal inity
(mg/L) (%air/CH4/ (mgll as

COz) CAc03)

207
ls3
167
133

I
2
3

4

14/07 /85 42

173
133
127
100

201 5
2015
2015
201 5

I
2
3

4

I
2
3

4

- /7O/25
- /65/30
- /65/30
- /65/30

I
N)
H

332
3?7
387
366

- 2060
- 2060
- 2060
- 2060

L CH4
per g

COD p

223
301
393
433

VFA
(mglt-)

VSS in
Reactor

(g)

I 100
1000
1400
I 100

320
320
540
480

.45

.45

.46

.38

51.5
50.8
43. I
31.6



Date TSSe
(D/¡4/Y) Day Reactor (mg/L )

15/o7 /85

t6/07 /85

17 /o7 /85

18/07 /85

Ie/o7 /85

20/07 /85

2r/07 /85

43

44

45

46

47

48

49

I
2
3

4

I
2
3
4

I
2
3
4

I
2
3

4

I
?
3
4

I
2
3

4

I
2
3

4

VSSe C0D5i
(mg/L) (mg/L)

147
147
107
ro7

C0Dse SOCi
(mg/L) (mg/L)

133
ll4
93

100

4200
4200
4200
4200

SOCe Gas
(mg/L) (%air /CHq/

coz)

53
107
160
ll3

940
480
850
890

20
47
80
73

t622
1622
1622
1622

4100
4100
4100
4100

I
f\)
l\)

Aìkaì inity
(mg/L as

CAC03 )

340
l8l
290
297

980
410
740
590

2001
2001
2001
2001

- /65/30
- /70/30
- /65/35
- /75/25

L CH4
per g

COD s

486
152
245
186

VFA
(mglL)

VSS in
Reactor

(g)

800
1000
800
600

I 100
420
310

1240

.43

.53

.47

.38

42.2
44.2
39.7
32.8



Date
(Dljri/Y)

22/07 /85 50

TSSe
Day Reactor (mglL)

23/07 /85 51

I
?
3

4

I
2
3

4

24/07 /85 52

VSSe C0D5i C0Dse
(mg/L) (mg/L) (mg/L)

25/07 /85

200
207
387
527

I
2
3

4

I
2
3

4

I
2
3
4

26/07 /85 54

53

167 4900
160 4900
287 4900
320 4900

SOC i
(mg/L)

?71o7 /85

SOCe Gas
(mg/L) (%air lCHq/

coz)

?20 lo7
160 87
513 293
540 400

1800
860

1500
1840

28/07 /85 56

55 I
2
3
4

I
2
3

4

4300
4300
4300
4300

I
It\)
(^)

Al kal i ni ty
(mg/L as

CAC03)

650
32_6

1900
1020
1840
1900

1912
t912
19 l2
t912

- /60/30
- /65/30
- /60/35
- /75/20

L CH4
per g

COD ¡

749
387
712

1301

VFA
(mg/L)

VSS ,iN

Reactor
(g)

600
900
800
500

tB00
540
440

I 380

- /70/30
- /75/25
- /70/?5
- /70/25

.22

.43

.36

62.8
65.7
58.4
59 .9



Date
(D/t4/Y)

29/07 /85

3O/O7 /85

TSSe VSSe
Day Reactor (mg/L) (mglL)

57

37/07 /85 59

5B

Reactors shut off for 24 hours to measure sìudge content

I
2
3

4

I
2
3

4

oL/08/85 60

353
487

1340
353

C0D5i CODse
(mglL) (mg/L)

02/o8/8s 61

233 4800 1900
307 4800 940
780 4800 1020
247 4800 1920

I
2
3

4

I
2
3
4

03/08/85 62

S0C1
(mg/L)

333
213
320
280

04/08/85

05/08/85

S0Ce Gas
(ms/L) (lai r/CH4/

coz)

187 5200 2080
100 5200 1460
IB7 5200 1740
160 5200 1440

1613
1613
l6l3
1613

I
2
3
4

63

64

812
283
276
835

Reactors shut off for 24 hours to measure s'ludge content

I
f\)Þ

Aì kal 'ini ty
(mg/L as

CAc03)

I
2
3
4

1755 1208
l73s 449
lTss 597
1755 4t4

L CH4
per g

COD p

VFA
(ms/L)

VSS in
Reactor

(g)

1 320
I 500
1500
1700

2060
520
500

I 150

- /70/20
- /75/20
- /70/35
- /70/25

.55

.41

.46

.39

63.0
65.4
57 .9
73.4



Date
(D/t4/Yl

06/o8/85

07 /oB/85

08/o8/85

09/o8/85

l0/08/85

l l/08/85

12/08185

TSSe VSSe C0D5¡
Day Reactor (mglL) (mg/L) (mg/L)

65

66

67

68

69

70

7l

I
2
3

4

I
2
3
4

I
?
3
4

I
2
3
4

1

2
3
4

I
2

3
4

I
?
3

4

127
140
173
173

53
73

107
107

c0Dse
(ms/L)

4750
4750
4750
4750

160 120
107 93
?6_7 '!t

SOC1

(ms/ L )

1680
1940
15 70
2130

S0Ce Gas
(mg/L) (%air /CH4/

coz)

1756
1756
I 756
I 756

5100
5100
5100
5100

565
705
564

l02l

1620
17 40
I 700
1980

t
f\)
(tr

Alkaìinity
(mg/L as

CAC03 )

1 759
1759
1759
7759

547
543
579

lo24

L CH4
per g

COD p

I/FA

(mglL )

VSS in
Reactor

(g)

1200
1600
I 100
I 300

1860
I 110
1950
1s7 5

.29

.39

.23

.30

54.2
55. 7

47 .6
62.2



Date
(Dlít/Y\

13/08/8s 72

Day Reactor

14/08/85 73

TSSe VSSe
(mg/L) (mg/L)

I
2
3

4

I
2
3
4

L5/08/85 74

200
267
343
353

16108/85 75

COD5 i
(mg/L)

167
233
287
287

1

2
3
4

I
2
3
4

CODse S0C1 SOCe
(mglL) (mg/L) (mg/L)

l7 /08/85 76

4700
4700
4700
4700

223
287
413
453

1400
I 520
22rO
2010

r8/08/85 77

167
203
353
313

1682
1682
1682
1682

I
2
3
4

I
2
3
4

I
2
3
4

19/08/85 78

5220
5220
5220
5220

Gas
(%alr /CHq/

coz)

462
538
744
9?l

1250
1480
1850
1910

I
l\)
Ol

Al kal i ni ty
(mg/L as

CAc03)

172l
172l
172l
172l

446
521
822
867

L CH4
per g

COD ¡

VFA
( mglL )

VSS in
Reactor

(g)

2700
2200
2900
3200

t2l0
860
940

l3B0

- /65/3o
- /70/20
- /70/25
- /75/20

.?8

.35

.25

.33

46.8
48.9
40. 3
51.7



Date
(D/¡'t/Y)

20/08/85

2l/o8/85

22lOB/85

23/O8/85

24/08/85

?5lOB/85

26/08/85

Day Reactor

79

80

8l

82

83

84

85

TSSe
(mg/L)

I
2
3
4

I
2
3
4

I
2
3
4

I
2
3
4

I
2
3
4

1

2
3

4

I
?
3

4

vsse
(mg/L)

167
327
367
413

C0D5¡ C0Dse
(mg/L) (mg/L)

113
267
283
307

203
?67
323
387

4220
4220
4220
4220

283
343
367
427

SOC i
(mg/L)

1630
18 10
2340
1960

SOCe Gas
(mg/L) (%alr lCHq/

coz )

1546
I 546
I s46
I 546

5050
5050
5050
5050

528
586
841
753

l8l0
2050
2130
2L70

¡
N)
\.1

Alkal'inity
(mg/L as

CAC03 )

1738
1738
1738
1738

458
1054
735
70r

L CH4
per g
COD ¡

VFA
(mglL)

VSS in
Reactor

(g)

?400
2100
2600
2900

1430
I 580
1540
l7l0

- /60/20
- /65/30
- /65/30
- /65/25

.35

.38

.43

.30

39.2
40.7
3l .6
38.8



Date
( D/M/Y )

27 /08/85

?8/08/85

2e/o8/85

30/08/85

3l/08/85

0 I /09/85

02/o9/85

Day Reactor

86

87

8B

B9

90

9l

92

TSSe VSSe C0D5i CODse
(mg/L) (mg/L) (mg/L) (mg/L)

1

2
3

4

I
2
3
4

1

2
3
4

I
2
3
4

I
2
3

4

1

2
3
4

1

2
3

4

283
367
433
5?7

203
333
387
467

5100
5100
5100
5100

383 3?7
413 333
427 283
467 433

S0C1
(ms/L)

3820
4260
4 100
3950

SOC. Gas
(mg/L) (%air/CHq/

coe)

17 3l
17 3l
1731
17 3l

5450
5450
5450
5450

I 337
1496
1528
l583

3650
4130
4380
4250

l
l\)
æ

Al kal i ni ty
(mg/L as

CAc03 )

1767
1767
1767
1767

1410
1562
1443
1489

367 333
467 387
533 433
567 467

L CH4
per g

COD ¡

1950
2300
2460
2380

'l/FA

(¡nglL )

5150
5150
5150
5150

4530
4530
4530
4530

VSS in
Reactor

(g)

lB40
1610
2130
2250

17 48
17 48
1748
17 48

- /60/25
- /60/30
- /65/30
- /60/?5

.30

.45

.52

.40

36.2
37.3
29.4
33.6



Date
(Dlvt/Y)

03/09/85

TSSe VSSg CODsi CODse S0C1
Day Reactor (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

04/09/85 94

93 I
2
3

4

I
2
3

4

05/09/85

06/oe/85

95

343
427
533
413

I
2
3

4

1

2
3
4

96

267
333
467
333

5000
5000
5000
5000

S0Ce Gas
(mg/L) (%air/CHq/

coz)

4350
4350
4550
4450

1803
1803
1803
1803

I
N)(o

1590
1589
1659
1676

Alkaì'inity
(mg/L as

CACO3 )

L CH4
per g
COD p

VFA
(mglt)

1620
I 560
l4l0
1 130

VSS in
Reactor

(g)

2120
2310
2590
2600
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