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ABSTRACT

A study was carried out to assess the effectiveness of

the anaerobic filtration process in providing a relatively
simple on-site waste pretreatment system for the wastes

from the production of bakers' yeast. These are of a high
strength and acidic nature. To maintain practical con-
straints on the project a real waste water was used.

The waste water is low in suspended material, has a high
organic matter concentration giving a COD of 70000 to

90000 mg/2 (BOD5 14250 mg/2) and a pH of 4.5 to 5.0.

Two experimental anaerobic filter units were constructed

of glass cylinders packed with glass 'Raschig' rings as the
inert support matrix, and used in the trials. A statistic-
ally designed experimental programme was used to test the
effects of inflent substrate concentration, hvdraulic
retention timé, temperature and filter unit on the filter
response variables. Substrate concentrations of 5500 to
47200 mg €OD/2 (1000 to 9000mg BODS/Q) and hydraulic
retention times of 1 to 5 days were used which gave rise

to organic loading rates of 1.15 to 47.2 kg COD/msd

(0.2 to 9.0 kg BODS/de). Empirical models were derived

from the response data,using multiple regression techniques,
and describe COD removal rate, total gas production, methane
production and conversion of COD to methane in terms of the
independent process variables. Results showed that the
anaerobic filter achieved COD removals of 34 to 65 percent
with corresponding conversions of 24 to 78 percent efficiency
to methane at loadings of up to 47.2 kg COD/de. The
empirical equations were able to explain 92 to 97 percent

of the observed variance. The system was stable over the

entire range of applied conditions.
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CHAPTER ONE

PREAMBLE

The work described in this thesis was an attempt to cover
the areas of both anaerobic waste treatment and experiment-
al design. The Biotechnology Department at Massey
University has always had a strong involvement in the field
of industrial waste treatment, dealing principally with
liquid waste streams. In addition, the use of statistically
designed experimental programmes and the use of mutiple
regression techniques for the data analysis was also finding
favour increasingly. The problems of a local industry
producing a liquid waste of high organic strength and an
acidic nature was also an element in the determination of

the final scope of the project.

The nature of the waste stream indicated that anaerobic
biological treatment was a possible option and in partic-
ular anaerobic filtration. The inherent simplicity of

the anaerobic filtration process lends itself well to the
requirements of an on-site waste treatment plant. The use
of a real waste water with its variability was also desired
for the study 1in comparison with the use of a synthetic
waste, so that real constraints would be placed on the
operating conditions used in the experiments and the

results would be directly applicable to the real situation.

The use of a statistical experimental design over a long
period of time was required in this case in order to

gather data on the effects of process variables on the
process which reaquired long pneriods of time to settle at
steady-state conditions after changes in the inputs. The
use of a statistical base was necessary so that the regress-
ion analysis was simplified.

The empirical equations generated were seen as an alternative



to the attempts to apply equations derived from chemical
kinetics to a biological system being operated over a wide
range of conditions and using gross measures of input para-

meters, such as COD for substrate concentration.

The following dissertation covers a discussion of the liter-
ature dealing with work carried out on the treatment of yeast
plant effluents, the anaerobic digestion process in general
and anaerobic filtration, followed by a description of work
carried out by the author using the anaerobic filter to treat
the waste water. Empirical equations are fitted to the
results to describe several system responses and a brief
economic analysis of the use of the filter as an on-site

pretreatment process is included.
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CHAPTER 2

WASTE WATERS ARISING
FROM THE PRODUCTION OF
BAKERS' YEAST AND THEIR TREATMENT

2.1 Production of Bakers' Yeast

Bakers' yeast is produced commercially to meet the demand
for the bread and other leavened products consumed daily

by millions of people the world over. The yeast produced

1s required in a proportion of one to four percent on a
moist weight basis of the bakery products, hence large
quantities are required cach and every day. The industry
itself is an old and established one and recent improvements
have been restricted to changes in engineering detail and
application of the latest advances in biochemistry and

genetics as relatcd to the yeast itself.

In all commercial processes, the yeasts reproduce
asexually and such propagation consists of the conver-
sion of convenient sources of carbon, hydrogen and oxygen
and supplementary nutrients into individual yeast cells.
The type of yeast produced must satisfy many consumer
requirements, however such considerations are outside the
scope of this study. This review will confine itself to
the physical and biochemical aspects of bakers' yeast pro-
duction insofar as it affects the composition of the waste

waters.

2.1.1 Biochemistry of Yeast Propagation

The yeasts Saccharomyces cerevisieae and Saccharomyces
uvarum may be grown anaerobically, fully aerobically or at

any intermediate oxygenation degree. In the presence of



free oxygen a relatively simple reaction occurs when glucose
and ammonia are used as the carbohydrate and nutrient sources.
Equation 2.1 describes this aerobic reaction. Under these
conditions it may be seen that there are no appreciable
quantities of by-product formed except for carbon dioxide
1.45729 O

0.55556 C_H,,0 + 0.30017 NH +

61276 3 2
100.0g 5.10g 46.63g
-+ 0.30017 C6H1003N + 2.28276 H,0 + 1.53234 CO,
43.34g yeast 41.08¢g ©7.42g
(2.1)
(Harrison, 1971)

and water. Conversely under anaerobic or conditions of

limited available oxygen the following reaction (equation

2.2) has been shown experimentally to occur (Harrison, 1971).
0.55556 C6H1206 + 0.01214 NHq
100.0g 0.21¢g
+~ 0.01214 C6H1003N + 0.05697 C3H803
1.748g yeast 5.241g glycerol
+ 0.0204 C4H, O, + 0.00071 C4H100 + 0.01164 H,0
1.42g succinic 0.05g butanol 0.21g
acid
+ 1.03076 CO, + 1.0038 C,HeO
43.32¢g 46.17g ethanol (2.2)

From the above equation one notes the large

decrease 1in

yeast material produced and increased by-product formation

compared to the aerobic phase described by equation 2.1.

Principally ethanol is produced during this anaerobic

phase.

In the simplified equation, succinic acid and

butanol are generalised representations of all the organic

acids and alcohols respectively and glycerol is the other

major product besides ethanol.

By supplying air at rates which provide oxygen conditions

between the extremes described by equations 2.1 and 2.2,



both ethanol and yeast mass may be produced in any required
proportion - the so called 'Vienna process' (Rose, 1961).
Such systems can be controlled by feed-back mechanisms

using alcohol and oxygen measurements.

In production of bakers' yeast alone a fully aerobic state
must be maintained to produce maximum yields of yeast mass
(equation 2.1). To this end the reverse Pasteur effect

or Crabtree effect must be avoided by regulation of the
assimilable sugar concentration. The Crabtree effect is

a phcnomenon of yeast mectabolism whereby at high sugar
concentration the anaerobic metabolism is manifest even

in the presence of cxcess frce oxygen. Similarly an
induction of a partially fermentative state may be effected
by an cxcessively high yeast concentration which reduces
oxygen permeation and incrcascs carbon dioxide concentra-
tion. Thercforec a very vigorous air flow is required,

possibly assisted by mechanical aeration.

On a molar basis, yeast matter has an approximate compo-
sition of
&

OSNK (Harrison, 1971)

6f10 0.0170.06%0.03

These elements are provided from the sources outlined
below. During propagation, a small seed culture of
yeast 1s built up to the final size by successively
transferring the culture to larger propagation vessels
with the addition of growth medium. A five stage build
up of cell numbers is typical. As the yeast cells

grow and reproduce asexually,essential elements are
taken from the source materials, present in the propa-
gation medium,and incorporated into new cell matter by
the biochemical processes inherent in yeast metabolism.

Carbon, hydrogen and some of the oxygen required for yeast
production are usually provided in the form of a carbohy-
drate and cane molasses is frequently used. The molasses,



Table 2.1:

Elemental “omposition of Commercial Yeasts
and Molasses (Harrison, 1971).

Values in kg/100kg of dry matter.

Element Yeast Molasses D?égi?gﬂce
C 45-47 39-41 -4
f §+6.5 6.3-6.8 0.2
0 %1-32 47-50 +19
N 7.5-9.0 0.1-2.8 4.7

Yot B .8-5.2 +4.3

p 1.1-2.0 01-.9 0.2
S B 5 5s .2 0.1
Mg .15~ ;5 .007-.75 +0.6
Ca .04-.9 .018-1.2 +1.16
Na 02+ .2 .82-1.4 +1.38
Zn .004-1.3 .0006-.013 +.009
Fe .003-.1 .01-.021 +0.018
Cu .002-.012 .0001-.006 +0.004
Mn .0004-.0035 .001-.004 +.0036
Co .0005 .00004-.0001 -.0004
c1 .004-.1 .13 +0.126
Mo 5-9x10" % 9-26x10"° +21x10°°
I 5-40x10 " ° - - s5x107°
Pb .0001-.0007 .0006 +.0005
As .00001 i -.0001
Si < 028 +.028
St - .005 +.005
B : .0002-.0004 +.0004




a by-product of the sugar refining industry, generally
contains about fifty percent assimilable sugars along with
other organic compounds, minerals and 16 to 24 percent
water. Other carbohydrate sources used commercially are
spent sulphite liquor from wood pulping and wood waste
itself. Table 2.1 lists the elemental composition of
yeast cells alongside that of canemolasses. Since the
commercial propagation would seek maximum utility of its
carbohydrate source it is apparent that a carbon limited
growth medium based on molasses would be principally defi-
cient in nitrogen and phosphorus and to a lesser extent

in magnesium, calcium, zinc, iron, copper and other

clements found as traces in yeast matter.

The nitrogen sources used to make up the deficit from
molassesarc added as ammonium salts(principally, ammonium
sulphatc) and as urea, although this latter is less well

utilised by the yceast but 1s cheaper than ammonium sulphate.

Metabolic phosphorus is provided as phosphoric acid and/or
phosphates such as di-ammonium hydrogen phosphate. Elemental
oxygen is required for the aerobic propagation of the yeast
and this is provided by sparging the fermenter vessel with

air.

In addition to the above, large quantities of process waters
are required to make up the required volumes of growth

medium as well as materials for pH control and anti-foaming.

2.1.2 Process Description

Actual process variables and equipment will differ from
plant to plant, but typically a multi-stage propagation
with four or five stages is used. Figure 2.1 is a flow
diagram for such a process using molasses as the principal
carbohydrate source. The propagation tanks Yi to Yn are
batch fermenters used to build up the yeast numbers to the
required level for introduction into the final fermenter

volume (V). This final vessel is a batch process with a



continuous feed of nutrient medium. To limit yeast growth
and avoid oxygen starvation the nutrient availability 1is
controlled. Initially nutrient levels are kept low, then
as cells reach the exponential growth phase they are

added to keep pace with yeast growth. Thus at any time
there is only a small excess of nutrient over cells avail-

able to utilise it.

The operating temperature of the yeast propagation process
is 30°C. The aerobic conversion of glucose to yeast
material is a highly exothermic one and considerable amounts
of heat must be dissipated from the fermentation vessel to
maintain the operating temperature. Cooling coils within
the vessels or external cooling jackets are used for this
purpose. The free energy change for the reaction has been

7

calculated as approximately 1.55 x 10° kJ/tonne yeast formed

(Harrison, 1971).

Molasses is clarified by centrifugation prior to its pas-
teurisation and use, to remove sludge which may be toxic

to the later fermentation. It is then diluted to the
required sugar concentration and becomes the wort used to
feed the fermenter. Other inputs to the fermenter, are

the nitrogen source, mineral preparations and compressed
air. Because of the low solubility of oxygen in the growth
medium and air contains only 21 percent oxygen, about 40
times the absolute requirement must be supplied. This

3

amount of air is equivalent to 104 m per tonne of commer-

cial yeast produced.

Specific growth rates of yeast under favourable conditions
are as high as 0.6 h_l, this coupled with a yield of 0.43
for conversion of glucose to cell matter gives a glucose
utilisation of 1.39 kg glucose/(kg yeast.h) during
unrestricted growth and an oxygen utilisation rate of

0.647 kgOZ/(kg yeast.h).



2.1.3 Sources of Effluent from Bakers Yeast Propagation

and their Characteristics

The principal effluents arising from the production of
bakers’ yeast are exhaust air and the various liquid wastes

streams indicated in figure 2.1.

Air exhausted from the fermentation tanks is vented

to the atmosphere in very large quantities as previously
noted and reprecsents no hazard to the environment apart
from the characteristic molasses odour. The air from drying
the filtered, compressed ycast to active dry ycast, if such
a processing stage is included, must be filtcred to avoid

pollution by ycast dust.

The principal waste from a bakers' ycast plant which poses a
pollutional problem is, therefore, liquid in nature. These
liquid wastes are the molassces sludge from the clarifier,
spent fermentation liquor, yecast cream wash water, filter

press water and fermenter cooling water.

The fraction of the total pollutional load to each of the
streams is given in Table 2.2, from which it may be seen
that the majority of the oxygen demand of the yeast plant

effluent arises from the spent fermentation media.

TABLE 2.2 : Pollutional j,0ad of L iquid waste §gtreams
(Stander et al,1971)

% of total % total
Sl volume pollution*
Molasses sludge negligible 15
Spent nutrient 20 70
Cooling water
Wash water 80 15

e e e N

Filter press liquor

* 5 day biochemical oxygen demand (BODS) basis
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The molasses sludge is readily separated from the other
waste streams as it leaves the centrifugal clarifier as

a compact sludge.

The spent fermentation medium which comprises only 20 percent
of the total liquid waste volume has 70 percent of the
pollutional load of the yeast plant associated with it.
After propagation of the yeast mass, the BOD5 of this
stream is very high (Table 2.3) due to the presence of the
by-products of yeast growth and residual substrate not
utilised during yeast growth. The ycast 1s separated as

a cream from the spent medium by centrifugal scparators,
after which the c¢recam is washed one or more times with
fresh water to remove further medium. Table 2.3 lists

the important waste treatment characteristics of the spent
liquor. Since a batch propagation process i1s used for
commercial veast production, the spent nutrient media
wiaste strecam is not a continuous flow from the plant but

occurs also in batches.

TABLE 2.3 : Composition of 5pent Liquor from Bakers Yeast
Propagation
(Trubnick § Rudolfs, 1948)

BOD . 2000-15000 mg/1

Total solids 10000-20000 mg/1
Suspended solids 50-200 mg/1

Total nitrogen 800-900 mg/1

Sulphate 2000-2500 (as SO,) mg/l
pH 4.5-6.5

The important points are the high BOD; and total solids of
the waste stream and the low suspended solids levels.
This low concentration of suspended solids is due to the
yeast cream separation process. The waste is acidic due

to the pH requirement for yeast growth in the range
4.0-5.5 (Carr, 1970).
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The other liquid wastes from yeast production comprise
large volumes of low BOQ;wuters.
Many yeast plants are located within population centres

and disposal of the waste waters poses serious problems.

Local and national regulations often forbid the disposal
of any untreated waste water into a receiving water. In
New Zealand the disposal criterion is based on maintaining
receciving water standards and therefore the quantity of
BOHS and suspended material discharged per unit time 1is
rcgulated. A local authority would be reluctant to accept
veast plant effluent for disposal via its municipal
scwerage system because of the cffluent's large amount of
organic material passed on to the receiving water. In
addition, the acidic naturc of the yeast efflucent and its
hatch discharge nature posc problems for downstrcam treat-
ment facilities. [f such facilities incorporate biological
trcatment stages, scveral weekly slug doses of a high

BOD5 acidic waste could easily overload them.

In most cases if a local authority does accept industrial
wastes for treatment and disposal, a levy is imposed on the

industry based on the volume and strength of the discharge.

As most bakers' yeast plants are sited within municipal
boundaries such levies on waste discharge are particularly
important since the economic viability of bakers'yeast
production can be largely dependent on the costs of waste

treatment (Peppler,19M).

2.2 Treatment of Waste Waters Arrising from the Production

of Commercial Bakers' Yeast

Waste waters from a yeast plant have been shown to comprise
the spent fermentation media, yeast cream wash waters,
filter press water and fermentor cooling water. The latter
two items have a minimal effect on the pollutional load

from the yeast plant but greatly affect the overall volume
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of the waste water and thereby the concentration of the
mixed wastes. A suggested practice (Stander et al,1971)
1s to keep these relatively cleaner waters separate from
the spent nutrient, yeast cream washes and the sludge
from molasses clarification . The molasses sludge may

be confined as a compact mass and disposed of separately
by, for instance 1landfill, thus removing fifteen percent
of the plant's organic waste. The bulk of the remaining
BODS is then concentrated in a relatively small volume;
which may be treated on site, mixed, after treatment, with
the dilute wash and cooling waters and discharged.

The trcatment and disposal of the spent nutrient and yeast
crecam wash waters is the basis of studies on yeast plant
cffluent trcatment; and in this study, cxcept where noted,

veast plant cffluent refers to thesc waste waters.

Yeast plant cffluent is characterised by the following
points: (a) a pronounced brown colour, (b) a high
concentration of organic material in a true solution or
colloidal state, (c) a tendency toward anaerobic acid
fermentation, (d) the formation of hydrogen sulphide

by reduction of sulphates and/or decompositionof proteins.
(Londong, 1968)

Up until about 1948, the bulk of information on treatment
of yeast plant effluents had been obtained from data on
industrial discharges from brewing and fermentation
industries. The effluents from these industries are
similar in nature to the yeast effluent (Trubnick §
Rudolfs, 1948). To some extent this is still the case and
in the following review some reference to industrial
discharges similar in nature to yeast plant effluent will

be made where relevant.

2.2.1 Chemical Treatment of Yeast Plant Effluent

Chemical treatments, which are most often associated with

the tertiary or polishing stage of waste treatment



14

technology, have found little application in the treatment
of yeast plant effluent. Early studies reported BOD,
removals of zero to 15 percent with an average of 10
percent for an unspecified chemical treatment and 4 to

40 percent with an average of 28 percent BOD; removal for
electrodialysis (Trubnick § Rudolfs, 1948).

Chemical coagulation trials have found that excessively
high doses of coagulent were required to remove minimal
amounts of organic material. Lime dosing at 5000 mg/g
recmoved 20 percent of the COD, coal and smokeless fuel
as carbon adsorbents were only marginally cffective
(Stander et al, 1971).

Some trials have been carried out to assess the cfficacy
of chemical coagulents as colour removal agents in yeast
plant cffluent trcatment. The ycast waste previously
trecated by activated sludge could have some residual COD
and colour rcmoved by alum and ferric chloride (FeCIS)
coagulation. The addition of 4000 mg/g of alum removed
28.7 percent of the COD along with 29.9 percent of the
colour and FeCl3 removed 22 percent COD and 15 percent
colour at the same dosage. Overall colour removal from
a two stage activated sludge process followed by 4000 mg/%
alum treatment was 84.9 percent (Wu § Kao, 1976).

2.2.2 Aerobic Biological Treatment of Yeast Plant Effluent

Three types of aerobic biological treatment systems have
been applied to yeast plant effluent treatment. These are;
activated sludge, trickling filters and rotating

biological contactors.

All aerobic treatments involve the contact of the waste stream
with an active mixed biomass in the presence of oxygen.

In activated sludge treatment the biomass is present as a
biological sludge admixed with the waste stream to form a

homogenous mixed liquor. Oxygen is supplied by sparging
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the mixed liquor vessel with air or using surface aerators.
Both methods usually also supply the mixing power to

maintain the mixed nature of the treatment vessel contents.

In trickling filters, the biomass is present as a film
attached to a support medium. The waste strecam is
distributed over the biomass and oxygen is transferred
into the liquid as it passes through the filter voids by

natural convection of air within the filter.

Rotating biological contactors consist of a number of

discs arranged on a common drive axle. The lower portion

of the discs issubmerged in the waste strcamand a biomass

is built upon the discs as they rotate and arec alternatively

immersed in the waste water and the atmosphere.

In acrobic trecatment of waste strecams the active biomass
utilises organic matertal in the waste for growth and
reproduction of new biomass. In the trecatment of some
industrial wastes, nutrients may nced to be added if the

waste 1s deficient in them.

In aerobic biological trecatment, the oxidation of organic
matter to carbon dioxide and water releases a considerable
amount of ecnergy which is available to the biomass for
growth. Hence only about 50 percent of the organic

matter removed from a waste stream is actually stabilised,
the remainder being converted from a soluble or éuspcndcd
form into an insoluble biological sludge which must be

disposed of separately.

Typical operating parameters for the aerobic systems
mentioned above are: fced concentrations of 50 to 4000

mg BODS/Qand retention times varying from 0.5 to 24 h
depending on the systcm configuration (Grady & Lim, 1980).
The use of pure oxygen rather than atmospheric air has

been investigated for these aerobic processes and has found

favour in some applications.
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Activated Sludge

A summary of the results of activated sludge treatment of
yeast effluent is presented in Table 2.4. The data in

the literature provides an incomplete picture of organic
material removal efficiency by the process. However, BOL:
removals in excess of 80 percent have been generally

found although at relatively lower substrate concentrations
than the yeast plant effluent has characteristically.The
78 to 96 percent BOD removals reported by Wu § Kao (1976)
were for ycast waste diluted with tap water at a ratio of
1:1, howecver another study (Dazai et al,1966) observed
that no improvement was gaincd by dilution of the effluent
prior to activated sludge treatment.

The loading rates cited arc higher than the range generally
considered desirable for conventional activated sludge

trcatment.

BOD5 removal efficiency was found to be independant of feed
BOD¢ concentration at feed BOD5 levels of less than 200 mg/4%
(Grishna & Klimenko, 1972), although the removal efficiency
was dependant on the activated sludge concentration. The
BOD5 removal rate was enhanced at higher operating tempera-
tures but acclimation temperature was relatively unimportant.
(Takiguchi, 1967, 1968) The addition of supplementary
nutrients to the activated sludge did not improve treatment
efficiency in one study; and an absence of protozoa in
the sludge was thought to be due to some toxicity other
than sulphide (Stander et al, 1971). Conversely the
addition of urea as a supplementary nitrogen source has
been shown to improve both sludge settleability and BOD

5
removal efficiency (Takiguchi, 1967, 1968).

No actual economic analysis of the treatment process of
yeast plant effluent by activated sludge was shown for any
of the investigators, however Stander et al (1971)
concluded that, at the retention times evaluated, the high

cost of installation and operation of an activated sludge



TABLE 2.4: Activated Sludge Treatment of Ycast Plant Effluent

Feed Concentration Hyvdraulic T ) . Loading Sl I R T
rctention EMPE riaitv rie rate S
BOD Gep time o kg/m® .d BOD con ource
mg/s, mg/ s, h ' » 0
16300 21120 <3 96-98 64-65 Dazai et al (1966)
20 >80 Takiguchi (1967, 1968)
1.0-2.3 T80 )
) Londong (1968)
1.0-6.2 80 2 )
4200 99.06 82-87 Grishna § Klimenko (1972)
120 6.6 65-70 2 )
) Stander et al (1971)
[ 2.9 35-40 3)
2350 7500 24 25 78-95 80-85%* )
) Wu & Kao (1976)
2350 7500 3+106 25 88-96 06-99* 5 )
* suspended solids removal
NOTES : 1. Combined veast effluent and domestic scwage
2. Yeast plant cffluent alonc
3. Activated sludge treatment of cffluent from an anaerobic digester treating yeast effluent
4. Single stage 24h rctention time
5. Two stage 8h + 16h retention time

LT
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plant could not compete against an anaerobic digestion
treatment alternative. They also pointed out that if
possible, the yeast plant effluent should be treated in

combination with domestic sewage.

This latter alternative 1s described in detail by Londong
(1968). The waste water from a West German yeast plant
producing both ethanol and yeast material from molasses
could not be treated on site due to technical and economic
difficulties and so is treated in association with domestic
scwage from a nearby city. The efflucnt stream was

carricd 21 km by a pipclinec to the treatment facility.
Transit took on average one day and the effluent was

cooled and the pipline fitted with pressure release valves

to reduce thec chances of gas production in the pipelines.

After scparatc pre-acration stages the domestic scwage and
ycast plant effluent arc mixed into an activated sludge

basin whecre 80 percent of the common BOD5 was removed.

In anticipation of removal of the yeast plant to a new
location where waste treatment cost was lower, further
trials were carried out treating the yeast plant effluent

in combination with other industrial and domestic waste
waters. The costs of the processes were compared with
treatment of the yeast plant effluent on its own. Power
consumption for combined treatment was calculated to be
0.85-1.25 kWh/kg BODy removed and 0.3-0.94 kWh/kg BOD¢
removed for separate treatment. The overall cost of aerobic
treatment was calculated to be 4-10 percent of the product-

ion cost of the yeast.

Trickling Filter

The application of trickling filters to the treatment of
yeast plant effluent was reported by Trubnick and Rudolfs
(1948) to be able to remove 51 to 87 percent of the applied
BODS,with an average value of 72 percent. However no data

for types of filter or operating parameters were quoted.
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More recently a pilot-scale study (Lines, 1968 and Jackson
and Lines, 1970) showed that stone-filled biological filters
loaded at 0.43 kg BODsﬂnSd could achieve an 80 percent BOD.
removal. However the 20:1 recirculation ratio used could
prove uneconomical on a full scale plant. Subsequent work
using plastic filter media ('Flocor' being preferred)
indicated that at pilot-scale levels a similar 80 percent
Boq;removal could be achieved using two filters in series
each loaded at 2.8 kg/msd and having recirculation ratios
of 9:1. The savings in filter volume are therefore consi-
derable. In both trials the effluent stream used comprised
spent fermentation medium with a BODsof approximately

10000 mg/g and other yeast plant waste waters giving a
combined BOQSOf 7000-8000 mg,'q .

Trcating yeast plant effluent diluted to 1800 mg/2 with
water, using an acrobic trickling f(ilter - 82.6 percent of
the BOD5 was removed along with 56.3 pcrcent of the effluent
carbohydrate (Sharkov, 1970). Both the volatile fatty acid
and aldehyde concentrations of the waste water increased

during treatment, the former indicating some anaerobic
activity in the filter.

Rotating Disc Contactor

In a series of trials (Botuk et al, 1975), the effluent from
a bakers' yeast and ethanol plant was treated using
rotating disc contactors. This process is an aerobic
contact one whereby a biomass is allowed to grow on discs
arranged along a spindle. The row of discs is partially
submerged in the effluent to be treated and as the spindle
rotates thebiomassis alternatively contacted with the waste
organic material and atmospheric oxygen. In the trials the
yeast and alcohol plant effluent was diluted to <1500 mg
BODTOTAL/Q and loaded on the discs at 0.05 kg BODTOTAL/mZd.
Treatment efficiency was 86 percent removal of BOD.

2.2.3 Anaerobic Biological Treatment of Yeast Plant Effluent

Anaerobic digestion technology has been applied to the
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treatment of this waste water with generally good results.
The digester configuration used in the studies were of the

stirred and heated type.

Removal of Organic Material

COD removals of 77 percent for spent nutrient and 6 percent
for mixed yeast plant wastes have been reported at retention
times of 6 to 9 days (Stander et al, 1971). The above
substate concentrations were 77000 mg COD/2 and 22000 mg
COb/2 respectively. Twenty to 30 percent of the COD of
ycast plant cffluent has been shown to be resistant to
biological degradation either anaerobic or aerobic (Stander
ct al, 1971; [lansford & Richtor, 1975). Regardless of
the sceding and acclimation techniques uscd, the biologically
resistant fractions remained cven after a period of up to

18 months. Therefore the above removals represent at least

85 percent removal of the degradable €COD fraction.

The effect of organic loading rate on removal of organic
material is presented in Table 2.5. Increased substrate
concentrations and decreased hydraulic retention times,
both of which lead to increased loading rates gave rise

to reduced fractional removals.

Doubling the loading rate from 0.8 to 1.6 kg BODS/de

reduced the fraction of BODSremoved from 0.90 to 0.79
(Trubnick § Rudolfs, 1948) and the removal of volatile solids
fell from 0.86 to 0.72 when the loading rate was approxim-
ately trebled from 0.72 kg VS/de (Ling, 1961). In apparent
contradiction are the relatively constant removals of

95 percent (Sen § Bhaskaran,1962) and 75 percent (Botuk

et al, 1973) over loading rate ranges of 0.74 to 3.0 kg BOD /
m3d and 1.5 to 2.5 kg BOD /m d respectively. In the former
case, the BOD5 removal d1d fall slightly to 91 percent when

the organic loading rate was increased to 3.76 kg BODS/de.

Maximum loading rates on digester biomass giving rise to

BOD5 removals of 70 to 80 percent have been reported as
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4.8 and 8.8 kg VS/de for digester volatile solids of
concentrations of 10 and 20 percent respectively ( Sonoda §
Tanaka, 1963).

TABLE 2.5 : Removal of Organic Matter By Anaerobic
Digestion

Loading rate

kg BODS/m3d Removal % Source
0.8 90 BOI)q ) Trubnick §
1.6 79 BOD% ) Rudolfs (1948)
0. 7R 86 VS ) .
)] % 77 VS ) Ling (1961)
0.74 to 3.0 95 + 1 BOI)g ) Sen § Bhaskaran
3.76 91 ﬁODQ . ) (1962)
1.5 to 2.5 75 BOI)5 Botuk et al (1973)
* VS not BODS

Gas Production

In most studies to date the digester gases, specifically

the methane fraction have been considered merely a useful
by-product of BOD5 removal. Because of this emphasis on

organic matter removal, less detailed data on gas

production and composition is available in the literature.

Some data for gas production in the anaerobic digestion

of yeast plant effluent is presented in Table 25a. There
appears to be a decrease in gas production as the loading

rate on the digester increases (Trubnick & Rudolfs, 1948)
however one study (Sen § Bhaskaran, 1962) found that the
decrease was not significant at loading rates below 3.01

k§ BODS/de but a large reduction occurred at 3.76 kg BODS/
m~d,the highest 1loading rate tested. These data follow

a similar trend to the decrease in percentage organic

matter removal. In addition to the decreasing

total gas production at higher loading rates, methane
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content of the gas also decreases (Sen § Bhaskaran,
1962; Hansford § Richtor, 1975) indicating a stressing
of the anaerobic digestion process and the production of

cellular intermediate compounds rather than methane.

Due to the lack of detail in the gas production data it
is not possible to calculate the methane production in
terms of the theoretical maximum as described by McCarty
(1964). However, Stander et al (1971) quote their gas
production as becing 70 percent of the maximum, presumably

on the same basis.

TABLE 2.5a: Gas Production from the Anacrobic Digestion
of Ycast Plant Effluent

Loading Ratce CH
3 Gas . Source
kg Bong/m‘d Production content
0.8 5002/kg VS added 73.9) Trubnick
1.6 4302/kg VS added 73.9) & Rudolfs
(1948)
1.25 to 2.65 500¢/kg BOD5 added - Merkel (1959)
3.76 137¢/kg Boqsadded 49 Sen §
Bhaskaran
(1962)
0.26 kg COD/kg VSS.d 7500-8000%/d - Stander et
al (1971)
1.5 to 2.5 56 to 72 Botuk et
al (1973)

Environmental Considerations

Two of the important parameters for aerobic digestion to
procced are a pH in the range 6.6 to 7.6 and an absence
of toxic compounds (McCarty, 1964). Yeast plant effluent
contains components which can adversely affect both of

the above environmental requirements. It has a low pH of
4.6 - 5.5 initially, and a carbohydrate concentration of
up to 1.5 percent (w/v), which is readily catabolised to

organic acids by the fermentative bacteria and thereby
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depressing the pH. Furthermore the presence of inorganic
sulphates, due to the addition of nutrient supplements
to the yeast propagation medium, may be reduced to
more or less toxic sulphides in an anaerobic digestion

environment.

There is some contradiction in the literature over pH
maintenance in the digestion of yeast plant effluent.
Adjustment of feed pH to 7.0 using sodium hydroxide was
found necessary to maintain digester conditions 1in a
favourable pH range (Ling, 1961) but no buffering was
rcquired when cffluent recirculation was practised on a
pilot scale digester (Stander et al, 1971). In a third
casc, buffering of pH was required at loading rates below
5 kg COD/de whercas at higher rates therc was sufficient

buffer capacity to maintain pH at a favourable levecl.

An amount of sulphate in the digester fced material of
2000 mg/2, which is in the normal range for yeast plant
effluents, did not adversely affect the rate of digestion
(Stander et al,1971); 1in fact,addition of sulphate to
artificially increase the concentration to 18000 mg/% in
the feed, giving rise to sulphide levels of 400 mg/% in
the digester were not deleterious. The limit sulphide
concentration giving rise to severe inhibition of 150 mg/%
(McCarty, 1964) was exceeded possibly due to the build

up of some sulphide tolerance by the digester biomass

over the period of the studies.

2.2.4 Mixed Anaerobic and Aerobic Biological Treatment
of Yeast Plant Effluent

Figure 2.2 outlines a five stage waste treatment system

from a bakes*' yeast plant in Poland. The stages are

(a) methane fermentation in a two-stage anaerobic
digestion phase based on initial studies reported
by Tomczynska (1971);

(b) solids removal by sedimentation;
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(c) aerobic trickling filter treatment of the sedimen-

tation supernatant;
(d) further sedimentation of the filter effluent, and,

(e) aerobic lagoon treatment before ultimate discharge.

anacrobic
digestion
Focd sigimonturtyn
(S8 %
12000 A s -
.'\[i-,”“
solrds | 20-
to dJdrver b0
lagoon
05155 Sﬁ:lHUHIJIIOH
==
20 d . .
trichkling|
filter
solids
20 mg HUH%/l
FIGURE 2.2 : Yeast Plant Waste Water Treatment System

(Based on Tomczynska, 1971).
A1l values in mg BODS/Q except where noted

Summary

The major polluting waste stream arising from the produc-
tion of bakers' yeast is the spent fermentation medium from
the final propagation stage. Other waste streams are the
sludge from molasses clarification and the cooling and
plant wash waters. Both these latter waste streams c<uld
be relatively simply separated from the spent nutrient

for separate disposal. The molasses sludge could be
disposed of by transportation to a landfill site and the
cooling and wash waters sent to a municipal sewerage

system.
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For a commercial yeast plant located within a municipa-
lity, separate disposal of the molasses sludge rather
than diluting it and washing it down the sewer would
reduce by fifteen percent the disposal costs for BO% on
the plant. On-site treatment of the spent fermentation

mcdium as a scparate stream would further reduce this cost.

The fermentation medium has been successfully treated for
IKM% removal by both acrobic and anaerobic processes.

While the acrobic treatments successfully reduced the BO%
by up to 99 percent these systems werc operating at the
upper limit of substratec concentration generally associated
with aerobic biological trcatment. Fturther, the most
cffective acrobic trcatment process, activated sludge, is

a highly sophisticated process requiring close control of
operating parameters and high operating costs of oxygen
transfer equipment. There is also the problem of

disposal of the biomass into which much of the organic
material in the waste stream is converted. Since overall
yeast production economics are dependent on waste disposal
costs, such high costs would disadvantage aerobic treat-

ment systems compared to the anaerobic ones.

Yeast plant effluent has also been shown to be amenable to
anaerobic digestion with high organic material removal
efficiencies. Anaerobic processes in general are more
suited to the high BODsconcentrations found in yeast
effluent. 1In a properly operated anaerobic digester

organic material is converted to gaseous products, princi-
pally methane with consequently lower sludge disposal costs.
Due to the higher influent substrate concentrations able to
be applied to an anaerobic digestion system, a smaller

treatment system 1s possible.
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2.3 The Anaerobic Waste Treatment Process

In anaerobic waste treatment,complex organic materials 1in
the waste stream are converted to methane and carbon

dioxide in the absence of molecular oxygen. The process,
which occupies an essential niche in natural self purifi-
cation processes, was first used in the waste treatment
field for the stabilisation of sewage sludges, but has

more recently been applieced to the treatment of higher
strength industrial wastes (Tebbutt, 1971), McCarty (1964)
has stated five important advantages over acrobic digestion.

These are
(1) a higher degrce of waste stabilisation;
(2) a lower yield of biological solids;

(3) lower nutrient requircement due to the reduced solids

production;
(4) no requirement of oxygen;

(5) production of methane gas which is a useful product.

During digestion, organic material is converted into methane
and carbon dioxide and, as up to 90 percent of the energy in
the waste is retained by the gas, little is available for
growth and cell yields are lower than the 50 percent possible
in aerobic systems (McCarty, 1964). Anaerobic digestion

in the rumen of some animals under normal conditions stops

at acid production which 1is then utilised by the animal

for growth and energy.

2.3.1 Theoretical Aspects of Methane Production in Anaerobic

Digestion

Despite its widespread and growing use there has been, until

recent years, a poor understanding of the process
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fundamentals. Detailed reviews of the process microbiology,
biochemistry, chemistry and environmental factors have

been published (McCarty, 1964; Kirsch § Sykes, 1971;
Hobson et al, 1974; Torien § Hattingh, 1969; Kotzé et al,
1969; Mah et al, 1977)

One major problem appears to be the great difficulty in
isolating pure cultures of the methanogenic and acetogenic

organisms.

Environmental factors required for sustained anaerobic
digestion are
(1) pH in the range 5 to 8, however activity declines

sharply below pH 6.6;
(2) an absence of oxygen;
(3) sufficient nutrients, and,

(4) an absence of toxic materials.

In addition there appear to be two groups of anaerobic
digestion organisms which operate at different temperature
ranges; thermophilic organisms at temperatures of 45 to 70°C
and mesophilic ones at 30 to 40°C (Mah et al, 1977;
Bryant, 1979).

In many natural environments such as swamps and organic
sediments in fresh water and marine ecosystems, the anaerobic
decomposition of organic matter plays an important role in
the cycle of nutrients. Anaerobic digestion is also found
to some extent in the gut of ruminants, and much of the
literature on the process is related to reactions in rumen
fluid.

The microbiology of anaerobic digestion was generally

thought to be divided into two groups (Torien § Hattingh, 1969),
One group fermented complex or polymeric compounds to fatty
acids, alcohols, COZ,NH3 and sulphide but was not capable

of producing the end product methane. The second group

were the methane formers which obtain energy for growth
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by fermenting the products of the first group to methane

and carbon dioxide. Recent research however has shown

this two stage scheme to be unsatisfactory (Bryant,1979).
Methanogenic bacteria are unable to catabolise organic acids
other than acetic and formic, alcohols other than methanol;
and the production and utilisation of hydrogen plays a
control role in the fermentation (Bryant, 1979; Mah et

al, 1977).

A modified scheme for the conversion of carbohydrates to

mcthane and €O, is presented in Figure 2.3.

Polysaccharide

|

sugars

1 FERMENTATIVE
BACTERIA A o propionate, butyrate
(ethanol, lactate)

acetate, H2 —_—

co, (formate) H, PRODUCING ACETOGENIC 2
BACTERIA
3 METHANOGENIC .
BACTERIA Eily + &4,
FIGURE 2.3 : Generalised scheme of the three Stages

involved in gnaerobic fermentation (Bryant, 1979).

In the above scheme in addition to the previously mentioned
fermentative and methanogenic groups of bacteria, there is

an intermedidate group known as hydrogen producing
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acetogenic bacteria. This last group obtain their energy
for growth by producing acetate, H, and sometimes CO2 from
the products of initial fermentation (Bryant, 1979).
While the three phases of the anaerobic processes can be
considered separate (as in the scheme), the metabolism of

each 1is dependent on the others (Bryant, 1979).

In the first stage of anaerobic degradation of a carbohydrate,
the pathways illustrated in Figure 2.4 have been proposed
(Hobson et al, 1974; Mah et al, 1977; McCarty, 1964;

Toricen § lattingh, 1969; Bryant, 1979).

The polysaccharide is hydrolysed to sugars which are then
fermented to pyruvate. Electrons designated as 2H are
produced in the form of the reduced nicotinamide adenine
dinucleotide (NADH). Pyruvate is then catabolised
further to acetate, co, and l[‘2 or the propionate, butyrate

or c¢thanol (Bryant, 1979).

polysaccharide

sugar

ZH 2H

H . jeg——o——— pyruvate oxaloacetate
2 \\\\ F’

[CO

lactate succinate

acetyl -CO A '\\\\\\\ ~\\a\‘h—«//l
jgf/// acrylyl CO A
acetate

2

ethanol 2Hl
= el
butyrate propionate
= final product —— = extracellular intermediate
FIGURE 2.4 : Pathways involved in first stage fermentation

of carbohydrate (After Bryant, 1979)
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Recent studies of the metabolic interactions between the
fermentative and Hy, - utilising methanogenic bacteria
(Bryant, 1979) suggest that the concentration of H, in
the ecosystem plays a central role in controlling the
various product proportions by the fermentative bacteria,

through the formation of the reduced NAD as in equation 2.3.

NADH + H® & H, + NAD"

AGO = + 17.97 kJ/mol. (2.3)

K = 6.84 x 1074

For degradation to proceed production of H2 from NADH
oxidation 1is esscntial. The equilibrium is however in the
direction of NADH production unless the H2 partial pressure
is cxtremely low, as it is in the presence of [l2 utilising
mcthanogenic bacteria. When the system 1s stressed as in
the case of overloading with organic matter or reduced
rctention time there is a tendency for the electrons of
NADH generated in fermentation to be utilised in catabolism
of pyruvate to the reduced products especially propionate

rather than acetate, CO2 and HZ'

The fermentative bacteria also use many other compounds.
Lipids are hydrolysed, unsaturated fatty acids hydrogenated
and long chain fatty acids B-oxidised to produce volatile
acids for subsequent conversion in the latter stages
(Andrews § Pearson, 1965). Thebranched volatile acids
iso-valerate and iso-butyrate magy also be produced directly
via Strickland reactions (equations 2.4 and 2.5) from some

amino acids.

NH
2
1
CHS'QH_CHZ-g_COOH + ZHZO + CHS-?H-CHZ-COOH + NH:,) (2.4)
CH; H Cklg
+ 4H + CO2

leucine iso-valerate
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NH

2
1
CH,-CH-CH-COOH + 2H,0 + 2H,0 » CH;-CH-COOH + NH (2.5)
33 2 2 3 3
CH3 CH3
+ 4H + CO2

valine iso-butyrate

The products of first stage degradation apart from COZ’

H2 and acetate are mailnly propionate and longer chain
volatile acids and are anaerobically oxidised to acetate

or acetatc and CO2 (McCarty, 1964). Little is known about
the clectron sink for reactions and in the known cases it
is H,. More than one species of acetogenic bacteria may be
nccessary to convert some substrates such as odd numbered
fatty acids. For instance one specics may beta-oxidise

an acid to acetate, propionatc and tl, and another species
may be necessary for oxidative dccurgoxylation of propionatc
to acctatce, CO2 and H2 (Bryant, 1979).

The maintenance of an extremely low H2 partial pressure 1s
necessary for these acetogenic bacteria to grow and
catabolise substrates.

In pure cultures the free energy change does not favour
catabolism of the fatty acids, but favourable energetics

result when cocultured with the methanogen.

Direct evidence for the obligate Hz-producing acetogenic
phase was provided by Bryant et al (1967) when the 'species'
Methanobaccillus omelienskii was resolved into two species
syntrophically converting ethanol to methane. The oxidation
of ethanol to acetate is thermodynamically unfavourable
(equation 2.6) unless coupled with the H2 utilising bacteria.

+

ZCHSCHZOH * 2H20 == ZCHSCOO * 4H2 + ZH

AGO = + 19.2 kJ/mol. (2.6)
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Other evidence is provided by the isolation of a fatty acid
catabolising bacteria, apparently a new species, that
degrades even carbon numbered fatty acids butyrate, caproate,
caprylate to acetate and HZ' 0dd numbered acids valerate

and heptanoate were degraded to acetate, propionate and HZ'
The bacteria could only be grown in syntrophic association
with a hydrogen utilising desulphovibrio or methanogen.

No other electron donors, acceptors or energy sources were
utilised (McInery et al, 1979). This species degrades
butyrate according to equation 2.7.

- +
O O = . o OCHD. + H + 2H
CH4CH,CH,C00™ + 2H,0 < 2Cii;C00 2 (2.7)

AGO = + 48.1 kJ/mol.

A new genus and species of bacteria Syntrophobacter

wolin? which degrades propionate has becn isolated in

cocul ture with the hydrogen utilising Desulphoribrio species
which cannot utilise organic acids other than formate.The
free energy change for the propionate degradation is

+ 76.1 kJ/mol (Boone § Bryant, 1980).

Three strains of a new genus and species of bacteria,
Synntrophomonas wolfei were isolated and characterised by
McInery et al (1981). This organism beta-oxidises C4 to

C8 saturated fatty acids to acetate, or acetate and propionate
using protons as the electron sink. The organism could only

be isolated in coculture with H, utilising Desulphovibrio

or methanogen and had generation times of 54 to 84 hours.
Lactate may also be completely degraded to carbon dioxide
and methane by a syntrophic association of Methanosarcina

barkerii and Desulphovibrio species (McInery and Bryant,
1981).

Methanogenic bacteria are only directly involved in the
third stage of anaerobic digestion, although their
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importance to the H, producing acetogenics has already been
discussed. They are the only organisms capable of utilising
electrons and breaking down acetate in the absence of light,
or other electron acceptors such as sulphate or nitrate,

In the absence of the methanogens organic acids from the
fermentative stage of anaerobic degradation would accumulate
ylelding an energy content almost as great as the initial

organic waste (Bryant 1979).

The methanogenic bacteria appear to be a unique group of
organisms with common energy producing metabolisms, the

stoichiometry of which is presented below.

Energy Sources of Methanogenic Bacteria
(After Bryant, 1979)

1. All species

- +
4H2 + HCO3 + H < CH4 + SHZU

AG& = -32.4 kcal/mol.

2. Many species

4HCOO™ + H,O0 + HY = CH, + 3HCO;~
AGé = -31.2 kcal/mol.
3. Few species
CH,COO  + H,0 = CH, + HCO,

3 2 4 3

AGé = -7.4 kcal/mol.
4. One species

N = +
4CH30H = 3CH4 + HCO3 + H + H20

AG& = -75.2 kcal/mol.

All organisms studied were able to use H, to reduce carbon
dioxide to methane. Although some 70 percent of the methane
produced from the organic material was derived from the

methyl group of acetate (McCarty, 1964) only a few species
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are known to reduce acetate in this way. These include
Methanosarcina barkerii, the only example to be isolated
in pure culture (McInery § Bryant, 1981). This latter
is also the only organism known to convert ethanol to methane

directly.

Work is being carried out to further elucidate themetabolism
of the methanogenic bacteria. The contribution of each of

the organic acid intermediates has recently been reported
(Mackie & Bryant, 1981). Although the acids of C3 and greater
are converted to methanevia acetate it was found from
radioactive tracer studies that propionate and butyrate
respectively contributed 13 to 17 and 7 to 9 percent of the
methane.

The yield of methane has been predictedstoichiometrically
from a knowledge of the chemical compositions of the substrate.
(equation 2.8).

n

a b =
Cala0p *+ (n-7 - 7)H,0 = (5

- & Bigg, ¢ B8 ®ycH, (2.8)

(Buswell § Mueller, 1952)

In waste treatment situations where the substrate is not a
pure compound, the theoretical maximum methane yield is
0.35 m3 per kilogram of COD of ultimate BOD stabilised.
(McCarty, 1964).

In summary it is noted that anaerobic digestion involves a
complex interaction between three groups of organisms namely;

(1) the fermentative organisms which degrade complex
molecules to simpler compounds mainly pyruvate,

organic acids, hydrogen and carbon dioxide;

(2) an acetogenic hydrogen producing group which
degrade higher organic acids, lactate, ethanol and

perhaps other compounds to acetate and hydrogen,

(3) amethanogenic group all of which reduce carbon
dioxide to methane,a few reduce acetate and one
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species reduces ethanol to methane.

The metabolic activities of the latter two groups is largely
unknown and isolation of pure cultures of the organisms 1is
difficult. Hydrogen concentration plays an essential role
in overall conversion of organic material to methane. Its
concentration must be kept at an extremely low level to
allow the acetogenic organisms to have favourable

thermodynamics for their catabolism of substrates.

2.3.2 Anaerobic Process Designs

There are several designs of anaerobic processes based on
the kind of reactor used. These are;

(1) the anaerobic digester which is a stirred tank reactor;

(2) contact digesters also known as anaerobic activated
sludge reactors which comprise a reaction vessel and a

cell separation phase for biomass recycle, and,

(3) the anaerobic filter which is similar to the aerobic
trickling filter.

More recently a fourth configuration has been tried, that of
a fluidised bed of inert material attached to which 1is
the anaerobic digestion biomass. Figure 2.5 illustrates

schematically the types of anaerobic digestion reactors.

Conventional systems usually comprised circular concrete
tanks with fixed or floating covers. Feed was on a con-
tinuous or intermittant basis and retention times of 30 to
60 days were common. These first anaerobic digesters were
unmixed and unheated and consequently were very inefficient.
Mixing, either mechanically or by gas or contents recircu-
lation, and heating by external or internal heat exchangers
lead to reduced retention times of 10 to 20 days and the
present generation of so-called high-rate digesters.
Although anaerobic digesters find most applications in the
treatment of primary sewage sludges which are stabilised in
approximately 15 d. at 30 to SSOC, some other wastes are

amenable to such treatment, such as secondary sewage sludges,
and some industrial wastes (Grady & Lim, 1980).
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FIGURE 2.5: Schematic diagram of some anaerobic

waste treatment configurations.
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The gases produced by anaerobic digesters are generally
burnt to produce heating for the digester and feedmaterial,

power for a treatment facility, or vented.

The anaerobic contact process was developed in response to a
need to maintain a high concentration of active biomass to
treat relatively dilute waste streams. This configuration

is analogous to the activated sludge process and was first
applied to the treatment of meat packing wastes (Schroepfer e¢ al,
1955). Such a waste stream is relatively dilute comparcd

to sewage sludges and hydraulic retention times of the order
of 12 hours are possible using this process. The main
disadvantage of this system is associated with solids sep-
aration for recycle, requiring degasification of the sludge
and/or the use of chemical flocculants especially in the
trcatment of soluble wastes and the requirement for
cxternal heating since the dilute wastes gencrate insufficient
mcthane to maintain the 35°C operating temperature. Although
this process has been applied to some industrial wastes its
acceptance has been limited even though it is more economical
than activated sludge treatment (Pffefer, 1979).

In order to overcome the problems associated with solids
recovery of the anaerobic contact process, two digester
configurations utilising a fixed biomass have been developed.
These are the anaerobic expanded bed reactor and the
anaerobic filter. Both systems employ an inert support
medium to which the biomass adheres thereby eliminating the
need for solids recycle and allowing the waste water to pass

through the system at short retention times.

The expanded bed reactor utilises a biomass attached to a
granular support which is fluidised in operation thereby pro-
viding a large surface area and rapid treatment of the waste
(Jeris et al, 1977). The system has been used to treat
dilute waste waters of less than 600 mg COD/% (Switzenbaum,
1978) at retention times of several hours and near ambient
temperature. This work led to the possibility of using

the process for the treatment of domestic sewage without
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the need for the costly aeration of conventional aerobic
systems. It has also been applied to the treatment of
medium strength industrial wastes of up to 5000 mg COD/2

at retention times of 2.6 to 9.3 h (Boening § Larsen, 1981)
Although having low operating costs, the expanded bed proc-
ess 1is extremely sensitive to variations in flow rate hence

requiring a continuous feed and constant monitoring.

The anaerobic filter on the other hand is the simplest of
the anaerobic digesters, comprising simply a packed bed of
support medium in a cylindrical vessel and pumping to pass
the waste water up through 1t. Its ease of operation and
very low operating costs (Pffefer, 1979) and relative
immunity to shock loading (Jennett § Dennis, 1975; Jennett
de Walle, 1976) and intermptions in feed rate (Taylor §
Burm, 1975), indicate its potential efficacy in the pre-
trcatment of a high strength industrial waste, low 1in sus-

pended solids such as yeast plant cffluent.

2.4 The Anaerobic Filter

The use of an inert support medium to maintain a high con-
centration of biomass in an anaerobic digestor without
washout at high hydraulic loadings, was initiated several
decades ago. The addition of asbestos fibres to a digester
treating dairy plant effluents was reported by Buswell,
1936. The use of a packed bed configuration occurred some
25 years later with the description of an upflow percolating
filter (Dewes, 1960). This latter system was used to
anaerobically treat several industrial effluents including
those arising from the processing of dairy products, and
the production of wood pulp and citric acid. Acid fermen-
tation in the filter had a 'rapid purifying effect' on the
waste waters and residual impurities could be removed by
chemical treatment. The ground-breaking work on an
anaerobic digester configuration which had minimal mainte-
nance requirements and sludge handling problems, and had the
potential to operate at near ambient temperatures,was

carried out by Young and McCarty (1967).
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[ollowing the initial study, the anaerobic filter has

been applied to the treatment of a variety of waste streams
both synthetic (Plummer et al, 1968; Mueller & Mancini,
1975; Kahn & Siddigi, 1976), and real. These latter

included the waste waters arising from industrial activities

of : pharmaceutical companies (Jcnnett § Dennis, 1975;
Seeler & Jennett, 1978; Sachs et al, 1978); a
tannery (Arora et al, 1975); a brewery (Foree & Lovan,

1971, 1972); the petrochemical industry (Hovious et al, 1971)
shellfish processing (Hudson et al, 1978) and milk process-
ing (Petcrson, 1975). In association with domestic wastes
trcatment, the anaerobic filter has been applied to the treat-
ment of waste activated sludge (llaug et al, 1977) from

scwage treatment, the leachate from sanitary landfill sites
(de Walle § Chian, 1977; Johanson & Carlson, 1976), and raw
sewage (Genung et al, 1979).

With rcmoval of organic material as a sccondary concern,

the anaerobic filter has been utilised in the denitrification
of waste waters (St Amant §& McCarty, 1969; Tamblyn & Sword
1969; Anderson § Ibrahim, 1978) and to recovery of ammonia
(Trulsson, 1979).

2.4.1 Filter Design

The design of the anaerobic filters used in most studies

has followed the pattern of those used in the first study

by Young & McCarty, (1967). Experimental units are cylinders
of a high aspect ratio, mounted vertically and fed from the
bottom. Packing material has varied in both composition and
packing density. Rock fillings give rise to void ratios

of the order of 0.45 (Young § McCarty, 1967; Jennett §&
Dennis, 1975; Sachs et al, 1978; Hobson et al, 1978). Void
ratios of 0.95 and greater have been achieved with the use
of plastic support media of similar type to aerobic trickling
filter medium. In addition some novel packing materials

have been used such as oyster shells (Hudson et al, 1978).

Modifications to this basic design have been made in several

studies. Multiple filter units in series have been
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successfully used to extend filter capacity (E1-Shafie

& Bloodgood, 1973). An attempt made to separate the acid
formation and methanogenic stages by using an acidic stirred
tank reactor followed by an anaerobic filter met with only
limited success (Norman § Frostell, 1977). Replacement

of an entrapment medium by long narrow tubes, the insides

of which comprise the support surface, has also been reported
(var den Berg § Lentz, 1980).

The scale of most anaerobic filter studies has been limited
to laboratory or bench size units. However, at least two
commercial scale units have been commissioned (Taylor §
Burm, 1975; Witt et al, 1979).

2.4.2 Operational Conditions

Steady state operational data from the literature is presen-
ted in Table 2.6. The principal input parameters

are the influent substrate concentration and the hydraulic
retention time, the latter based on initial filter void
volume. Together these parameters are used to define the
organic loading on the system in terms of kg organic material/

ms.d.

In Figure 2.6 the range of influent substrate concentrations
and hydraulic retention times tested are presented. The

lines are points of equal organic loading rate.

Although the maximum substrate concentrations and hydraulic
retention times used are 16000 mg COD/% and 10.5 d
respectively (Figure 2.6), the bulk of the trials have been
carried out under conditions of less than 6000 mg COD/%

and 5d hydraulic retention time.



TABLE 2,6 : Steady State Performance Data for some Anaerobic Filters

Effluent
Influent HRT Loading rate CoD BOD5 Alkalinity VFA pH methane
coD BOD, coD BOD  Temp. Removal Removal mg/t  mg/R g‘a';
g/l d kg/md °c  mg/t % mg/ 1 % ) (2) %

1500 »* 0. 63 2 38 » 25 100 92 1 25 98 4 » 15 * 72. 07

1500 * 0 32 4 76 » 25 110 91 5 35 97 S » 22 » 72 0

1500 * 0 16 9 38 L 25 300 79 3 225 84 3 * 149 » 72 O

1500 * 0 08 18 7% » 25 600 36.7 525 63 2 » 225 * 72 O

3000 * 1. 26 2 38 * 25 170 93 4 20 99. 2 » 18 * 72. 0

3000 » 0. 63 4 76 * 25 280 88 4 130 995,59 * 78 * 72 0

3000 »* 0. 16 18. 75 * 25 845 63 0 705 75 4 * 185 » 72. 0

1500 * 0. 63 2 38 * 25 20 99 4 20 98 7 * * * 72 O Young 4 ‘lcCarty (1907)
1500 * 0 32 4 76 * 25 135 90 5 135 90 8 * » * 72. 0

1500 * 0. 16 9. 38 * 29 310 79 O 310 79. 4 * » » 72. 0

1500 ] 0. 08 18 75 * 25 470 68. 4 470 68. 5 » * - 72 0

3000 * 1. 26 2. 38 * 29 36 98. 6 36 98. 6 * » »* 72. 0

3000 » 0. 63 4 76 * 29 230 92. 0 230 95 0 * »* 3 72. 0

6000 * 0. 63 9. 38 * 293 124 7.7 124 97.8 - » - 72. 0

6000 * 0 32 18 75 * 25 772 86. 9 772 84.0 - » * 72. 0

205 1348 250 3% 081 33 + 680 . + 3750 1545 § =

2405 1 3 ) » ) » » - | . )
a8s0 3705 0 88 701 Q.53 35 s 450 . s 2750 2460 s« 37 0| Plummer et al (1908)
5000 3820 0. 54 10 20 0.38 39 * 35.0 * * 2845 3355 - 32 0

1000 - 2. 00 0 22 * 25 45 95. 5 * ] 7 36 (-] »

1250 * 1. 50 0. 37 * 29 74 93. 7 * * 338 60 6.8 *

1250 * 1. 00 0. 56 * 25 56 95.3 * * 672 32 7.2 »

4000 » 1 50 1 17 * 25 88 97.8 »* - 896 72 7.4 ]

4000 » 1. 00 1 76 ] 293 99 97.5 » » 463 68 6. 4 * Jennett & Dennis (1975)
406G »* 0 75 2 44 * 295 197 95. 1 » * 372 48 6.7 *

4000 » 0 50 3 Tt * 25 54 93 7 - » 332 132 6 7 *

8000 * 1 00 952 * - 38} 95. 4 * * 416 102 & 7 »*
16000 * 2 00 3 S » 25 390 97. 6 » * 4746 156 6.7 *_J
10000 » 0 75 13 30 (4 30 3300 70. 3 * » » - 7.0 62.0 El Shafie & Bloodsood (1973)
6600 7000 1.75 379 3.00 32 * 64. 0 * 57 0 » » » #*_ Tavlor & Burm (1979)
2500 » 8. 30 0. J0 * 29 70 97. 0 * * 590 * 6 9 * .

2500 - 3 80 0 65 » 25 93 96. O » * 630 30 6.8 72. 0

2500 »* 2. 00 1 17 » 25 120 94 5 » » 760 30 6.9 72 0

2500 * 1. 33 1 75 »* 25 177 93. 0 » » 880 30 6 9 70.5

1250 » 0. 67 1 75 » 29 175 86 0 » * 800 * 6.8 70. 5

625 » 0. 33 1 7% » 2% 170 72 0 » * 730 30 6.8 70. 5| Peterson (1975)

5000 * 1. 33 3. 50 - 235 355 93. 0 * * 930 30 6 9 705

2500 * 0. 67 3. 50 * 23 350 86. 0 » * 890 - 6.9 70. 5

1250 * 0 33 3 %0 * 29 350 72. 0 » ] 820 30 6.9 70.5

7500 * 1. 33 S 29 * 293 665 91.0 » » 1130 ] 6 9 69. 0

3400 » 4. 30 0. 8O » 33 » 90.0 - » 3000 * » 65 0, Foree § Lovan (1972)

330 - 1. 26 0 26 » - 115 65.0 L] * * 26 8.0 »

990 * 1. 26 0. 79 * * 180 82.0 * * » 39 7.9 *

2640 » 1.26 2 10 » » 327 88. 0 - » » 37 8.0 ®| Arora et al (1975)
4290 * 1. 26 3. 40 * » 2314 46. 0 * * * 47 7.9 .

5610 - 1. 26 4. 45 * * 4130 26. 0 - * - 60 8 2 *_

9500 3000 2.00 475 0.63 32 2300 76.0 450 83.0 3%00 300 7.1 70.0" Haug et al (1972)

v
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Norman & Frostell (1977)
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FIGURE 2.6: Influent substrate concentration as a function
of hydraulic retention time for data frem Table 2.0

with organic loading rates indicated.
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The legend for Figure 2.6 is as follows:

A Young and McCarty (1967) protein and

carbohydrate waste.
B Ibid - VFA waste.
C Plummer et al (1968)
D Jennett § Dennis  (1975)
b El-Shafie § Bloodgood (1973)
I' Taylor & Burm (1975)
(G Peterson (1975)
H Tl'orce § Lovan (1971)
[ Arora et al (1975)
J Haug et al (1977)
K fovious et al (1971)
L. van Velsen et al (1979)
M Norman § Frostell (1977)
N Sachs et al (1978)
0 Anderson et al (1978)

P&Q Hudson et al (1978)

In terms of organic loading rate, based on the initial void
volume of the filters, the points (E) and (Q) in Figure 2.6
represent respectively the highest loading rate of 18.75

kg COD/de and the lowest of 0.15 kg COD/msd. It 1is
axiomatic that any number of combinations of substrate con-
centration and retention time will yield the same organic
loading rate and such are also indicated in Figure 2. 6.

In terms of this parameter, most studies have been concen-
trated in the range of 1.0 kg COD/de to 10.0 kg COD/msd,
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which is in the range generally associated with anaerobic

digestion processes.

2.4.3 Removal of Organic Material

The percentage removal of COD by an anaerobic filter 1is
illustrated in relationship to the organic loading rate 1n
I'igure 2.7. Although there is much scatter in the data
there is a general trend towards a lower percent removal at
higher organic loading rates. Regression lines calculated
for each data set using the least squares criterion and
forcing the intercept through the point 100 percent COD
removal at zero organic loading rate have been drawn in on
lFfigure 2.7. The statistical significance of each line is
presented in Table 2.7. The data sets omitted from Table
2.7 are so because of insufficient data points to compute
the regression line.

Good correlation between percent COD moved and organic load-

ing rate were observed for a protein/carbohydrate waste

(Young § McCarty, 1967), and a shellfish processing waste

(Hudson et al, 1978). Somewhat less well correlated data

was observed for the tannery waste (Arora et al, 1975), the
protein/carbohydrate waste of Norman § Frostell (1977) and

the shellfish processing waste water treated with a rock-

filled anaerobic filter (Hudson et al, 1978). However, the
degree of treatment performance seemed not only dependent on

the type of waste treated but on the particular system used

by each study, as shown by the difference between the protein/
carbohydrate waste performances of Young § McCarty (1967)

and Norman & Frostell (1977). These had slopes of -1.857 and

-3.240 % COD /kg COD/msd) respectively. (Onversely there was similari
between the performance figures for both the protein/

carbohydrate and volatile acid wastes treated on the same

filters by Young § McCarty (1967).
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TABLE 2.7 Details of Regression Lines in Figure 2.7.
Slope e
0 Coefficient of
2i;? (— — (2)) determination (rz) biaise = ype Sleurce
kg COD/m~d
A -1.857 0.971 protein/carbohydrate g Young § McCarty (1967)
B -1.205 0.789 volatile acid ) Young & McCarty (1967)
D -1.225 0.441 pharmaceutical Jennett § Dennis, (1975)
G -4.136 0.603 milk Peterson (1975)
I -15.37 0.859 tannery Arora et al (1975)
L -3.22 0.786 calf manure van Velsen et al (1979)
M -3.240 0.808 protein/carbohydrate Norman § Frostell (1977)
O -1.865 0.522 NOs-N/brewery Anderson et al (1978)
. . . 1)
I -117.6 0.956 Shellfish proce551ng2 ) Hudson et ai (1978)
(G -193.1 0.830 Shellfish processing” )

ovster shell filter packing

rock filter packing

LY
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The available BOD5
to COD data (Figure 2.8).

data (Table 2.6) indicated similar trends

The initial anaerobic filter investigation (Young & McCarty,
1967) was used to develop a mathematical model incorporating
biological growth, solids transport, diffusional resistance
of the biofilm and non-steady state solids build-up. This
model was considered too complex for analysis or design
(Mueller & Mancini, 1975). A simple equation to predict the
removal of soluble ultimate BOD was also presented (Young
& McCarty, 1975)

E = 100 (1-%) (2.9)
where E = % ultimate BOD removal
= hydraulic detention time
€ = a system constant

For the system studied, at 25°C the value of € was found to
be 1.8 h. Figure 2.9 is a plot of observed COD removals as
a function of hydraulic retention time for anaerobic filter
studies (l'able 2.06) and superimposed is cquation 2.Y9. This
may bec secen as a midrange of very scattered data points.
Lower removals than thosc¢ predicted by cquation 2.9 were
considered to be duc to the naturc of the waste or to high

solids carryover (Mueller & Mancini, 1975).

A kinetic study of the anacrobic filter (Mucller & Mancini,
1975) concluded that a complcx model cemploying Michaclis
kinetics, a pH inhibition function and separatc organism
fractions but neglecting solids transport and biofilm
diffusion simulated the steady state data. But a simplec
model employing first order kinetics approximates thc per-
formance and was more readily useable for system design and
analysis. It must be noted that the former model was based
on an assumption that the organic carbon was converted to
methane 1n two stages by conversion to volatile acids thence

to methane, which is now not in favour.



removed

5

percent BOD

100

80

60

40

organic louaing rate. itat

a4 {rom

oA
L + oL oA °B
JE A%B
°B oL
L] oA 8
- °B
°A
°B
- °A
of
+= ABB
O " T v -_’ - T v X . ]
) 3 ¢ 8 10 12 11 16 18 It
organic loading rate (kg CUD/de)
FIGURE 2.8: Percent BOD- removed os a function of

Tabhle 2.0.

bt



removed

nercent COD

100

80 1

(IR

o

L}

—

-l
L

10 B 9o

FIGURE 2.9:

function of
Data {rom

Percent COD removed as a
hydraulic retention time.

Table

2.6,

0"BD“O'BoD’D'Q,__,___EQZS____________ i
De M B e *G M °G M o™ =
A.D.‘B ,.%nﬁoo
.BA 7/ .G'K o| oH
Be eA o
0. I.G |°oL °oC o g
& 7 P -
B / 0 g
(&G N 9
( °F
8 o
! oK of °F
oA
)
|
l op °Q
of
oA
oC
°Q oQ
of
°N
| : ’ ! : o 7 8 9 10
hydraulic retention time (d)

0S



51

The application of first order kinetics to the data in Table

2.6 has been carried out as follows

S
From ¢n §; = -kt (2.10)
where S = final substrate concentration (mg/2)

SO = initial substrate concentration (mg/%)

k = first order rate constant (d_l)

t = retention time (d)

it follows that
g k

%o S—r (2.11)

50 0

and since the organic loading rate is deflined as

_ B

+
where t is the rctention time bascd on initial void volume,

then from equation 2.11:

S
0
_ _OLR (2.13)
= PR RS
S
0
S0
and a plot of == against OLR should be linear with slope
AN
S

0o

o |
E.

Figure 2.10 is the plot of equation 2.13 for the data in
Table 2.6, and Table 2.8 gives valucs of k calculated from

linear regression times.
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TABLE 2.8: First Order Kinetic Constants for Removal of COD by Anaerobic Filters
-1 .
gzia k (d6 ) Cocfficient of ) Source
x 10 determination (r°)
A 8.795 0.878 ) Young & McCarty (1967)
,
B 8.245 0.868 =) Young § McCarty (1967)
D 1.45 0.805 Jennett & Dennis  (1975)
G 2.09 0.900 Peterson (1975)
I 0.337 0.834 Arora et al (1975)
L 0.935 0.778 van Velscn et al (1979)
M 0.705 0.842 Norman § Frostell (1977)
0 5.55 0.675 Anderson et al (1978)
P 1.58 0.693 3)
Q 0.582 0399 1 Hudson et al (1979)
NOTES
1 protein/carbohydrate wastc
2 volatile acid waste
. oyster shell packing
4

rock packing

¢S
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There 1is a greater range in rates between the different filter
systems rather than between waste types as would be expected.
For instance the different wastes treated in one study by

the same filter (Young & McCarty 1967) showed very similar rate
constants for both protein/carbohydrate wastes and a

volatile acid one, 8.795 and 8.245 x 1079 d-lrespectively.
Whereas in another study (Norman & Frostell, 1977) treatment
of a protein-carbohydrate waste yielded a rate constant

smaller by morc than an order of magnitude.

Although the orguanic loading rate is comprised of both the
influent substratc concentration and the hydraulic retention
timec it is not possible to determine the cffects of each
paramcter from the data in the literature. It has been noted
that COD rcmovals arc higher at longer hydraulic retention
times rcgardless of the substrate concentration, presumably
duc to a better balance between the fermentative and
mcthanogenic phases of digestion. Also at longer retention
times there will be less washout of free swimming bacteria
Mosey, 1978) .

From three studies (Young § McCarty, 1967; Jcnnett § Dennis,
1975; Peterson, 1975) data at constant organic loading rates
were gathered for different hydraulic retention time - influent
substrate concentration combinations. The latter two studies
noted that, at organic loading rates of 3.52 kg COD/de and

at 1.75 and 3.50 kg COD/de, the higher percentage removals

of COD were favoured by longer hydraulic retention time and
higher influent substrate concentration. Young § McCarty
(1967) observed that over a similar range of 2.38 to 4.76

kg COD/de, the percentage COD removed was almost constant although
slightly higher for the longer retention time - higher
substrate concentration cases. However at high organic
loading rates of 9.38 and 183.76 kg COD/de, the percentage COD
removed was greatly enhanced by the longer retention time -

higher substrate concentration combination.

The effects of hydraulic retention time and influent substrate

concentration on effluent COD concentration are illustrated
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in Figures 2.11 and 2.12. It was observed that reduced
effluent COD resulted from both a reduction in influent
COD at constant hydraulic retention time and increased
hydraulic retention time at constant influent substrate
concentration. Although the magnitude of each effect

was not able to be quantified it is clear from the figures
that influcnt substrate concentration was varied over

a4 much greater range of values than the hydraulic retention

time.

2.4.4 Conversion of COD to Methane

Table 2.9 is a presentation of the avallable gas data. Based
on the thcorctical maximum of 0.35 ms/kg COD stabilised,

column four is the ratio of the actual yicld to the thcoretical

yicld. Where more than once [igure is available for a given
study (Pcterson, 1975; van Velsen et al, 1979; Norman §
Frestcld, 1977) the fragtion of theoretical yjicld achieved

decreased as the organic loading rate on the system increased.
[f conversion to methane is also an indication of conversion
of COD to cell material (Peterson, 1975), then as the loading
rate increased more organic material was being converted to
cellular material. This would follow from a consideration of
the biochemistry of anaerobic digestion (Bryant, 1979), that
as the system become stressed due to a high loading rate the
fermentative bacteria would proliferate as conditions became
adverse for the methanogenic bacteria. In addition to the
data in Table 2.9 several workers have indicated that methane
production accounted for 83.5 to 97.9 percent (Young §
McCarty, 1967), up to 90 percent (Jennett § Dennis, 1975)

and 89 percent (de walle § Chian, 1976, 1977) of the COD
removed; and that the remainder was presumably converted to

new cell material.



TABLE 2.9 : Methane Yields for Anaerobic Filtration

OLR Gas ) . 5
Waste type 3 roduction @it FeCe CiEan off
YP kg COD/m~d p3 3 content theoretical Source
m-/m~d % yvield

Synthetic ('Metrecal') 13.3 3.41 62 0.60 El-Shafie et al (1973)

Milk Processing 0.65 0.421 72 0.79 Peterson (1975)
1.17 0.414 72 0. %8
1.75 0.407 70.5 0.75
1.75 0.362 70.5 0.67
1.75 0.375 70.5 0.69
3.5 0.332 70.5 0.01
3.5 0.311 70.5 0.57
3.5 0.333 69 0.60
5.25 0.306 65 0.52

Heat treated activated 4.75 0.50 70 0.89 Haug et al (1977)

sludge

Calf manure 1.6 0.618 85.2 0.98 van Velsen et al (1979)
1.9 0.420 87.6 0.60
4.0 0.841 86.3 0.58
6.7 0.950 86.9 0.39

Synthetic carbohydrate 0.56 0.57 Norman §

and protein 0.68 0.66 Frostell (1977)

1.17 0.75

* corrected for temperature

6S



60

2.4.5 Recirculation of Filter Effluent

The use of single pass anaerobic filfers has generally been
the case 1n most previous studies. For this condition,

steady state conditions were assumed for a plug flow regime
and kinetic models derived using zero and first order kinetics
(Jennings et al, 1976) and Monod kinetics (Young & McCarty,
1967) .

Variations in the parameters, pH, COD, volatile acid con-
centration were observed at different column height increments
(Young & McCarty, 1967; .Jcnnett & Dennis, 1975; Mucller

& Mancini, 1975). To prevent large pH drops at the bottom
(inlet) of the filters, due to rapid volatile acid production,
large quantitics of buffer solutions nceded to be added.
Further, the majority of the COD removed by the filter was

rcmoved in the bottom portion of the filter column.

To prevent such pH swings and utilisc the entire column
height a flow regime in which most of the filter effluent

was recirculated, was proposed (de Walle § Chian, 1976).

The flow pattern ensured that the filter was essentially a
completely mixed system. High strength, acidic waste streams
could be treated by such a process without the need for the
constant addition of alkali. Internal pH was maintained by
dilution of the feed by the recirculated effluent which also
retained buffer capacity especially in the form of ammonia.
Recirculation was also predicted to improve filter effluent
quality. This latter was based on previous observations

that at constant organic loading rate better effluent quality
resulted from a lower influent substrate concentration
(Jennett § Dennis, 1975).

The improvement in effluent quality was not demonstrated how-
ever and further studies concluded that circulation of the
filter effluent did not improve treatment capacity either
(Johansen § Carlson, 1976).

On the other hand the benefits of reduced risk of shock

loading, toxic material dilution and retention of buffering
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capacity have been well demonstrated (Witt et al, 1979)

2.4.6 Filter Start Up

In all the studies on the anaerobic filter (AF), the test units
have been seeded with material from an actively operating
anaerobic digester, although alternative seed sources are
available,for instance cattle manure (Sen § Bhaskaran, 1964),
Young § McCarty (1967) e¢valuated two methods of seeding the
AF. A heavy seed of volatile solids from an anaerobic digester
introduced at the base of the filter initially and again

after 20 d opecration gave rise to greater than 90 percent

COD removal in the AF after 40 d. A lighter seed distributed
throughout the column height resulted in the AF achieving

90 percent COD removal after 80 d, thus the heavy bottom

sced was rccommended for filter start up to prevent washout

of the slower growing mcthanogenic organisms. This advice

has been followed by later workers.

Substrate choice at start up is either between a much diluted
solution of the ultimate test material or a synthetic substrate
and the AF is 'weaned' onto the test material. Both methods
have been utilised. Jennett § Dennis (1975) and Sachs et al
(1978) both used the AF to treat a pharmaceutical waste;

the former started their AF on a glucose and trace element
mixture and the latter used 2000 mg COD/% methanol solution;
the AF was gradually 'weaned' onto pure pharmaceutical waste
over a period of some weeks. El-Shafie & Bloodgood (1973),
after seeding their multiple effect AF with active anaerobic
digester supernatant, started with an AF feed concentration
of 1000 mg COD/2% which was increased to 10000 mg COD/% over

a period of 12 weeks. The AF was started on the substrate

used throughout the test.

As far as restarting the AF after a break in operation goes,
the filter can be operated without re-seeding after shut

down periods of several months (Taylor & Burm,1975; El-Shafie
and Bloodgood, 1973) which would be advantageous for treatment of

waste waters on a seasonal or intermittent basis. Peterson
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(1975) noted that much of the biomass i1n the AF was associ-
ated with the interstices in the packing medium and only a
thin film was actually attached to the medium itself. To
test a method of cleaning the AF, the 'interstitial' biomass
was flushed out and after restart at a low OLR (0.65 kg COD/
m3d) a healthy methane production was manifest after 24h
operation. A simple backwash for solids removal from the

filter was proposed.

2.4.7 Nutricent Requirements

huc to the low level of solids synthesis generally experienced
with anaerobic digestion, the requirement for nitrogen and

phosphorus nutricnts is much lower than for acrobic processes.

To cnsurc that the filter operation was not limited due to
nutrient availability, Jennett & Dennis (1975) added nitrogen

and phosphorus to maintain a COD:N and COD:P ratios of

100:5.9 and 100:1 respectively. Taylor and Burm (1975) also added
nitrogen to enrich the COD:N ratio of 100:4.2 present in the
wheat starch effluent treated by their full-scale AF. In

both cases the nutrients werc added to the filter with the

feed material.

In other studies, low nutrient levels in the feed were not
considered to adversely affect AF operation even though the
COD:N and COD:P ratios were respectively 100:0.37 and

100:0.22 (Foree § Lovan, 1971) and 100:2.6 and 100:0.023 (de
Walle & Chian, 1976), as appreciable quantities of both

nitrogen and phosphorus were found in the AF effluent.
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CHAPTER THREE

INTRODUCTION TO THE
EXPERIMENTAL DESIGN

3.1 Statistical Experimental Designs

The classical approach to scientific experimentation in

which each factor studied is varied individually while others
are held at a constant or base level has several drawbacks.
The response of the altered state is compared to a control
onc in which all factors are held at the base level. This
allows for cvaluation of the magnitude of the cffect of

cach factor, but onc cannot;

{a) attach confidence tevels to the estimates of such
cffects;

(b) estimate experimental or residual crror in the test
data;

(¢c) estimate the effects of interaction between two
g SR (Lipson & Sheth, 1973)
This last point has been shown to be more important in
biological systems which tend to be far more complex than

chemical or physical processes (Maddox § Richert, 1977).

An alternative approach to experimental design is to use a
factorial design and analysis of variance techniques. In

a factorial experiment several different sources of variation
may be acting simultaneously on a set of tests and so the
variance of the observations is the sum of the variances of
each independent source. Analysis of variance techniques

may then be applied to break this total observed variance
into variances due to each main factor, interaction between
factors and residual or experimental error. Each variation

is tested for statistical significance.

Consideration of a hypothetical experimental design at this

point would be appropriate to define some terms. The
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response of this system is considered to be subject to the
effects of independent parameters, say A,B and C. Each of
these parameters is to be tested at two levels. The full

factorial experiment for this case is defined in Table 3.1.

TABLE 3.1 : Experimental Design For a Full Factorial
Experiment Involving Three Factors at Two

Levels Each

Factor

Run i\ B C Code
1 -1 | -1 i
2 1 -1 -1 a
3 -1 1 -1
4 1 1 il ab
5 - - 1 C
0 1 - 1 ac
7 -1 1 1 bc
8 1 1 1 abc

-1 indicates a factor at its low level

1 1indicates a factor at its high level

A factor is a process variable which can be maintained at

a fixed level. The factors are also known as the indepen-
dent invariables and the experimental designs are based on the
combinations of these variables. Factors may be either
quantitative, for instance a concentration; or qualitative,

such as the presence or absence of a particular species.

An experimental run or trial is one set of combinations of
factor levels defined in the experimental design. In Table

3.1 each row represents one experimental run.

The response of the system under study is any measured
parameter from an experimental run. Any number of response

variables may be used in the significance testing of the
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factors. System response variables are termed the depen-

dent variables.

In a factorial experiment although several of the indepen-
dent variables are varied simultaneously, variables other
than those under investigation must be strictly controlled.
To minimise the effects of operator and environmental
influences, the order in which the runs are carried out

is randomised. Since analysis of variance depends on the
laws of probability, such randomisation should distribute

the cffects of unknown or uncontrollable influences.

Analysis of the data from factorial experiments to ascertailn
the significant variables and interactions is well illus-
tratced in statistical texts (Lipson & Sheth, 1973;
Chatficld, 1970). Computations of analysis of variance

arc rclatively simple for two and threce factor experiments
but beccome progressively more difficult as the number of

factors are increased.

3.2 System Modelling

Experimental designs lend themselves well to mathematical
modelling using regression analysis. Regression analysis 1is
used to determine the functional relationship between
variables. This is distinguished from correlation analysis
which determines the degree of association between variables.
Regression models are quantitative relationships between

the selected experimental factors and the response variable
and are used for process description, prediction of process

behaviour and process control and optimisation.

Such models have the form

y = £ (x, B) + e (3-1)

where y = the dependent variable
x = the independent variables (x, ... xk)
B = regression parameters or coefficients of the

independent variables determined from the
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sample data
e = uncertainty in the model

f = the response function which describes a

surface in k dimensional space.

The regression equation is a response surface and the
standard regression model is linear in the regression para-
meters although the process variable levels may be the

rcsult of complex non linear functions.

Modecls of systems may be either empirical, such as regression
rclationships or mechanistic. The latter are based on under-
lying physical or chemical considerations and give an

insight into the process mecchanism. The parameters in
mechanistic models have physical significance, are usually
complex, and the models can be cxtropalated beyond the range

of data used to clucidate them.

Empirical models on the other hand have parameters of no
particular physical significance and cannot safely be

extrapolated beyond the limits of the experimental range.

There are different classes of experimental design and they
find application depending on the type of result sought.

Box (1964) describes an on going process of design and
analysis (Figure 3.1) utilising the different classes of
experiment. In Figure 3.1 the initial design would be a
simple screening test to find the significant variables, this
would be followed by designs to elucidate models with

subsequently higher orders of parameter estimates.

experimentation

conjecture

FIGURE 3.1 : The model building process (Box, 1964)
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Using this procedure a small sub-region of the response
surface is finally delineated which may be expected to
contain an optimum set of conditions. An example of this
method is used by Ramsay (1982).

After deciding upon the design and carrying it out to collect
the data the analysis to estimate factor effects and

regression equations 1s described in the following section

3.3 Types of Experimental Design

There are many types of experimental design. However, for
the purposcs of this study only a brief mention of two
classes of design will be made. These are the first and
sccond order factorial designs. The order of these designs
rcfers to the order of the polynomial generated from
regression analysis of the design. First order models have
factors tested at two levels cach and this approximation
assumes the response surface is planar. A two factor, first

order response surface is shown in Figure 3.2

Y Y Ys Ya

X1
FIGURE 3.2 : Response surface for a general two factor

first order model

The generalised first order response equation is defined in

equation 3.2.

+ e (3.2)

where BO a constant

a coefficient of the main effect of factor xi
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Bij = a coefficient of the interaction between
factors X, and Xj

Bijk a coefficient of the interaction between
factors x. x. and x, .
i7) k
e = experimental error

Regression techniques are used in the analysis of experim-
ental designs and whereas the true value of parameter, Bi,
will always be unknown,statistically significant estimates
ol thec paramectcrs may be made. To indicate tbat these

factor parameters arc cstimates the notation Bi is used.

In most modelling situations the intcraction of greater than
two main cffeccts is ignored as three factor or greater

intcractions arc considerced to be cxtremely rare.

A full factorial design for a first order design having k
factors has Zk runs. The resulting model fits the data
exactly at the cxperimental points but no information is
available about lack of fit or pure error. The aim of these
experiments is usually to screen a number of variables to
identify those most significant and to test for interactions.

Full 2k experimental designs require many runs. For instance,
a 6 factor design requires 64 runs for the full design
without anyreplication, and generates sufficient degrees of
freedom to evaluate a grand mean BO, six main effects, 15
two factor interactions, 20 three factor interactions, 15
four factor interactions,6 five factor interactions and one
six factor interaction. Holding to the assumption that
interactions of greater than two main effects are to be
ignored then much of the previously mentioned information is
wasted. To economise, the experimenter may elect to perform
only a fraction of the full design such as % or %. This
practise however leads to confounding of effects in each
other. In a half replicate experiment, each column in the

X matrix has a twin in the part of the design not carried

out and in this case the coefficients are estimated in pairs.
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Fractional factorial designs have defining relationships
which indicate which parameters are confounded in each

other. For example a design with the defining relationship
D = AB = CG = EF (3.3)

means that the estimate of the main effect of factor D is
actually the sum of the effect of D plus the interactions
AB, CG and EF, or

Bp = Bp * Bag * Bcg * BEr (3.4)

and positive main effects may therefore be cancelled out by
several negative intcractions. To minimise the latter pos-
sibility, the fraction of the full design is chosen which
has the desired paramcters confounded with high order inter-
actions which arc unlikely to be significant. Tables of
fractional factorial designs are available in the literature
for given main effects and intcractions for up to ten
factors (Davies, 1954; National Burcau of Standards,

1957 and 1959).

Second Order Designs

If a large lack of fit has been found from a first order
model or if an optimum is suspected or a significant deviation
from linearity has been found, the experimenter may choose

a second order experimental design.

Second order models have the general form of equation 3.5,

in which the interactions of greater than two factors and
interaction between linear and quadratic terms are considered
to be optional

iijj i x.% (3.9)
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The two types of second order designs are composite designs,
which are two level factorials with additional runs at mid
range and/or outlying points and three level factorial or
fractional factorial designs. The former are not suitable
for use with qualitative factors as up to five levels of

each factor are utilised.

Factorials of 3k runs are expensive of time and materials

if k>3, but they can be fractionated, although not as simply
as for two level designs. For instance therc are 24 different
34’1 designs in which the defining contrast is a four factor

interaction.

4 - 3

The nomenclature 3 is used as opposed to 3~ to indicate

that the cxperiment is a fraction of a full four factor
experiment not a full 3 factor one. In addition to true
fractional factorial designs various incomplete designs are
available for three level and mixed two and three level designs

(Webb, 1971).

3.4 Data Analysis

It has been noted previously that analysis of variance is
a powerful technique in statistics. For a simple one factor
experiment, a one way analysis of variance may be used to
analyse the data. Two factor experiments may be tested for
significance using a two way analysis of variance

or the algorithmn of Yates. Regression model-
ling involves fitting a curve to the observed data. The

criterion adopted is that of least squares.

To estimate the magnitude of the effects of greater than two
factors, matrix notation is utilised which readily lends the
data to manipulation by digital computors. The matrix

representation for the model

Yy =Bx +e (3.6)
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where the underscorecd parameters are matrices is as follows

Y1 1 X1 Xgqeveon- xpl
y = yz X = 1 X12 x22 ......

Yn 1 Xig = eeeeen xpn

Bo €

i °
[ c= 1

3 e

n n

This model is for experimental design involving p factors
and n runs or observations. Estimation of the regression
parameters é is carried out by multiple linear regression
using the least squares criterion. In matrix form the least

squares estimate 1s

ET 2, é - iT Y (3.7)
and solving for é
B=(x 0 txy (3.8)

In equations 3.7 and 3.8,§ indicates the matrix 1n an estimate
of the true B. The superscripts T and -1 indicate the
transpose and inverses of the relevant matrices respectively.
Calculating the matrix of coefficient estimates is simplified
by transposing the levels of the independent variables into

a coded form. For two level factors the higher level is
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represented as the value 1 and the lower level as -1. Each

element in the matrix x 1s transposed as follows

. = actua} va}ue - % (High value-low value) (3.9)
ij % (high value-low value)

Three level factors are coded as -1, 0 and 1 for the 1low,

mid range and high levels respectively. This coding system
assumes that smaller numerical values of the factor levels

do not lose significance to the larger ones in the calcula-
tion of parametcr estimates. The levels for a three level
factor must also be cqually, but not necessarily linearly
spaced. They may for instance have equally spaced logarithmns

or indices.

The matrix of residuals, ¢ is calculated from the fitted

model using cquation 3.10,.

(3.10)

=< >

c=X-

The residuals are the differences between the actual system
response y and the responses predicted by the model, y.
Residuals arise from random variation and lack of fit in

the model. Inspection of the residual matrix is important

as large deviations from predicted behaviour could indicate
mistakes in measurements and influence the validity of assump-
tions made. The residuals are also used in the estimation

of the variance of the parameter estimates using equations

3. 11 apd. 3.12 infwhich £ is e estimate of o2

s2 = gT e/n-p (3.11)

The variance, co-variance matrix (ET 5)_1 sz, provides
information of the interdependence of the parameters

as follows
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Cll C21 . . . . . Cpl
€12
c = ) (3.12)
C . . . . . .
[ “Lp “pp_

1)

where . the variance of B.1

A

1j

the co-variance of Bi and Bj

The corrclation of B.l and Bj is given by

co-variance (B, Bj) ) Cij : (3.13)
(var. B; var. Bj)!i (8 j)1

A significantly high correlation indicates that the estim-
ated value of one parameter is very much dependent on the
chosen value of another and results from the chosen design
of experiment. If the removal of one or more factors in the
design leaves the other parameter estimates unchanged the
design is said to be orthogonal. This situation may only

arise if the §T X matrix is diagonal. If ﬁT x 1s diagonal

then the variance-co-variance matrix will also be diagonal
(equation 3.12) and the correlation between Bi and Bj must

be zero (equation 3.13).

While such independence of parameter estimates of each other
is desirable in the data analysis, it is by no means
essential. Since orthogonality is dependent on the design
of the experiment, where a choice of designs is possible

the most orthogonal is usually chosen. The magnitude of

the determinants of §T x for each design are evaluated and
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the larger the magnitude, the better the orthogonality.

The statistical significance of the terms in the regression
equation is assessed using the F and t test statistics. A
simple and parsimonious model is desirable from both statis-
tical and practical points of view. Statistically, the
variance of the prediction increases with the number of terms
and just as a model with too few terms underfits the data,

one with too many overfits it. In the analysis of variance,
parameters which are not statistically significant are deleted.
This in cffecct means that the null hypothesis implicit in F

and t test statistics 1s accepted.

To scec how well the estimated regression line fits the
obscrvations from the cxperimental design, a quantity known

as the cocfficient of determination is found. The total
variation of y about the regression line is partitioned in

the analysis of variance into the explained and uncxplained
components represented respectively as the sum of squares due
to rcgression and the residual sum of squares. The coefficient
of determination is the ratio of explained variation of

total variation and this measures how well the model fits

the data. The closer the value of the coefficient of deter-
mination is to unity the better the model fits the data. When
the regression equation describes a straight line the coeffici-
ent of determination is the square of the correlation

coefficient.

The choice of the number of terms included in the parsimonious
model is up to the experimenter. Obviously all statistically
significant terms will be included but some terms may also be

included which , although only marginally significant, improve

the fit of the model as measured by the coefficient of

determination.
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CHAPTER FOUR
EXPERIMENTAL PROGRAMME

4.1 Scope of This Study
It has been shown in an earlier chapter that

- The anaerobic filter is capable of treating waste
water streams,whose organic material is essentially
in a dissolved state, with shorter retention times
than those rcquired for conventional anaerobic

proccsses.

-Ycast plant cffluent is a waste water stream, the
organic component of which is predominantly dis-
solved, and this wastec strcam is amcnable to

anacrobic waste treatment.

-Statistically based cxperimental designs may be
morc cfficient at gencrating data than the classical,

one change at a time, method.

Based on the above observations this study was initiated
to generate design relationships for the anaerobic filtr-
ation of a high strength liquid waste namely yeast plant
effluent. Such design data are lacking in this field.

It was envisaged that such relationships could be used

to design an on-site waste trcatment system.

By using a statistically based experimental design, empi-
rical relationships between system response parameters and
several independent process variables can be generated

using computerised linear regression techniques.

In the following section, the selection of variables to

be tested and the experimental procedure are discussed.
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4.2 Experimental Procedure
4.2.1 Selection of Variables to be Tested

Selection of the independent process variables must of
necessity be careful since the number of experimental runs
required is related directly to the number of variables to
be tested. The variables chosen also had to be those
thought to be of major significance from an engineering
design point of view. From a review of current literature,

five parameters were chosen initially. These were:

A Influent substrate concentration (ISC)
B llydraulic retention time (HRT)

C Temperature

D Recirculation ratio

L Anacrobic filter size

lFfuctors A and B above can be combined to genecrate the para-
mcter known as organic loading rate and are of importance

in any microbial fermentation. By varying ISC and HRT
independently of each other,a range of organic loading rates
is possible and two different combinations of these could

yicld the same organic loading rate.

Temperature was included in the independent variables

because all biological reaction rates are dependent on
temperature. Further, the temperature at which the yeast
plant effluent leaves the propagation vessel is approximately
30°C which is below that considered to be optimal for

mesophilic anaerobic digestion of 35 to 37°C.

The relatively high concentration of fermentable sugars in
the waste stream leads to its ready conversion to organic
acids by fermentative bacteria. To avoid consequent reduc-
tion in pH some recirculation of the filter contents was
considered desirable. Such recirculation would even out
potentially damaging pH fluctuation throughout the filter
height and effect a more or less mixed system. The amount

of recirculation was chosen as an independent variable to
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ascertain its effect on process efficacy.

Finally, since two filter units were to be used in the
experimental program and these differed in size, this
difference had to be considered as a qualitative indepen-
dent variable. An indication of the effect of anaerobic
filter scale may be gathered from the magnitude of the
effect of this variable since the large filter was approxi-

mately three times the net volume of the smaller.

4.2.2 Sclection of the Experimental Design

In order to detect any curvature in the response surfaces
generated from the experimental data it was necessary to
choose a second order experimental design. However, since
most thrcec lcvel designs involve many more experimental runs
than were justifiable cconomically within the available time,
a full three level factorial design was not possible as this
would require 81 runs. In the case of anaerobic digestion
studies a period of weeks must be allowed per run for the
system to settle at a new set of conditions. This imposes a
major constraint on the number of experimental runs which can
be carried out.

In consequence a mixed level factorial design was chosen
with the factors of influent substrate concentration and
hydraulic retention time tested at three levels each and
temperature, recirculation ratio and filter size each at
two levels. Additionally instead of the full replicate

32‘23 = 72 run design, a half replicate fractional facto-

rial, 36 run design was chosen.

However, this design was reviewed after the first four
experimental runs when it was realised that insufficient
time would be available to complete the design and allow

further trials to verify the experimental models generated.

In the design completed the factor relating to effluent
recirculation ratio was dropped and an effluent recircu-
lation to feed ratio of 4 was used throughout the trials.

The design chosen was an incomplete 32'22 factorial in 12
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runs after Webb (1971) and is shown in Table 4.1. This

design was able to retain two of the former runs already

completed.

TABLE 4.1 : Experimental Design

Run Factor

ISC HRT TEMP. "AF’

1 | -1 1 -1
2 =] -1 -1 1
3 =l 0 1 1
4 -1 1 1 -1
5 0 -1 1 1
o 0 0 -1 -1
7 0 0 1 1
8 0 l -1 -1
9 1 -1 1 -1
10 1 0 -1 -1
11 1 1 ol 1
12 1 1 1 1

In Table 4.1 the values listed for each independent
variable (factor) are the coded ones used in subsequent

linear regression analysis and are as follows:

1 indicates a factor at the high level
0 indicates a factor at the mid point level

-1 indicates a factor at the low level

Optimisation studies on the rcsponse surface equations
were carried out by the computer technique of Richert
(1972).

4.2.3 Selection of the Factor Levels

The following basis was used in the selection of levels for

the experimental factors.
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Influent substrate concentration. A nominal BODS
concentration was chosen as the level of ISC.

Since the BOD5 of the spent yeast fermentation liquor
combined with subsequent yeast cream wash waters was
approximately 5000 mg/%, this value was chosen as the
mid point of the three level ISC factor. Also,

1000 mg BODS/Q was an approximate concentration of yeast
wash water alone and was selected as the low level ISC.
To maintain the mid point the high level for this factor

was then 9000 mg BOD/R.

llydraulic retention time. A previous study (Stander
et al, 1971) had shown yeast plant effluent to be
amcnable to anacrobic digestion in four to six days
and since this study sought lower HRT by maintaining a
fixed biomass, an HRT of five days was choscn as the
high level for this factor. The mid- and low levels
were chosen as three and one days respectivelysince
the combination of 9000 mg BODS/Q ISC and 1 d HRT
would give rise to an organic loading rate of 9.0 kg
BODS/de which is a higher loading rate than previously
tested on the anaerobic filter system. Further, two
of the ISC and HRT combinations, namely 1000 mg BOD /2
and 1 d HRT and 5000 mg BODS/Q and 5 d HRT give rlse
to the same organic loading rate of 1.0 kg BOD /m d,
thus allowing discrimination between three process
parameters; ISC, HRT and organic loading rate.

Temperature. The temperature of the spent yeast ferm-
entation liquor is approximately 30°C and this temper-
ature was chosen as the low level for the temperature
factor. The high level was set at 35°C which corresponds
to an optimum temperature for mesophilic anaerobic

digestion.

Anaerobic Filter Size. This factor was designated by
the availability of materials for construction of the
filters. Filter void volumes on which basis the

hydraulic retention times were calculated were 2.72 ¢
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and 8.02% for the high and low levels respectively.

4.2.4 Response Variables

Any measured response of the system subject to the effects
of the independent process parameters may be designated

a dependent process parameter. Those measured in this
study are the ones of interest from an engineering point
of view in waste treatment technology and are listed 1in
Table 4.2

TABLLE 4.2 : Experimental Scope of this Study

[ndcpendent Process Parameters

Levels
High Mid. Low
[Influent substrate concentration
00 5000 1000
[SC (mg BOD_/2) -8
fvdraulic retention time ; 3 1
HRT (d.) ) ;
Tempecrature (°C) 35 - 50
Filter size (%) 8.0 = 2.72

Dependent Process Parameters Measured

soluble COD removal (percent,kg/msd)

pH

gas production (2/d and 2%gas/% net filter volume d.)
percent methane in gas

volatile acids

ammonia

total sulphide

alkalinity

conversion of COD to methane

NOTE

Organic loading ratessfor the combinations of ISC and
HRT tested (kg BODS/m d) '

ISC (mg BOD /%)

9000 5000 1000
5 1.8 1.0 0.2
HRT (d) 3 3.0 1.67 0.33

1 9.0 5.0 1.0
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4.3 Apparatus

Two bench scale anaerobic filters were constructed for
the study. They were based on a design by Jennett §
Dennis (1975), and consisted of vertical columns of QVF
glass pipe section (J.A. Jobling & Co. Ltd, England)
packed with glass Raschig rings. The materials of con-
struction were chosen due to their availability at this
time. Figure 4.1 illustratesthe filter units.
The ends of the column sections werc arranged to accom-
modate lincs for influent and cffluent at the bottom and
top respectively. On the smaller unit (AF1) the filter
ends comprised QVE pipe reducers (J.A. Jobling § Co. Ltd,
Cataloguc reference PR 3/1) with rubber stoppers in the
smaller end drilled to accept the feced and cffluent lines.

On A2, perspex end plates were constructed which secaled

the column ends and were drilled and tapped to accept
nylon 'Scerkit' connectors (Auckland Tool § Gauge Co.
[Ltd, N.Z.) to which the feed and cffluent lines were

attached.

Inside the base of each filter unit a perspex dispersion
plate, drilled with concentric 3 mm holes, was fitted
to distribute the incoming feed material evenly across

the filter cross scction.

Both filters were filled with glass 'Raschig' rings
10mm in length. The diameter for the glass tubing used
was omm for AF1 and 12mm for AF2. To prevent short cir-
cuiting of fluid up the column walls plastic annular
baffles were placed in the filters as indicated in Figure
4.1 . Pumping of the fecdmaterial and filter
recirculation flows was by peristaltic pumps (Cole-Parmer
Instrument Company, Masterflex model 7010) with continuosly
variable speed controllers. Each filter unit had one
pump drive fitted with two pumping heads: a model 7013
head for feed pumping and a model 7014-20 head for
effluent recirculation. Silicore rubber tubing was used
in the pump impellers and each tubing section provided

5 to 10 days service.
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To prevent the column from emptying if rupture of the
pump line should occur, the pumps were placed above the
level of the filter contents, however the difference in
levels between the feed reservoir and the filter effluent

level provided a positive pumping head.

On the effluent side of the filters an inverted siphon

prevented access of air to the filter contents.

Ycast plant effluent diluted with tap water to the
required strength was placed in a glass storage reservoir

with a magnetic stirrer and rencwed daily.

To maintain the anacrobic filters at the required temp-
craturce, the entire apparatus was maintained in a walk-
in, controlled temperaturce room. This room was heated by
4 radiant clectric heater and controlled via a
temperature controller with an accuracy of + 0.5°C.  When
onc ol the filters was required to be operated at a
higher temperature, a polystyrene box was used to
cnclose the filter and separate heating connected to the

box by two 100 watt light bulbs.

A1l liquid l1ines to and from the filter units were 3.2mm
PVC tubing which was cleaned of biomass accumulation
weekly and replaced as necessary. Lines carrying the
digestor gas to the gas meters and then to waste were

butyl rubber to prevent loss of methane.

4.4 Sampling Procedures

The two filter units were seeded with an active biomass

as described in Caapter 5. Incremental, then continuous
feeding of diluted yeast plant effluent was started and
gas production and effluent COD monitored as the substrate
concentration was increased until the required level was

achieved for the first experimental run.

For each experimental run the system was deemed to have

achieved a steady state condition when successive gas
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production and effluent COD measurements were within ten

percent of cach other over at least three hydraulic ret-

ention times.

Samples were taken for analysis as follows

Influent substrate concentration - sampled at

the feed reservoir for soluble COD.

Effluent from the filters sampled at the inv-
crted siphon for soluble COD, volatile acids,
alkalinity, ammonia, soluble sulphide and sus-

pended solids.

Filter internal contents (AF2 only) sampled

at ports along the column length in order top
through hottom for soluble COD, volatile acids,
ammonia, soluble sulphide.

Gas production; daily vcadings from integra-

ting wet test gas wmeters attached to the top
of the filter units.

Gas composition aliquots of digestcr gases were
taken by syringe from a septum placed on the
line taking the gas from the filter units to

the gas meters.

4.5 Analytical Techniques
4.5.1 Chemical Oxygen Demand

The COD of both substrate and filter effluent samples
were measured by the micro technique devcloped by Jirka
& Carter (1975). The reagents added to 2ml of sample,
diluted where neccssary to the range 0 to 700 mg COD/%,
were : 3ml acid-catalyst solution from a batch of
reagent prepared by dissolving 25g silver chloride (AR

grade, BDH Chemicals, England) in 2500 ml of water and
Iml 0.250 N potassium dichromate solution prepared by

dissolving AR grade potassium dichromate in distilled
water. Prior to dilution the sample was centrifuged at

5000 rpm for 15 minutes on MSE Super Minor centrifuge to
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remove suspended material.

Digestion of the samples was at 160°C for two hours in
screw capped tubes. After this the appearance of Cr(III)
was measured spectrophotometrically at 600nm using
a Hitachi model 101 spectrophotometer zeroed on a dis-
tilled water blank carried through to analysis with the

samples.

COD concentration was read from a standard curve prepa-
red using six acid phthalatc samples at known COD con-
centrations of 50, 100, 200, 400, 000, 750 mg COD/Q.

The standard curve had a regression cquation of

COb (mg/2) = absorbance at 600nm x 3270 with a

corrclation cocfficient of 0.999.

4.5.2 5-day Biochemical Oxygen Demand was mecasured
manomctrically using HACH model 2173 BOD apparatus (Hach
Chemical Co. Ltd, Iowa, U.S.A.).

4.5.3. pH

The pH of all samples was measured, within five minutes

of sampling,using an EIL modcl 7055 pH meter (Electronic
Instruments Ltd, Surrey, England). Calibration of the

pH meter was by way of buffer solutions at pH 7.00 and 4.00
(EIL, England).

4.5.4 Suspended Solids

Effluent suspended solids and volatile suspended solids
were measured by the glass fibre filter paper technique.
(Standard Methods for the Examination of Water and Waste
Water, 13th Ed., (1975), 208 C). An appropriate aliquot
was filtered through a filter disc 2.5 cm in diameter
(Whatman Ltd, Maidstone, U.K.) and the disc dried at

103°C for two hours, cooled in a dessicator and reweighed.
For volatile suspended solids, portion(s) of this disc

and solids were placed in a muffle furnace and ignited at
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550°C for 15 minutes and weighed. Blank discs were
treated in a like manner and used to correct for moi-

sture and filter disc volatility.

4.5.5 Ammonia

Ammonia 1in the centrifuged samples was measured using an
EIL model 8002-8 ammonia probe connected to an EIL
model 7055 pH /concentration meter. The meter was cali-
brated using known standards of 1.0, 10 and 100 mM
ammonium chloride (Analar grade, BDH Chemicals). The
samples and standards were adjusted to pH 10 using 1M
sodium hydroxide solution prior to testing with the

probe.

4.5.0 Sulphide

Total sulphide concentration in the filter contents and
cflluent samples was measured using an Orion model

94-10 sulphide specific ion clectrode (Orion Research
Inc., Mass. U.S.A.). A direct measurement techniquec was
used by calibrating the EIL 7055 pH/concentration meter
against known standard solutions prepared using NaZS.9H20
(Analar grade, BDH Chemicals).

4.5.7 Alkalinity

Alkalinity was measured on all samples by a potentiometric
titration to pH 4.0 (Standard Methods, 1975).

4.5.8 Gas Production

Each of the anacrobic filters was connected to a wet-test
gas meter of the integrating type (Alexander Wright §
Co. Ltd, England, 0.25 2 per revolution). Gas readings
were taken daily for each unit and all measurements were
corrected for volume at 30°C. The water in the meters
was replaced and the meters rinsed approximately every
month. After replacement of the water, the meters were
reconnected to the filters and no readings taken for

48h to allow the water to become saturated with carbon

dioxide.
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4.5.9 Methane Composition of Gas

To measure the percentage of CH4 in the digester gas,

a sample was taken from the septum in gas line with a
1000 w2 gas tight syringe (Scicntific Glass Engineering
Pty Ltd, Australia) and injected into a Varian Aerograph
model 920 gas chromatograph fitted with a 1.52m x 6.5mm
stainless steel column packed with 80/100 mesh Poropak S
(Waters Associates Inc., U.S.A.) and a thermal conducti-
vity detcctor. Mcthane peak heights were compared to a
standard curve prepared by injecting 200, 400, 600, 800
and 1000 pe of 100 percent methane onto the column. The
chromatograph operating conditions are listed in Table
4.3.

TABLE 4.3: Gas Chromatograph Conditions for Dectcrmination

of Mcthane in Digester Gas

Carrier gas dry nitrogen at 60ml /minute
Reference gas dry nitrogen at 12m¢ /minute
Temperatures injector ambient

column 80°C

detector  120°C
Bridge current 90mA

4.5.10 Volatile Acids

Gas-liquid chromatrography was used to measure volatile
acid concentration. The method of Baufield et al (1978)
was used. Chromatography conditions are listed in Table
4.4 The GLC was a Shimadzu GC5A with R101 Strip Chart
recorder via a Varian CDS 111 digital integrator
(Shimadzu Seisakusho Co. Ltd, Japan and Varian Aerograph,
California, U.S.A. respectively). Mixed acid standard
solutions were used to calibrate the instrument at each

session and are described in Table 4.5.

Samples were first centrifuged to remove suspended material

before proceeding with the analysis. The chromatograph
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was fitted with a flame ionisation detector. Peak areas

computed by the integrator were used to measure the

volatile acid concentration of the samples.

TABLE 4.4: Gas Liquid Chromatographic Conditions for

Volatile Acid Analysis

Carrier gas
FID flows
FID sensitivity

Temperaturces

Sample size
Column sizc

Column packing

dry nitrogen at

hydrogen at
air at
injector

column

detector

80m. /minute

S0me /minute
900m /minute
100 M @

190° C
160°C
190°C

3 HR

2m x Smm OD glass

5% FEAP
Chromosorb

Loo/120
G.AW.DCMS

TABLE 4.5: Volatile Acid Working Standards

. - a1
Component acid

all values mg/y
l.ow standard

High standard

acetic
propionic
iso-butyric
n-butyric
iso-valeric
n-valeric

500
500
100
500
100
200

2000
2000
1500
2000

500
1000

1Analar grade BDH Chemicals, England in distilled

water
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CHAPTER 5§

EXPERIMENTAL RESULTS

This chapter gives the consolidated steady state experimen-
tal data obtained from the complete design. The anaerobic
filter's cffcctiveness as a process to remove organic mat-
crial and produce methane from yeast planteffluent is de-
fincd. In addition operational factors are calculated which

charactcrise the process and the effluent.

5.1 Stcady Statc Experimental Data

bata obtained from the twelve runs in the cxperimental design
arc prescented in Table 5.1. These data were obtained using
the methods detailed in the previous chapter. The first

four columns in Table 5.1 refer to the combination of con-
ditions prescribed in the experimental design; subsequent
columns arc mecan valucs for the particular parameter over

the period during which the filter was considered to be 1in a

stcady state with respect to those imposed conditions.

For the experimental work

- The BODSOf the feed was standardised. During the exp-
erimental period each batch of yeast plant ecffluent

used was analysed for BOD. and diluted for use in the

standardised basis. Thissparametcr was used in the
standardisation of the influent substrate concentration
because the biochemical oxygen demand is of primary
concern, along with suspended solids lecvels, to an

authority assessing wastc treatment costs.

- Gas production 1s the total gas production divided by
initial void volume of the filters, so as to standardise

this parameter with respect to anaerobic filter size.

- Incomplete BODg;data were due to large disagreement bet-
ween sample duplicates for runs 7 and 8. The four du-

plicated samples for run 7 were 2163 and 1047 mg/%,
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2092 and 1546 mg/g, 1124 and 2120 mg/%, 2023 and 1876

mg/L respectively taken over the steady state period.
For run 8, they were 1040 and 3970 mg/2, 1539 and 1844
mg/z) 1457 and 1916 mg/2, 1779 and 1130 mg/2. For

run 5, the sample was lost in the laboratory. No sat-
isfactory answer was found for the disparity in the
duplicates for runs 7 and 8. The obvious one of leak-
age from the manometric BOD bottles was not the cause
as all seals were checked prior to analysis. Agree-
ment between duplicates of at least 5 percent was found

for the other samples.

fncomplete sulphide data was caused by the non-avail-
ability ot a sulphide specific ton probe for runs 1,
2, Vb and 5. Samples taken for other analyses during
these runs did smell of sulphide,as did all other
samples, so sulphides were present ceven 1f concentra-
tions are unknown.

- lhe suspended solids data for runs 1, 2, 4 and 5 arc

-

residue on evaporationyvalues not suspended solids.

In order to ascertain the degree of association between

the input and response variables in Table 5.1, correlation
coefficients were computed (Table 5.2). The calculations
used to generate Table 5.2 took into account the missing
data points in Table 5.1. Also the significance levels

are based on n-2 degrees of freedom where n is the number

of pairs of data used in calculating the correlation coe-
fficient. The correlations that were statistically signifi-
cant with confidence levels of 95 and 99 percent are marked
in the table. The table provides information as to possible
relationships between variables. It also provides statis-
tics for data presented graphically later in this chapter.

In addition to the data from the runs in the experimental
design used in this study, data are presented in Table

5.3 for the two trials already completed in the first design
but dropped when the programme was shortened (see 4.2.2).

In the next sections, the effects of each of the four input
variables, and the hydraulic loading rate, on various



design

influent

effluent

TABLE 5.1: Steady State Data from the Experimental Design

RUN NUMBER 1 2 3 4 5 6 7 8 9 10 11 12
INFLUENT BOD (mg/%) 1000 1000 1000 1000 5000 5000 5000 5000 9000 9000 9000 9000
HYDRAULIC RETENTION TIME (d) 1 1 3 5 1 5 3 5 1 3 5 5
TEMPERATURE (°C) 30 30 35 35 55 50 55 30 35 30 30 35
FILTER UNIT 1 2 2 1 e 1 2 1 1 1 2 2
SECdiiCRTcHIeh R raite 1.0 1.0 0.33 0.20 5.0 1.67 1.67 1.0 9.0 3.0 1.8 1.8
kg BODS/de
COD mg/% 5486 5486 5893 5773 27806 24309 24929 24242 47175 46462 46462 43805
total nitrogen mg/2 110 110 106 135 573 550 526 §32 930 1126 1126 1090
total sulphate 386 386 334 436 2180 1955 1864 1812 3410 3100 3100 2746
pH 4.80 4.80 4.95 5.00 5.95 5.95 5.80 5.80 5.65 5.70 5.55 5.50
organic loading rate
kg COD/de 5.49 5.49 1.96 1.15 27.8 8.70 8.31 4.85 47.2 15.49 9.29 8.76
gas production 2/¢d 0.845 0.599 0.409 0.773 1.770 1.296 2.010 1.350 3.110 2.153 1.640 1.784
% CH, in gas 83.5 86.7 82.05 80.0 75.9 66.3 66.5 67.9 49.9 56.4 67.4 73.4
CH4 production £/°9d 0.706 0.519 0.335 0,138 1.313 0.859 1.337 0.917 1.552 1.214 1.105 1.309
COD mg/ ¢ 2153 1888 1931 2825 17378 13642 9879 8978 31090 30862 27677 25508
BOD mg/? 628 539 567 348 = 2037 - - 4455 2823 4828 4435
pH 685 6.75 6.95 7.00 6.90 6.85 7.25 7.25 6.90 6.95 7.065 7.05
volatile acids mg/Q1 714 672 342 390 3737 1811 2096 864 4846 2843 2020 2420
ammonia mM 2.87 2.35 9.15 - 18.1 - 9.7 10.5 6.6 5.7 8.9 -
sulphide mg/% - - 54 - - 104 169 131 186 253 150 99.5
alkalinity mg/!&2 1445 1430 1870 1450 3896 3527 4383 4475 6860 6116 6310 6189

con'd over next page

16



suspended solids mg/% 2963> 1735° 320 2350° 3342° 190 850 200 740 590 795 816
5 COD removed 60.8 65.6 67.2 S51.1 537.5 13.9 60.3 63.0 34.1 33.6 40.4 43.0
5 BOD removed 37.2  46.1 43.3 65.2 -  59.3 - - 50.5 68.6 46.4 50.7
COD removal rate> 3.336 3.599 1.3200.590 10.43 3.557 5.019 3.054 16.08 5.204 3.754 3.767
FTCM® 0.541 0.369 0.651 0.600 0.331 0.618 0.082 0.772 0.246 0.597 0.756 0.687
Notes:

total volatile acids mg/% as asctic
total alkalinity mg/% as Ca CO
kg/m>d

fraction of the theorctical maximum conversion of COD to methane

3

total solids value

6



TABLE 5.2: Correlation Coefticients for Data in Table 5.1
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TABLE 5.3: Steady State Data from Runs not Included in

the Experimental Design

Run TAY "B
Influent substrate (mg BODS/Q) concentration 1000 5000
flydraulic retention time (d) 5 1
Temperature (OC) 30 35
IFilter unit 2 1
Organic loading rate (kg BODS/de) 0.20 5.0

Influent COD (mg/%) 5773 28245
Total nitrogen (mg/Q) 135 584
Total sulphate (mg/Q) 436 2075
ptl 5.0 5.75
Organic loading rate (kg COD/de) 1.15 28.2
Gas production (¢/ed) .198 1.009
CH4 in gas (%) {1 () B A A
(Jll4 production (2/2d) 0.149 0.762
BOD (mg/%) 451 1580
con (mg/2) 3005 10145
Ammonia (nM) - * 19.1
Sulphide (mg/2) - % ok
Alkalinity (mg/% as CaCOS) 1162 3393
Suspended solids ( mg/%) 205 187
Volatile acids (mg/% as acetic) 500 1440
% COD removed 47.9 64.1
% BOD removed 54.9 32.1
COD removal rate (kg COD/de) 0.551 18.07
FTCM 0.714 0.139
;A

* probes unavailable.
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system responses are assessed. The trends in the data

are shown graphically. In the graphs, the experimental
data are plotted together with predicted response curves.
These latter curves are the relevant reponse equations
calculated from the data in Table 5.1. Thus an indication
of the ratio of actual to predicted behaviour may be made

visually.

The effects of two factors,influent substrate concentration
and hydraulic retention time,only are shown; and also the
combination of these two, the organic loading rate. This
is becausce the cffects of the temperature and filter size
were found to be non-significant statistically in most

casces.

[n the following figures, important system responses are
illustrated with respect to the organic loading rate com-
posite parameter, followed by the resolution of this to its
intfluent substrate concentration and hvdraulic retention

time components.

5.2 The Effect of the Experimental Factors on the Removal
of COD and BOD ¢

§5.2.1 Removal of Soluble COD

The soluble COD removal from the system is represented in
terms of effluent COD concentrations, percentage COD remo-

val and removal rate.

Effluent COD

The effect of organic loading rate on effluent COD concen-
tration is shown jn Figures 5.1 and 5.la. There is a

general trend towards increased effluent COD at higher organic
loading rate; however, the runs at constant influent
substrate concentration and constant retention time indi-
cated the large effect of the former and the relative

independence of the latter.

The three runs carried out at an equal organic loading rate

of 1 kg BOD/msd, but different concentration retention
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times, indicated that for this response parameter, the
equal organic loading rates do not give rise to equivalent
effluent COD.

The individual effects of influent substrate concentration
and hydraulic retention time on effluent COD are indicated
in Figures 5.2 and 5.3 respectively. There is little adva-
ntage in terms of effluent quality in extending the hydra-
ulic retention time beyond one day at each level of influent
substrate concentration. The regression model (Equation 5)
shows good fit to the observed data in terms of both para-
meters although there is considerable spread in the mid-

point (5000 mg BODS/Q) of the influent substrate concentration.

Percentage Removal

The effects of the three parameters on percentage removal
of COD are presented in lIF'igures 5.4 to 5.6. There was a
gecneral trend towards lower percentage COD removal at
higher loading rates (Figure 5.4). There was considerable
spread in the data however, especially at the 1000 and

5000 mg BODS/Q levels (Figure 5.4a). At 9000 mg BODS/Q
influent substrate concentration, higher loading rates

were accompanied by reduced percentage COD removals,

with an average of 41.7 percent removal at 1.8 kg BOD / m d
reducing to 34.1 percent at 9 kg BOD /m d.

Hydraulic retention time only exerted an effect on percentage
COD removal at loading rates below about 3 kg BODS/de. For

this response parameter, there was good agreement between

the runs carried out at equal loading rate of 1 kg BODS/de,

with an average 63.2 percent of removal at 1000 mg BODS/Q

and 1 d; and 63.0 percent at 5000 mg BODS/Q and 5 d.

The individual effects of influent substrate concentration

and HRT are presented in Figures 5.5 and 5.6 respectively.

The relative independence of percent COD removal of reten-

tion time is well illustrated in Figure 5.6 with only

small increases in removal with retention times longer than
1 day.
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The regression lines give reasonable fit to the experimen-
tal data except for the run at 1000 mg BODS/l and 1 d HRT.
This was most likely a non-typical run in that it was only
one point in twelve that was outside the trend of the
data.

Rate of COD Removal

In Figures 5.7 and 5.7a, the rate of organic material
removed is related to its application rate. An apparently
linear relationship at first glance is due to the effect
of scale only. Rate of removal is expressed as (SO - S)/t
and organic loading rate as So/t, hence the slope on the
Figure 5.7 is(SO - S)/SO if linear. This term is the defi-
nition of the fraction of COD removed which is clearly not
constant at constant influent substrate concentration or

HRT (Figures 5.5 and 5.6 respectively).

When the effects of substrate concentration and hydraulic
retention time are considered separately, as inFigures 5.8

and 5.9 respectively, the effect of a reduction in retention
time is apparent. At a 5d HRT, a nine fold increase in influent
substrate concentration gave rise to a 6.3 fold increase

in removal rate and at 1 d HRT, the increase was 3.37

kg COD/de to 16.08 kg COD/de, a 4.7 fold increase.

It will be seen later that at the shorter retention time
there is less conversion of COD to methane. The equal
organic loading rate runs agreed well with each other in
respect of rate of removal of COD, with 3.37 kg COD
removed/m3 d at 1000 mg BOD /Q and ld HRT and a slightly
higher removal rate of 3.56 kg COD/m d at the 5000 mg
BODS/Q and 5 d HRT combination.

5.2.2 Temperature Effects on Substrate Removal

No effect due to temperature could be assigned using the
data in the preceding section. However, by main-
taining the assumption that the effects due to the indivi-

dual filter unit used are negligible and manipulating the
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substrate data into a form of equation 2.13 a temperature
effect on substrate removal kinetics becomes apparent.
Figure 5.10 shows that temperature may indeed have had
expected positive effect on removal rate of COD. The
coefficients of determination (rz) for both regression
lines are reasonably high and the magnitude of the k values
indicate an increase in removal rate of about 2.5 fold for

the 5°C temperature rise and Ea of 140 kJ.

The scatter of data points about the regression lines 1is

not random. Lor the 35°C plot the regression line overes-
timates the actual data at low organic loading rates and
underostimates 1t at higher, while this trend is consistently
reversed for the 30°C line. This is possibly due to the
first order approximation us¢d being an inappropriate

model to adecquately cxplain the observed variation.

5.2.3 Removal of BOD

The effect of influent substrate concentration, hydraulic
retention time and organic loading rate on removal of BOD
from the yeast plant effluent are illustrated in Figures
.11 e §.157.
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The data showed similar trends tothose for the removal of
COD as would be expected due to the high positive correl-
ation between BOD and COD (r = 0.998). The BOD data was
incomplete and in the Figure 5.10 there is far more spread
in points than for the corresponding COD data (Figure 5.6).
The wide discrepancy between duplicates 1in BOD5 samples

for the anaerobic filter effluent leads to little confi-

dence being placed in this parameter.

Similar to the effluent COD, the effluent BOD5 was sol-
cly dependant on the influent substrate concentration
(Figure 5.1)) and hydraulic retention time had little

cffect on this parameter.

The percentage BOD removal could not be related to organic
loading rate with any degree of confidence due to the
grcat sprcad in data points (Figure 5.14). A reduced
percentage BOD. removal at incrcased organic loading rate

g
was expected as was found in the COD data.

Regression models were not derived for the BOD data,

5.3 The Effects of the Experimental Factors on Gas and
Methane Production

5.3.1 Gas Production

The influence of organic loading rate on total gas produc-
tion is illustrated in Figure 5.18 with data points iden-
tified for both influent substrate concentration and

hydraulic retention time.

Gas production was seen to increase with increasing organic
loading rate; however the incremental increase in gas
production decreased at higher influent substrate concen-
trations. For instance at 1000 mg BODS/Q, a reduction in
retention time of 5 d to 1 d (which increased the loading

rate 5 fold) resulted in a 4.9 fold increase in gas
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production. However at 9000 mg BO%/Q, a 500 percent increase in
loading rate (run 12) resulted in only a 175 percent

increase in gas production over run 9.

The effects of influent substrate concentration. and
hydraulic retention time are 1illustrated in Figures 5.19
and 5.20 respectively. Since the regression equation for
total gas production includes a temperature term, some
allowance must be made for this in the plots. 1In terms of
amount of gas production involved, it is a small amount
(0.23 2/2 d). However it does represent some 10 percent

of the range of values mcasurcd.

Therc is considerable scatter in this data sct particularly

at the mid points of both factors. The two runs carried

out at 5000 mg BODS/Q % 3 d had a greater gas production

at the higher temperaturc run (run 7). But this was also

the run on the larger anacrobic filter so the temperaturc cffect

is not distinguishable by a cursory examination.

5.3.2 Methane Production

Figures 5.21 to 5.23 illustrate the effects of influent
substrate concentration, hydraulic retention time and
organic loading rate on production of methane by the
anaerobic filters. It was found that there was an almost
linear increase 1in methane production with both increasing
influent BOD5 (Figure 5.2!) and decreasing retention time
(Figure 5.23). However there was no marked increase in
methane production at the highest loading rate as there

was in the total gas production (Figures 5.19 and 5.20).

At feed concentrations less than 5000 mg BODS/Q, there
was a greater incremental increase in methane production
with increase in feed concentration than above that level.
The slope of the curves for each hydraulic retention time
in Figure 5.22 above 5000 mg/%! were approximately half



3.0
2.5
=
(<%
~
o 2.0
o
=
s 1.5
>3
go)
@]
S
o0
S,
.5
FIGURE §.
3.0
2.5
2.0
o
g
~ 1.5

.0

production
—

gas

FIGURE 5.20:

117

X
T 1 dx
-l d .
d A
|
|
A
2000 1000 6000 000 10000
influent substration concentration
(me BOD_/¢)
3
19:  LEffcect of influent substrate concentration on gas
production at different [HRT
A
A 9000

x
x
: x
x
v " v v :
1 2 3 4 5

hydraulic retention time (d)

at different influent substrate concentrations

5000

1000

Effect of hydraulic retention time on gas production



118

those in the range 0 to 5000 mg/ %

With respect to organic loading rate (Figure 5.21),a nine

fold increase from 0.2 to 1.8 kg BODS/msd resulted in

the methane production increasing 8.7 times from 0.14 ¢/2d
to 1.2 ¢/e4d. However a further 5 fold increase in

loading to 9.0 kg BOD /m d returned only a 1.3 fold increase

in methane productlon. At 1.0 kg BOD /m d, there was a

higher methane production at the hlgher feed concentration

and longer retention time than at the converse combination.

5.3.3 Mcthane Content of the Digester Gas

The cffect of organic loading rate on the percentage of
mcthane measured in the digester gascs is shown in [Figure
5.21 and data points are identified for influent substrate

concentration and hydraulic retention times.

Although Figure 5.24 indicates that there was a trend
towards lower methane content of the digester gas at
increascdorganic loading rate, there 1is considerable
spread in the data. As parametric plots for both influent
BODSand hydraulic retention times, however, definite
patterns emerged. For constant influent substrate concen-
tration levels of 1000 and 5000 mg/f2 (Figure 5.25), there
was a small increase in percentage of methane in the gas
as organic loading rate was increased. But at the highest
substrate concentration of 9000 mg BODS/Q;the trend rever-
sed and a dramatic drop in percent methane was evident

as the loading rate was increased by decreasing the hydrau-
lic retention time. The constant loading rate runs at

1 kg BODS/de showed that higher levels of methane in the
total gas were associated with lower levels of influent
substrate concentration and shorter hydraulic retention
times. The difference was considerable being from 85.1
percent methane at 1000 mg BOD/Q and 1 d HRT, to 67.9
percent methane at 5000 mg BOD,& and 5 d HRT.
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5.4 The Effects of the Experimental Factors on pH,

Alkalinity, Ammonia and Sulphide Concentrations

5.4.1 Effluent pH

Neither influent substrate concentration, hydraulic reten-
tion time or organic loading rate exerted any effect on
filter effluent pH as can be seen from Figures 5.27 and
5.28. A narrow range of effluent pH between the values

pH 6.75 and 7.25 was observed over the range of indepen-
dant variables tested. This observed range was within

the optimum range presented by McCarty (1964) for

mecthanogenic bacteria.

Although the influent plf varied from run to run, this was
not an independant variable. Influent pH was largely de-
termined by the amount of NaHCO3 that was added to the fced
solution to maintain the filter pH at a favourable level.
Also when steady state conditions were assumed to have

been achieved a certain amount of '"weaning' was carried

out as time permitted. In most cases, the amount of buffer
used could probably be reduced and the filter allowed to
maintain its pH through retention of alkalinity.

5.4.2 Volatile Acid Concentration

Volatile acid concentration was found to be closely rela-
ted to the organic loading rate (Figure 5.29). At load-
ing rates of 0.2 to 1.0 kg BODS/mjd, total volatile acid
concentrations of less than 1000 mg/ft were observed.

There followed a sharp increase in acid levels when the
system was loaded above a level of 1.67 kg BODS/de,

with acid concentrations ranging from approximately

2000 mg/e up to 4846 mg/e at a loading rate of 9 kg BODS/
m3d. There was a corresponding decrease in the conversion
of COD to methane with increased organic loading rate and
this trend will be discussed in the next chapter. Indivi-
dual volatile acids, measured for each run are presented
in able 5.4. The higher total volatile acid concentra-
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TABLE 5.4: Individual Volatile Acid Concentrations Mcasurcd at Stcady State Conditions.
(A11 values in mg/%)
Organic Loading
Run HRT Ratg Acetic Propionic 1so-Butyric Butyric 1so-Valeric Valeric
kg BODS/m d
1 1 1. 378 114 = tr = -
2 1 1. 294 424 = 50 - -
3 3 0.33 301 50 - - - -
4 5 0.20 239 180 - - - -
$ 1 5.0 1872 2199 tr 77.2 tr 50
6 3 1.67 1441 348 - 128 - -
7 3 1.67 1310 899 S 84 - -
8 5 1.0 480 371 - 107 - -
9 1 9.0 1626 2766 tr 1354 tr 90
10 3 3.0 965 1823 tr 586 = -
11 5 1.8 1120 1017 - 75 - -
12 5 1.8 1254 1356 tr 96.5 - -
tr = trace quantity

8¢1
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tions were characterised by increased concentrations of
higher organic acids. Butyric acid concentration increased
from zero at the lowest total acid concentrations (and
lowest organic loading rates of 0.2 and 0.33 kg BODS/de),
to 1354 mg/e at the highest total acid and loading rate.
n-valeric acid was detected in measurable concentrations

at loading rates of 5.0 and 9.0 kg BODS/de.

5.4.3 Ammonia Levels

There was a slight positive correlation between filter
cffluent ammonia concentrations and organic loading rate
(Figure 5.50). When one considers that influent total
nitrogen concentration is directly proportional to influ-

cnt substrate concentration (Table 5.2), it is interesting

to note that at the 5000 mgBODS/2 and 9000 mg BUUS/Q intluent
substratc concentration, the effluent ammonia concentration

was gencrally higher at the lower of these two influent
substratec concentrations. At a constant lecvel of influent

substrate concentration, one would expect higher effluent
ammonia concentrations as hydraulic retention time was
reduced due to incorporation of the nitrogen into new cell
growth, there being less conversion of COD to methane at
the shorter hydraulic retention time. But there was too
wide a scatter in the data to state any such relationship

with confidence.
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5.4.4 Sulphide Concentrations in the Filter Effluent

Total sulphide concentration in the filter effluent was
related to organic loading rate (Figure 5.31). There was

a near linear increase in sulphide concentration as the
organic loading rate was increased to 3 kg BODS/de and

a slight decrease at 9 kg BODS/de. This increase was
correlated to the increase in influent substrate concen-
tration and so there appears to be a positive relationship
between influent sulphate level and effluent total sulphide

concentration.

The sulphide concentrations in many runs were above the
gencrally accepted level of strong inhibition by sulphide
of 150 mg/2. During thec experimental design runs, no
attempt was made to reduce this high sulphide concentration
as conditions had to be kept constant throughout the de-
sign to rcduce the cffects of uncontrollable variables.
llowever, after the completion of the design and analysis
of the data, two further runs were carried out, one on
each filter unit, under identical conditions except for
the addition of FeCl;.9H,0 at 2.5 g/% to the feed of AF1
to precipitate the sulphide out of the filter contents.
The data from these runs is presented in Table 5.5 along
with the previous run from the experimental design for
comparison. A Wald-Walfowitz Runs Test (Lipson and Sheth,
1973) on the data indicated that there was no significant
difference at 95% confidence level, between the groups of
data.

5.4.5 Alkalinity

As in the case of effluent volatile acid concentration, there
was significant (at 99 percent confidence level) correla-
tion between alkalinity and effluent COD. In consequence,
alkalinity exhibited similar response to effluent COD

and its concentration was entirely dependant on that quantity.

Figure 5.32 illustrates this similar pattern.



TABLE 5.5:

input

effluent

Performance

Data from the Repeat Experimental Runs to Assess the Effect of Sulphide Level on Filter

Parameter

Design run

Repeat run 1

Repeat run 2

[ Feed conc.

Hydraulic retention
time

Temperature
AF unit

| Feed COD

gas production
methanein gas (%)
i
CoD
BOD
ammonia
sulphide
alkalinity (as CaCOs)

suspended solids

| volatile acidity (as acetic)
COD removed (%)

BOD removed (%)

COD removal rate (kg/msd)
FTCM

9000 mg BOD/2%
1d
359C
1
47175 mg/%

3.110 2/2d
49.9
6.90

31090 mg/%
4455 mg/2
6.6 mM

<50 mg/¢
6860 mg/%
740 mg/2
4846 mg/ 2
34.1
50.5
16.08
0.246

9000 mg/2
1d
35°C
1
46382 mg/8

3.247 2/2d
47.8
6.95

30010
4230
8.2 mM
18.6
5995

555
3735
35.3
53.0
16.37
0.270

9000 mg BOD/%

1d

359C

2
46382 mg/2

2.865 2/2d
46.4
6.90

30795
4285
9.6 mM
293
5720
230
4163
33.6
52.6
15.58
0.243

AN
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5.5 The Effect of Filter Column Height

It was noted earlier in this study that recirculation of
the filter effluent was practised. It was considered that
such recirculation was necessary to reduce the possibi-
lity of potentially deleterious pH profiles vertically up
the columns that could occur in a flow regime that

included a large component of plug flow.

To ascertain the flow regime present in the anaerobic fil-
ter, three trials were carried out on the smaller filter
prior to seeding and start up. The filter was filled

with water and pumping started to establish the flow rate,
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with and without recirculation, at the desired level.

At a time t = 0, a step change in the feed was introduced
in the form of a solution of the dye safranin. The filter
effluent was then monitored by measuring the absorbance

at 530 nm (the approximate absorbance maximum for safranin);
and the dye concentrations and times noted. The results
are shown in Figure 5.32. The ordinate is the ratio of

the concentration C of the dye at time t to the concentra-
tion of dye in the feed, CO; the abscissa is a dimension-

less time parameter Qt/V where:

Q = volumetric flow rate ( ¢/h)
t = time (h)
V = void volume of the filter (2)

The curves on Figure 5.32 are known as the F curves
Danckwerts (1953). Superimposed on the
figure are the F curves for several ideal flow regimes,
namely pure plug flow, fully developed laminar flow and

a perfectly mixed reactor.

The trials carried out were at theoretical retention times
(V/Q) of 10 d for the unrecycled filter and 1 and 5 d

for the recycled filter. From the results it was apparent
that a 10d unrecirculated regime exhibited near laminar
flow characteristics and the changing slope in the region
Qt/V = 0.5 to 0.75 could indicate some plug flow was
present. A 10 d hydraulic retention time was not utilised

in the filter study except under the start-up conditions.

The results from the 1 d and the 5 d recirculation reten-
tion times indicated that the anaerobic filter was essen-
tially a completely mixed reactor under these conditions.
This result meant that there should have been little or
no difference between samples taken for analysis at the
sampling points up the length of the larger column when

it was operating; 1in fact this was the case.
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In the following table (Table 5.5), the values for pH,
COD (soluble) and ammonia are tabulated along with the
corresponding filter effluent values for steady state

conditions.

Although there is some variation between values up the
column height, none appears to be attributable to the

height parameter as the variation occurs at random.

It is therefore fair to say that the recirculated anaerobic

filter was behaving as a completely mixed reactor.



TABLE 5.6: Steady State COD, pH and Ammonia Levels as a Function of Column Height (AF2 only)
5=top of column, l=bottom

Run No. 2 3 5 7 11 12

Level COoD pH NH3 COoD pH NH3 CoD pH NH3 COD pH NH3 COoD pH NH3 COoD pH NH

Effluent 1888 6.75 2.35 1931 6.95 9.15 17378 6.90 18.1 9879 7.25 9.7 27677 7.05 8.9 25508 7.05
5 1841 6.70 2.3 2166 6.90 10.4 17527 6.80 17.3 10456 7.15 9.6 28010 7.15 7.7 25487 7.05
4 2045 6.75 2. 1956 6.95 10.6 16790 6.75 17.8 9514 7.30 10.4 27163 6.90 10.4 24860 7.00
3 1787 6.70 2.4 1954 6.85 9.8 17690 6.75 18.0 9725 7.25 11.7 28340 7.00 8.4 25770 7.05
2 1876 6.70 2.45 1979 6.90 8.2 18755 6.75 17.0 9807 7.10 12.2 27464 7.05 10.0 25945 6.95
1 2024 6.65 2.4 2042 6.90 9.5 18036 6.85 18.4 10040 7.10 9.3 27885 7.05 9.35 25490 7.00

mean 1910 6.70 2.37 2004 6.90 9.6 17696 6.80 17.8 9903 7.20 10.5 27756 7.03 9.11 25510 7.01

range (1) 13.5 1.5 6.3 11.7 1.4 23 10 2 8 9 3 24 4 3 26 4 1
Units are: COD mg/%; pH units; NH3 mM

* NH, not measured run 12

3

1 as percent of mean

LET



CHAPTER SIX

PERFORMANCE OF THE ANAEROBIC FILTERS



138

CHAPTER SIX

PERFORMANCE OF THE ANAEROBIC FILTERS

6.1 Introduction

The operation of the anaerobic filters used in this study
generally proceeded smoothly once several, largely mech-
anical, problems were ironed out. These related mainly to
the cfficient operation of the pumps used. Initially,
positive displacement piston pumps were used, however,
these proved particularly unsatisfactory. The rapid
accumulation of biological solids on the inlet and outlet
ball valves rendered them inoperative. A switch to per-

istaltic action pumps solved this problem.

The only other mechanically controlled facet of the filter
operation, was that of temperature. On several occasions,
due to power failures, the filters were cooled to below
the normal 30-35°C operating temperature for periods of
up to two days. This resulted in reduced gas production

but it was re-established again within approximately twelve
hours of restoring operating temperatures, thus proving
the system to be tolerant of fluctuations in temperature.
Young § McCarty (1967) in their initial anaerobic filter
studies pointed out the benefits of operating an anaerobic
digestcr at near ambient temperatures and, from the temp-
erature tolerance shown by this study when good gasifica-
tion rates were manifest during the temperature drops,a
case could be made for ambient temperature operation for

industrial wastes.

Municipal sewage, which is much more dilute than the
wastes generally used for anaerobic studies, has been
successfully treated by anaerobic filtration at ambient
temperatures on a pilot scale (Genung et al, 1976).
Within seasonal temperature variations of 10 to 26°C an

average of 50 percent BOD5 removal was achieved.
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A considerable problem associated with this study was

the extended periods required to carry out a limited number
of experimental trials. Unfortunately this is a function of
the anaerobic process itself. In another study on the dig-
estion of yeast plant effluent in stirred reactors, the time
delays were considered a problem in testing organic loading
rates over the range 3.28 to 11.35 kg COD/de (Hansford §&
Richtor, 1975). In this study a range of 1.15 to 47.2 kg
COD/de was coped with, in order to assess the efficacy of
the process over expected real conditions. The effects of
the long term nature of the experimental trials are discussed
in subsequent chapter. This section will be confined to
the effects of the independent variables applied to the
filter units and their responses.

6.2 The Treatment of High Strength Waste Water by
Anaerobic Filtration

It was noted in Chapter 2 that a wide range of waste types

have been applied to the anaerobic filter with varying degrees
of treatment efficiency. It is therefore necessary that the
scope of the present study be placed in that context. In
Figure 6.1, the Figure 2.1 is reproduced, showing the primary
variables of influent substrate concentration and hydraulic
retention time of previous studies with those of the present
study superimposed. From this figure it may be noted that
three of the runs carried out in the present study are located
in the area relatively well covered by previous studies and
the other nine extend the range of influent substrate concen-
tration up to almost 50,000 mg COD/2. In this way, expected
real effluent concentration strengths could be covered, which
would involve loading rates on a process system higher than
previously tried, as well as those already documented and the
whole analysed statistically via a rational model. In this
way it was hoped that the performance of the anaerobic filter
over a wide range of conditions could be described with

reasonable accuracy in terms of a few input parameters.

This upper range of influent substrate concentration is
of particular importance in terms of the on-site treat-
ment of high strength industrial wastes with little or

no adulteration, including dilution with lower strength
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streams such as plant wash waters. The previous studies

may therefore be seen to be well extended by the present

work.

6.2.1 Removal of Organic Material by the Anaerobic Filters

The removal of organic material as measured by the soluble
COD of the filter feed and effluent concentrations has
been presented in terms of residual (effluent) COD, per-
centage COD removal and rate of COD removal, and all

three as functions of the influent substrate concentra-
tion, hydraulic retention time and combined organic load-

ing rate (Figures 5.1 to 5.9).

Effluent COD Concentration

FFigures 5.1 to 5.3 show that the amount of organic material
in the filter effluent stream was almost completely depen-
dent on the influent substrate concentration. At two of
the thrce levels of feed strength thcre was improvement

in efflucent quality when the retention time was extended
beyond one day (Figures 5.2, 5.3). Actual improvements
were: from 31090 mg COD/¢ down to 26592 mg COD/2 (14.5
percent) at 9000 mg BODS/R nominal feed concentration;
from 17378 mg COD/% down to 8978 mg COD/% (48.3 percent)
at 5000 mg BODS/Q; and 2020 mg COD/¢ to 2825 mg COD/%¢

an apparent 40 percent decline in effluent quality at the
1000 mg BODS/Q level. All these changes occurred over a

five-fold increase in hydréulic retention time.

There is not an inconsiderable degree of scatter in the data,
however the curves drawn on the figure represent predicted
performance based on a least squares analysis of the
effluent COD data set as a whole and using the four predic-
tors indicated in the appendix (Table Al). As a whole, the
regression lines account for 99 percent of the variation

(r2 = .981). The largest residuals occur for runs 5 and

9 where the actual performances were respectively consi-
derably poorer and better than predicted. Table Al also
quantifies the relative significance of the influent

substrate concentration (t ratio significant at >97.5 percent),
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The extreme dependance of effluent COD on feed concentration
is however a function of the wide range of conditions
chosen for the trials rather than the operation of the

filters themselves.

In previous studies there is some difference in relation-
ship between the effects of the input parameters on
effluent COD. For a pharmaceutical waste over the range
1000 to 8000 mg COD/2 similar results to the present

study were noted (Jennett § Dennis, 1975), for a synthetic
waste, 2 linecar relationship was drawn between influent

and cffluent COD at influent COD up to 10000 mg/Qe (L1-
Shafie § Bloodgood, 1973) compared to the predictcd cur-
vature in l'igure 5.2. No improvement at all in effluent
quality was noted for a milk waste (Peterson, 1975) with

a four fold increase in retention time from 8 to 30 hours
at constant organic loading rates of 1.75 and 3.50 kg/msd.
In this last study, remarkably constant effluent COD's
were apparent as the influent COD and retention time

were simultaneously manipulated to maintain a constant

loading rate.

Similar manipulation in the present study (runs 1, 2 and 8,
Table 5.1) indicated no such constancy, a phenomenon also
noted in two other studies (Young & McCarty, 1967) and
Jennett § Dennis, 1975). Therefore the use of the common
waste treatment parameter, organic loading rate, is not an

appropriate predictor for effluent substrate concentration.

Figures 5.2 and 5.3 imply that there was a readily degradable
portion present in the waste stream which was metabolised in
about one day after which more resistant compounds were
attacked. This concept will be further discussed in a fol-

lowing section.

The importance of effluent COD lies in its effect on the
receiving points downstream of the anaerobic filter, such

as the effects of shock loading a receiving water or
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downstream biological treatment in the case of discharge to a
municipal sewer. However the benefits obtainable by extend-
ing the detention time beyond one day would surely be

offset by the increased cost of reactor size. Economics

of reactor size are dependent on the amount of material

removed and the rate at which this occurs.

Percentage Removal of COD

Figures 5.4 to 5.6 describe the effects of the primary
variablecs on percentage removal of COD by the anaerobic
filters. Figure 5.4 indicates a trend towards reduced
fractional removal at higher loading rates and Figures
5.5 and 5.6 show that increasing the feed concentration
up to 9000 mg BODS/Q and reducing the retention time from
5 to 1 day both exert a negative effect on the resulting

fraction of material removed.

Although carried out at lower influent concentrations (and
often shorter retention times) than in the present study
this negative relationship between fractional removal

and loading rate has been noted by all previous studies
(Chapter 2). A linear decrease in one case (Young §
McCarty, 1967) and an implied linearity in others at
constant influent substrate concentration has led to the
application of first order kinetic models for the anaerobic
filter. An attempt has been made to define the kinetic

constants for previous studies in chapter 2 of this work.

The data from this study do not show a good agreement
between observed and predicted performance. This is due
to the wide scattering evident in the relevant figures.
Table A2 shows that the least squares estimates on four
predictors, including one for the different filters used,
covers only 84 percent of the observed variation (rz =
.716). Run 3 had a large difference between observed

and predicted values. Of the three levels of influent
substrate concentration used the results at the highest,
9000 mg BODS/Q are the moust consistent.
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At a constant loading rate of 1.0 kg BODS/de there was
good agreement between the runs 1,2 and 8 with values of

60.8, 65.6 and 63.0 percent COD removed respectively.

Overall, the data appeared to contradict the observed
removals at the lower feed concentrations previously
tested, that is either indepcendence of percent COD removal with
respect to loading rate at low loading rates (Young §
McCarty, 1967) (2.38 to 4.76 kg COD/de) and higher

(Witt et al, 1979) (8-24 kg COD/de); but percentage
removal being better at high feed concentration/long reten-
tion time combinations at higher loading rates (Young

& McCarty, 1967; Jennett & Dennis, 1975; Peterson,

1975; Johansen § Carlson, 1976). Similar trends to the
present study have also been noted (Arora et al, 1975;
Hludson et al, 1978). The latter of these noted large drops
in COD removal of 80 to 52 percent at loadings of 0.15 to
0.36 kg COD/de for cach of two filters one packed with
rock and the other with oyster shell and treating shellfish
processing waste - a very poor performance compared to the

removals at much higher rates in the present study.

In considering the relative magnitudes of percent COD removal,
the type of waste being treated must be borne in mind and this
is often the determining factor (Witt et al, 1979; Chian

& de Walle, 1977). The relative BOD/COD ratios vary

widely, for instance 0.52 for vegetable tannery waste

(Arora et al, 1975), 0.9 for shell fish waste and appro-
ximately 0.2 for this study. The facility of determining

COD rather than BOD5 has probably favoured the use of the

former in most cases.

Higher loading rate studies have found better COD removals
than this study for instance 88 percent for piggery waste
at 19.6 kg COD/de (Colleran et al, 1982) and 46-60 percent
for a synthetic waste (Mueller and Mancini, 1975), both

of these materials were relatively readily degradable.
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Rate of COD Removal

Given an amount of oxygen demand to be removed from a
waste water stream, the rate at which it can be so removed
is all important from an economic point of view, since

the faster the removal rate the smaller the plant need

be.

The relationship between applied and removed COD (Figure
5.7) implics a nearly linear increase. This 1s however
crroneous as the slope at each point must equal the
fraction COD rcmoval which has been shown to vary widely

over the range of conditions tested in this study.

There remains, nevertheless, the very strong correlation

(r = 0.989) shown in Figure 5.7. It implies that the

more highly one loads the system the faster it will

rcact to remove thc applied load. Interestingly, the
diffecrent conditions tested which gave rise to the constant
loading rate conditions (1.0 kg BOQ/de) showed agreement
in removal rates to within six percent. The increased removal
rate achieved by reducing the hydraulic retention time

to 1 d compared to using 3 or 5 d is apparent in

Figure 5.8 and the effects of both hydraulic retention

time and influent substrate concentration are greatest

at their respective levels which give rise to the highest
organic loading rate.

When the data from Table 2.6 is manipulated to generate
COD removal rates and those rates are plotted against
applied loading rate (Figure 6.2), although there is
considerable spread in the plot the generally increased
removal rate with higher loading rate is immediately
apparent. The spread in data points is to be expected
due to the large number of different filter sizes,
packings, loadings and feed materials as used by the
different workers. Young & McCarty (1967)'s data is
plotted as groups A & B and lines drawn in by eye indicate
aslight concavity towards the abscissa for the protein/

carbohydrate waste (A) but not so much for the volatile
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acid waste (B). The data from this present study which
is also a carbohydrate waste also shows a concavity towards
the abscissa and therefore the process must be reaciiing

a limit in respect of treatment capacity at the highest
loading in each case. An operating envelopc drawn on
Figure 6.2 shows that over the range of loading rates

up to 20 kg COD/de, expected removals of COD fall in

the range 35 to 95 percent. The present study 1s seen

to cxtend the upper range of Figure 0.2 but along the
lower limit of the operating envelope proposed (Figure
6.3). This would be duc to the rclatively low degrada-
bility of the ycast waste since thosc wastes represcnted
near the upper bound arc the volatile fatty acid wastce

of Young & McCarty (1967) and the synthetic waste of El
Shafie & Bloodgood (1975) at the higher loading rates.

In the present study the decrcasing removal rate occurred
at loadings above about kg~BOH5/m3d (which corresponded
to approximatecly 20 kg coh/m’d) comparcd to about

9 kg COD/de for the protcin carbohydratec waste. The
volatile acid waste (B in Figure 6.2) shows little decrease
in removal at loadings up to 18.75 kg COD/de and there-
fore the system was more amenable to this type of waste

than the protein/carbohydrate one.

Other salicnt features of Figure 6.2 are the rapid decrease
in rate of removal with increased loading for the carbohy-
drate waste treated by Plummer et al (1975) (Plot C) at a
very low loading rate. Similar trends to the one found

in this study were also observed by Jennett § Dennis (1975),
Plot D; Peterson (1975), Plot G; Hovious et al (1971);

van Velsen et al (1979) Plot L; Norman § Frostell (1977)
Plot M.

The vegetable tannery liquor treated by Arora et al (1975),
Plot I,shows a peak removal rate at 2.1 kg COD/de load-
ing rate and a decline after that possibly due to toxicity

influences of the tanning liquor.

From a kinetic viewpoint it is important to know the

relationship between loading rate and removal rate so
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that an optimum size processing facility can be designed.

The use of the COD removal rate data to provide a

modcl for use in prediction of that rate will be discussed

in a later scction.

6.2.2 Conversion of Organic Material to Methane

The conversion of organic material to methanec is a
complex and little understood process especially with
recspect to complex waste water streams. The scope of
this study does not cxtend to discussion of the microbio-
logical or biochemical aspects of methanogenisis. However,
the practical aspects arc vital. Soluble organic
material rcmoved from the waste stream is utilised cither
for ccllular growth or converted to mcthanc. Since
mcthane is a high ecnergy compound, little energy is nor-
mally available for ccll growth in a balanced anaerobic
digestion process. Production of biomass has been

shown to be dependent on the type of compound being
catabolised (Speece § McCarty, 1962). The solids reten-
tion time also has a direct influence. Digester studies
on compounds as carbon and energy substrates indicated a
net synthesis from substrate COD of 4.5 to 6 percent
for fatty acids and glycine; and 26 to 42 percent for

glucose starch and cellulose and all at 5 d solids retention
time (SRT). When the SRT was extended to 30 d, the

solids synthesis dropped in both cases to 3 percent for
the fatty acid material and 10 to 17 percent for the
carbohydrate. In the anaerobic filter treating yeast
waste, which is high in carbohydrate, a considerable
amount of the removed COD may be expected to appear as

net solids synthesis, even at the high SRT found in the

process.

From a mechanical viewpoint it is essential that solids
production be kept to a minimum to maintain the void vol-
ume in the filter and reduce the requirement for solids

wasting.
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The anaerobic filter does not lend itself well to solids
analysis during operation. A solids balance was made by
Young & McCarty (1967) in their first study by dismantling
the filter after the runs and measuring the solids accum-
ulation. That practice was not considered to be feasible
in the present study due to the attendant time requirement
for reseeding and re-establishment of an active biomass.
An indirect measurement of solids systhesis has been used
in several studies (Peterson, 1975; Mosey, 1977; Frostell,
1981) whereby the observed ratio of conversion of COD to
mcthanc i1s comparcd with a theoretical maximum, usually
0.351 m3 mcethane/kg COD removed (McCarty, 1964). A ratio
ncar unity 1s taken to mcan little net solids synthesis

has occurrcd.

The fractional conversion of COD to methanc (FTCM) cannot
be calculated without detailed data on gas production and
methane content, which has been gencrally lacking in the
literature to date. The reason is probably the consider-
ation of the gas as merely a useful by-product of waste
treatment. In the present context of energy awareness,
generation of methane is considered a valuable resource
(Trevelyan, 1975; Frostell, 1979; Colleran, 1982) and

in the present study, equal emphasis was placed on the
gas production as COD removal to assess the anaerobic
filter's efficiency as an energy recovery process. The

FTCM is therefore of considerable importance.

While it is apparent from the results that the maximum
productivity of total gas and methane occurred at the
highest loading conditions tested, that is 1.552 &/2d
of methane at 9.0 kg BODS/de (47.2 kg COD/de),this was
only marginally better than gas productions as observed
between 2 and 4 kg B0D5/m3d (Figure 5.20). Further,
the much higher COD removal rates at the highest organic
loading rate (Figure 5.7) indicate that the trend
towards lower conversion efficiency of COD to methane as
loading rate increased noted in Chapter 2 (Table 2.9)

is even more marked at loading rates beyond those prev-

1ously examined.
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From Figure 6.4 it could be deduced that,at loading rates
above ahout 10 kg BOD /m d, the anaerobic filter is operating
as a sludge generator, and that the non-methanogenic bacteria

are prevailing in an unbalanced digester.

With a conversion ratio of 24.6 percent of the

theoretical amount (run 9), 75.4 percent of the COD
removed 1is unaccounted for in the methane, and discounting
the possible losses of gas in the system, is probably
present as accumulated solids in the filter. The best
conversion efficiency occurred in run 5 at 77.2 percent

of the theoretical maximum. The magnitude of all the con-
version rates is within the range of those previously
reported for other waste types. A mathematical model to
predict conversion rate is suggested in the following
chapter. Somec actual solids balances published have

notced syntheses of 3 percent for pharmaceutical waste

(Jennett & Dennis, 1975) and 17 percent for protcin
carhohydrate and 2 percent for volatile acid waste (Young
& McCartv, 1907). These were all consistent with thosc

noted by Speece § McCarty (1962) .

Therefore, in considering the anaerobic filter for the
treatment of high strength yeast plant effluent, although
the highest organic removal rate and methane production
rate occurred at a loading rate of 9.0 kg BODS/de (47.2
kg COD/de), better efficiencies of conversion were mani-
fest at lower loading rates, especially those at longer
than one day hydraulic retention time. To compete with
sludge bed processes Frostell (1981) concluded that the
anaerobic filter must be able to operate at greater than
5-10 kg COD m3d which the present study has shown to be
possible.

6.3 Environmental Factors Within the Anaerobic Filter

Process
6.3.1 Volatile Acid Content

The importance of volatile acidity in anaerobic digesters

is apparent both from the point of view of pH and
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toxicity of the acid themselves.

The magnitude of the volatile acid concentration would not
necessarily be considered inhibiting even at the 4846 mg/%
(as acetic acid) observed in the trial at 9 kg BODS/de (47.2
kg COD/de). Volatile acid concentrations of 8400 mg/2%

have been reported as not impeding digestion (Augenstein

et al, 1976/77) in the anaerobic treatment of solid wastes.
In another study (Hobson § Shaw, 1976) the organism
Methanobacillus formicicum, considered to be typical of
anacrobic digestor biomass was found to be unaffccted by
acctic and butyric acid concentrations of up to 10,000 mg/%.
llowever, propionic acid extended the lag phase in batch
culturc from 4 to 6 days at concentrations of 1000 and 5000
mg/% recspectively. It is therefore possible that the propionic
acid concentrations obscrved in this study were cxerting a

ncgative influence in the opcration.

6.3.2 Ammonia

Ammonia 1s 1mportant from the nutrient point of view as a
nitrogen source from the biomass and also ammonia exerts a

toxic effect on the biomass at higher concentraions. The

toxic concentrations have variously been noted as 1500 to

3000 mg/2 (McCarty, 1964) and 4000 mg/%2 (Hobson & Shaw,

1976) whereas other work in piggery waste noted no inhibition

by ammonia at 5 g/% although an extended lag phase was noted.
The inhibiting level of ammonia appeared to be largely associ-
ated with the acclimation level of the biomass (van Velsen et al
1979).

Ammonia also exerts a third influence in anaerobic
digestion in that it provides the primary pH buffer
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system (Gossett et al, 1978). In association with
carbon dioxide (equation 6.1), lg of ammonia gives rise
to 3.6g of bicarbonate alkalinity

+

+ CO, +H0-4—HCO£ + NH (6.1)

5 2

Melleringer & Donellor (1971) found that ammonia nitrogen
gave rise to 23 percent of the total alkalinity of
anaerobic digestion. Kroeker et al (1979) aver that the
mechanisms of process stability are bio-chemically related

to the concentration of ammonia in solution.

In the present study, the principal concern with respect

to nitrogen in the feed material was that there be
sufficient without augmentation to maintain nutrient

lcvels for the biomass. The ratio of COD:N in the feed
matcrial was 100:2 and the presence of ammonia in the
filter environment (Figure 5.29) was taken to indicate that

there was no lack of nutrient nitrogen.

The applied COD:N ratio was not as low as one previous
study 100:0.37(de Walle § Chian, 1976) which concluded
there was no nutrient lack. None of the ammonia concen-
trations measured in this present study were near those
considered to be inhibitory, the highest being 18.1 mM
(308 mg/2)

6.3.3 The Effects of Sulphate in the Feed

The high concentrations of inorganic sulphates encoun-

tered in molasses based wastes such as yeast plant

effluent and distillery slops have long been known to

cause problems in anaerobic digestion (Sheehan §

Greenfield, 1980; Basu § Leclerc, 1972; Stander et al, 1950)

The sulphate reducing bacteria found in the digestor
biomass readily reduce the sulphates to sulphides, which
are toxic and also the sulphate reducing reaction may
compete with methanogensis for available hydrogen thus

reducing methane yields.
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In the present study, the total suphide concentrations

in the anaerobic filters were largely correlated with
influent substrate concentration and, therefore sulphate
concentration in the feed. The influent COD-sulphate
correlation was r=0.99 and sulphate-sulphide r=0.706.

From Figure 5.30 the effect of influent sulphate concen-
tration is noted. The sulphide concentration of 186

mg/2 at 9 kg BODS/de, lies within the somewhat broad
range of sulphide concentrations of other runs at the same
applied concentration cven though the total amount of

sulphatec loaded on the system was some five fold higher.

There 1is somec controversy over the concentrations at

which sulphides be toxic or inhibitory to anaerobic
digestion. Larly reported valuecs of 150 mg/2 (McCarty,
1964; Stander et al, 1950)were found to be inhibitory, but
concentrations of 5 mg/2 to stimulate digestion (Winfrey

& Zeikus, 1979). Studics on anaerobic digestion of yeast
plant effluent (Stander et al, 1971) found that additions
of sulphate of up to 18000 mg/% which gave rise to

400 mg §72 in the digestor did not appear to cause 1nhibi-
tions. Batch studies using Methanococcus spp on media
containing 1lg NaZS/Q demonstrated further tolerance (Abram
& Nedwell, 1978), Methanobacillus MOH has been shown to

be tolerant of HZS at (680mg/%and pH 6.6/6.8.

Sulphate is thought to compete for hydrogen in the
anaerobic environment. In fact a waste treatment process
was tested in which sulphate was added to a waste stream
and sulphate reducing bacteria utilised organic material
and reduced sulphate to hydrogen sulphide. At 2.56

kg VS/de, 32 percent of the COD of the wastewas removed
and about 400 mg/2.d of sulphide produced (Pipes, 1960).
Several relationships have been proposed for the effects
of sulphate on methanogensis such as a commensalism between
Desulphovibrio spp. Methanobacillus spp. due to acetate
production by the former and use by the latter, but with
inhibition of the methanogen in the presence of sulphide
(Cappenberg, 1975). However, in the presence of sulphate, the lack of

low
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methane production in previously synergistic relationship
between D. velgaris and a bacteria similar to

M. formicium, was due to competition for H2 rather than
sulphate or sulphite toxicity (Bryant et al, 1977;

Winfrey & Zeikus, 1979). Methane production may also

be reduced due to competition for acetate as well as
hydrogen, as the free energy change for reduction of sulphate
by acetate 1is more favourable than acetate reduction
(Equations 6.2 and 6.3) (Kahan § Trottier, 1978),

-47 kJ (6.2)

- -~ - - ]
SO, + CH.000 HS + 2HCO-. + AG
4 3 3 0

CH,CO0  + H,0 CH4 + 1HCO, AG -31 kJ (6.3)
3 2 3 o

llowever, an accumulation of volatile acids has also been

shown to inhibit sulphide production (Basu § Ghose, 1961),

From a practical point of view it is advisable to reduce
sulphide concentrations duc to their malodourous

and toxic nature (Stander & Gien, 1956) and deleterious
effects on concrete and other construction materials
(Ruffer, 1978). Removal of sulphide is generally

achieved by precipitation with heavy metal ions. In fact,
toxicity due to either species is treated by addition of
the other (Lawrence § McCarty, 1965; Masselli et al 1967)

The benefits of reducing the sulphide concentration of the
present study, and thereby to ascertain whether sulphide
was exerting a toxic effect on the filter operation, were
assessed. The addition of ferric chloride at 2.5 g/%
(equivalent to 7mmol Fe/2) effectively reduced the

filter sulphide concentration to less than 5 mg/%. There
was, however, no improvement in filter performance associ-
ated with the low sulphide concentration and this was
taken to indicate that sulphide toxicity was not a

problem.
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Hydrogen sulphide was not detected in the filter off-
gases at any time during the operation, but must have
been present. Typical HZS contents have been noted as
less than 0.5 percent (v/v) for molasses based fermentat-
ion wastes (Stander et al, 1950) andless than one percent
for yeast plant effluent (Stander et al, 1971). The
absence of HZS from the digester gas is desirable to
prevent corrosive effects of sulphur oxides when the

gas 1is burnt for heating purposcs.

The hydrogen sulphide may be stripped from the gas, however
this 1s cxpensive. Alternatively a ''stable anaerobic
microbial association'" has becn developed (Anderson

et al, 1982) which maximises the production of methane 1in
the prescnce of sulphate in molasscs based wastes. The
process claims no frce HZS detcctable.

No stimulation of digestion was noted after the additions
of iron as was noted in precvious studies where stimulus
of acetate conversion aided in reduction of volatile

acid concentration (Speece § McCarty, 1962; Hobson §

van den Berg, 1979). However, there would have been only
a slight excess of Fe(II) ions assuming a 200 mg/2%

sulphide concentration to be removed.

6.4 The Anaerobic Filter as a Pre-treatment for Yeast Plant
Effluent

The operating conditions for the anaerobic treatment of
yeast plant and similar waste waters is illustrated in
Figure 6.5. Although the BOD5 values for other studies
have been much higher than those in the present study,

the extended retention times used (up to 25 d) meant that
no loading rates have exceeded 4 kgBODS/m d. This is pro-
bably due to the inability of stirred tank anacrobic
digestors to maintain biomass at the high hydraulic load-

ings which accompany high organic loading rates.

The longer hydraulic retention times have, however,

contributed to very high percentage removals of BOD.
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removals in excess of 90 percent at retention times greater
than 10 days.

Because of the low removal efficiencies obtained in the
anaerobic filter, the process design could not be
considered for more than an en site pre-treatment plant.
However, at the high loading rates permissible on the
filter a small treatment unit would be able to pre-treat
a large amount of effluent in a relatively short time.
For instance a previously predicted maximum organic load-
ing ratc for molasses waste was 3.2 kg BOQ/de at which
BODSromovul was 74 pcrcent however the methane content of
the gas was 30 percent and conversion only .077 mSCH4/kg
BO[)5 rcmoved (Basu § LeClerc,1972).0n the anaerobic filter
a similar conversion ratc was found but at a loading rate
of 9 kg BODS/de, corresponding gas content was 50
percent methane. COD removals were similar on the
anaerobic filter to the stirred tank reactor for yeast
plant effluent (Hansford & Richtor, 1975) but at greater
loading rates viz 07 to 71 percent COD removal at loading
rates of 2.14 to 11.35 kg COD/de on the stirred tank

and 34 to 67 percent removal on the filter at loading
rates of 1.15 to 47.2 kg COD/de.

As well as not requiring the size of conventional anaerobic
digestors, the anaerobic filters would not require the
technical and mechanical sophistication of some of the other
waste treatment systems such as the 'ANAMET' process

(Huss, 1977; Skogman, 1979). Also, since yeast waste
contains nothing of value recoverable for animal feeds
(Jackson § Lines, 1970) its only other value is as water

for paddock irrigation, a disposal method of limited effect-

iveness in winter months on already saturated ground.
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CHAPTER SEVEN

MODELLING OF THE ANAEROBIC
FILTRATION OF YEAST WASTE

7.1 Introduction

The steady state data gathered in the runs involved in the
experimental design were used to produce response equations
for the process of anaerobic filtration of yeast plant
effluent. There were two reasons for these models.

Firstly to produce statistically based mathematical

models which would describe the observed process. Although
a number of anacrobic filter studies have been made to
date, there is no simple quantitative basis which can be
used for design purposes. Secondly, a quantitative model
was desired which could be used to predict the optimum
operating conditions within the experimental range for

two runs subsequent to those of the experimental design.

Four system response parameters which are of engineering
design significance were chosen to be modelled.

These were rate of removal of COD, total gas production,
methane production and conversion of COD to methane
expressed as a fraction of the theoretical maximum

conversion obtainable.

Models previously applied to the anaerobic filter, and
other waste treatment systems have usually been based on
kinetic models of chemical reactions or bacterial growth
and are often extremely complex and of little use for
practical design problems (Mueller & Mancini, 1975).
The statistical basis of the experimental design used in
the present studv was chosen for simplicity and to enable
the results to be easily utilised in the fitting of

regression models.

The models presented in this chapter are the results of
polynominal regression of the data. The analysis was
carried out using the 'MINITAB' statistical package
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TABLE 7.1: Response Data and Coded Experimental Design
Factors Used in Regression Analyses
Run ISC HRT TEMP AF COD rem. GAS METHANE FTCM
kg/msd 2/2d 2/d

1 Sl Sl =l 5| 3.336 0.845 0.706 0.541
2 Sl -1 Sl 1 3.599 0.599 0.519 0.369
3 Syl 0 1 1 1.320 0.409 0.335 0.651
4 Sl 1 1 -1 0.590 0.173 0.138 0.600
5 0 -1 1 1 10.427 1.770 1.343 0.331
) 0 0 -1 Sl 3.557 1.296 0.859 0.018
7 0 0 1 I 5.019 2.010 1.337 0.682
8 0 1 -1 il 3.054 1.350 0.917 0.772
9 1 -1 1 -1 16.08 3.110 1.552 0.246
10 1 0 -1 ! 5.204 2.153 1.214 0.597
11 1 1 -1 | 3.754 1.640 1.105 0.756
12 1 1 1 | 3.767 1.784 1.309 0.887
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release 81.1 Pennsylvania State University, (Ryan et
al, 1976) operating on the Burroughs B6700 computer at
Massey University. The response equations represent
parsimonious models which best fit the data. All regre-
ssions were carried out using the coded levels of the
dependant variables this giving equal weighting to each
of those variables. The coded models were then decoded

using the cquations described in Chapter 4.

The criteria used to assess the fit of a model were the
statistical significance of the predicted coefficients,
and the cocfficient of determination (rz). This latter
is the ratio of the variance explained by the regression
equation to the total variance, vir
$S )
2 _ regression (7.1)
Ss ’
total

r

and is the squarc of the correlation coecfficient between
the obscrved and predicted values of the response

variable.

The data used for the regression models are presented in
Table 7.1 and the regression parameters for the models
in Tables 7.2 to 7.5

7.2 The System Response Equations
7.2.1 COD Removal Rate COD (r)

The parsimonious model for COD removal rate is expressed
as kg COD removal/m3 filter void volume per day in its

coded form 1is

COD(r)= 5.381 + 3.405isc - 3.637hrt + 0.803hrt?

-2.432(isc) (hrt) (7.2)

Upon decoding the equation 7.2 becomes
COD(r)= 5.837 +1.764ISC - 3.914HRT + 0.603HRT
- 0.304(ISC) (HRT) (7.3)

2
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where 1sc = coded level of influent substrate

concentration

ISC = influ ent substrate concentration in
g BOD/2 (1 < ISC < 9)

hrt = coded level of hydraulic retention time

HRT = hydraulic retention time in days
(1 < HRT < §5)

Regression parameters for this model are presented 1n Table
e .

IF'rom Table 7.2 it is apparent that the four factors used to
prcedict COD removal rate have very sound statistical basis,
with confidence levels 99.9 percent for all except (HRT)2
for which the lcvel is 99 percent. The equation explains
greater than 95 percent of the variation observed in the
data and the 95 percent confidence interval applicable to
that data is + 2.31 kg COD (r)/msd.

COD removal rate is therefore seen to be a function of sub-
strate concentration, HRT, an interaction between these two
and the curvature in thedata attributed to a quadratic term
in HRT.

7.2.2 Total Gas Production

The total gas production in volumes of gas per unit net volume
nf filter per day in coded form is defined by

GAS = 1.428 + 0.934isc - 0.406hrt + 0.114temp

-0.089isc? (7.4)
Upon decoding the gas production was

GAS= -0.858 + 0.401ISC - 0.203HRT + 0.046TEMP

-0.0171SC?2 (7.5)

The variables are the same as for equations 7.2 and 7.3

and in addition, temp and TEMP are the coded and uncoded
forms of the temperature factor, where 30 < TEMP < 35.

The relevant regression parameters are presented in Table
7.3 from which it is seen that there is good evidence
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for inclusion of the constant, ISC and HRT coefficients

in the equation but only 90% confidence in the temperature
and quadratic terms. The reason for retaining these
latter two terms in the model is that it improves the
coefficient of determination to 93.2 percent from less
than 90 percent. The relatively small magnitude of the
coefficients for these parameters mean they have little
influence on the response and the equation is essentially
linear. The 95 percent confidence interval for GAS 1is

+ 0.550 2/2d.

7.2.3 Methane Production

The parsimonious regression equation for methane production 1n
its coded form is

METHANE = 0.945 + 0.486isc - 0.203hrt - O.USSiSCZ
(7.6)
Upon decoding the cquation is
2
METHANE = 0.414 + 0.280ISC - 0.016ISC™ - 0.101HRT
(7.7)

where the variables are the same as the previous models.

Regression data is presented in Table 7.4. All parameters
in the response equation have a very good statistical basis
for their inclusion with a minimum confidence level of

97.5 percent. The 95 percent confidence interval for
methane production is + 0.311 2/2d and 91.6 percent of

the observed variance is explained by the equation.

Although the coefficient for the quadratic term is an order
of magnitude smaller than the others its statistical basis

is significant and hence the curvature in the data 1s assig-
ned to the square of the substrate concentration.

7.2.4 Conversion of COD to Methane

For this model, the actual conversion of COD to methane is
expressed as a fraction of the theoretical amount, based on
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the stoichiometry of methane oxidation, determined by
McCarty (1964) of 0.351 m3/kg COD removed. The data could
equally well have been left as the actual amount of methane
produced per kg COD removed but it was felt that the fac-
torial theoretical conversions conveyed more meaning about

how effectively the process was operating.

The parsimonious regression equation for fractional conver-
sion of COD to methane (FTCM) in its coded form is:

FTCM = 0.554 + 1.191hrt + 0.067temp - 0.064volume

- 0.0416hrt”® + 0.202(isc) (hrt)

(7.8)
where in addition to those variables already defined

'volume' is the coded level of filter volume.

The regression data is presented in Table 7.5. As well as

a constant term, five parameters were found to be signifi-
cant with minimum confidence level of 97.5 percent. The

six term equation is able to account for 97.1 percent of the
observed variation in the data and the 95 percent confi-

dence interval on the predicted response is + 0.089.

The large dependence of conversion rate HRT as noted in the
graphical presentation of the data is quantificd in Table
7.5, as is importancec of the quadratic term hrt2 “with a
99.5 confidence level. Therce was a large intcractive

effect between HRI and substratc concentration.

It is apparent that some differencec between the two filter
units was manifest, although thec coefficient is small rcla-
tively, statistical basis for its inclusion is sound (97.5
percent). The appearance of the term relating to particu-
lar filter means that onc decoded response equation is not
relevant. In the regression analysis this factor was
arbitrarily coded using net filter volume as a basis although
any classification could have been used as the factor

is a qualitative one. Due to this lack of quantitative
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TABLE 7.2: Regression Parameters for COD Removal Rate

Model

Standard deviation of y about the regression line

s=1.13 with 7 degrees of freedcm (d.f.)

Coefficient of determination r2=0.955

Significance of the narameter estimates:

FACTOR COEFFICIENT 95% CI t-RATIO SIGNIFICANCE LEVEL
+

Constant 5.381 0.685 16.08 .001
isc 3.405 0.840 8.29 .001
hrt -3.637 0.840 -8.85 .001
hrt? 0.803 0.476 3.44 .01

isc x hrt -2.432 0.982 -5.07 .001
Analvsis of variance
DUE TO D.F. SUM OF SQUARES MEAN SQUAFRE
regression 4 190.2 47.55
residual 7 8.87 1.27
total 11 199.07
t.001’7 = 4.785 t-01’7 2.998
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TABLE 7.3: Regression Parameters for Gas Production Model

Standard deviation of y about regression line
s=0.272 with 7 d.f.

Coefficient of determination r2

Significance of parameter estimates:

= 0.932

FACTOR COEFFICIENT 95% CI t-RaTIo OLGNIFICANCE
LEVEL

constant 1.4283 0.160 18.18 0.001

isc 0.9340 0.203 9.40 0.001

hrt -0.4056 0.203 -4.08 0.005

temp 0.1144 0.160 1.46 0.1

isc? -0.0891 0.113 -1.60 0.1

Analysis of variance:

DUE TO D.F. SUM OF SQUARES MEAN SQUARE

regression 4 7.128 1.782

residual 0.518 0.074

total 11 7.646

t.001’7 = 4.785 t'005’7 3.499 1,7 = 1.415
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TABLE 7.4: Regression Parameters for Methane Production
Model

Standard of deviation of y about the regression line
s = 0.152 with 8 d.f.
Coefficient of determination r? = 0.916

Gignificance of parameter estimates :

FACTOR COEFFICIENT 95% CI £t -RATIO SIGNIFICANCE
LEVEL

constant 0.945 0.090 21.57 .001

isc 0.486 0.203 8.77 .001

hrt -0.203 0.203 -3.66 .005

isc? -0.065 0.063 22.73 025

Analysis of Variance :

DUE TO D.F. SUM OF SQUARES MEAN SQUARE
regression 3 1.996 0.665
residual 8 0.184 0.023
total 11 2.180

t9.001,8 = *-78> Ty gp5,g = 3-355  ty 5 g = 2.300
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Regression Parameters
Methane Model
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for Conversion of COD to

Standard deviation of y about the

S
2

Coefficient of determination r° =

regression line
0.0438 with 6 d.f.

0.971

Significance of parameter estimates :

FACTOR  COEFFICIENT 953 CI t-RATIO o
constant 0.5540 0.028 39.62 0.001
hrt 0.1910 0.032 12.33 0.001
temp 0.0674 0.046 3.02 0.025
volume -0.0645 0.046 2.89 0.025
hrt 2 -0.0416 0.019 4.41 0.005

T % BEC 0.2017 0.073 5.64 0.001

Analysis of Variance:

DUE TO D.F. SUM OF SQUARES MEAN SQUARE
regression 5 0.3871 0.0774
residual 6 0.0115 0.0019
total 11 0.39860

t.001,6 = 5.208 t.005,0 = 3.707 t.025,6 2.447



169

continuity between the factor levels, two equations must be
defined, one for each filter. The two equations will vary
only in the constant term vis equations 7.9 and 7.10, the
decoded response equations for the small and large anaerobic
filters respectively.

2

FTCM(1) = -0.363 + 0.156HRT - 0.031HRT® + 0.025(HRT) (ISC)
-0.076ISC - 0.027TEMP

(7.9)
FTCM(2) = -0.492 + 0.156HRT - 0.031HRTZ + 0.025(HRT) (ISC)

-0.076ISC - 0.027TEMP
(7.10)

The appearance of the ISC term in the decoded form of the
equation but not in the coded form results from the algebra
involved in decoding the HRT x ISC interaction.

7.3 Interpretation and Optimisation of the Models

Four models have been developed to explain the observed
variation in the experimental results and these are capable
of assigning over 90 percent of the variation to basically
two input parameters, namcly HRT and influent substrate con-
centration, with small influences by temperaturc and {ilter
unit used in the cases of two of the models. It is thercfore
convenient to graphically present predicted system response

in terms of thosc two prime inputs.

A computer program has becn used to produce contour plots of
predicted response at the diffcrent combinations of HRT and
substrate concentration. In this program, thc responsc is
calculated using the two relevant parameters whilc other
parameters, if present, are held at constant values. There-
fore there are plots for both temperature levels in the GAS
model and each combination of temperature and filter unit
for the FTCM model. By following the contour any optimal
conditions in the range of experimental factors can be seen.
The program is written in FORTRAN 77 and was run on a PRIME
750 computer. By using these contour plots it is possible
to i1llustrate independent effects of both HRT and substrate
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concentration on the system without the need to use the

often ambiguous term of organic loading rate.

Figure 7.1 is the plot for COD removal rate from which a
local maximum was noted of 15.64 kg COD rem/msd at condi-
tions of 1 d HRT and 9000 mg BODS/Q.

In this model, the effect of the quadratic term can be seen
with the relatively flat area at low HRT and its steepening

as HRT is reduced.

The gas production model is presented in Figures 7.2 and 7.3,
being the response at 30 and 35°C respectively. The local
maximum occurs at the highest loading on the system of

1 d HRT and 9000 mg BODS/R.

The methane production model is presented in Figure 7.5.
The maximum operating conditions for this model, within
the range tested is predicted as 1.537 2/2d occurring

at 1d HRT and 8800 mg BODS/Q. The similarity between the
total gas and methane contour plots is evident. At higher
substrate concentrations, the methane contour lines curve
more about the maximum. This indicates the relatively
smaller effect of HRT.

Figures 7.5 to 7.8 illustrate the conversion of COD to
methane model at each of the temperaturc and filter unit
combinations. The plots arc identical in shapec and vary
only in the values on the contour lines due to changes in

the equations constant term.

The contour plots show a steeply dropping COD conversinn
efficiency as HRT is reduced while simultaneously increas-
ing the substrate concentration. However, at the same high
substrate concentration, by increasing retention time, the
maximum conversion efficiency is predicted. A large flat
area is predicted at the lower end of the concentration

range and mid range HRT. This area constitutes one side
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of a saddle point. The predicted maximum operating respon-
ses are 0.901, 1.03, 0.765 and 0.900 for filter units
1 and 2 at 30 and 35°C respectively.

These COD to methane conversion efficiencies have been
computed using a theoretical maximum based on COD reduction
when all the COD is convertable to methane. Since not all
COD is carbonaceous a resistant fraction will be evident

and this will vary from one waste stream to another.

Chen and Hasimoto (1978) have suggested that the actual
maximum possible conversion efficiency 1is the intercept on a
plot of actual mecthane produced per kg of COD against reci-
procal retention time. Such a plot for the data of the
present study yield a maximum value of 0.274 m3CH4/kg COoD
with a correlation cocfficient of r = 0.884 and one data
point significantly different (95% CI) than the value predicted
by the linear regression line. When that data point was
omitted the maximum was 0.281 mSCH4/kg COb (r = 0.950)

which is 80 percent of the theoretical maximum. Conversion
efficiencies in this study are thus better than at first

appear,as are percentage COD removals by the same factor.

7.3.1 Maximal Operating Conditions

Two additional experimental runs were carried out to test
the repeatability of the previous runs. It was decided
that these runs should be carried out at the predicted max-
imum operating points for both COD removal and gas/methane
production, that is 1d HRT and 9000 mg BODS/Q. A tempera-
ture of 30°C was chosen as there appeared to be little
benefit from the higher temperature used in previous design
and another temperature condition could not be tested as

its use could negate the rcpeatability aspect.

In addition to the above conditions, the effect of reducing
the soluble sulphide concentration was also investigated
by adding ferric chloride to the feed of the smaller filter.
This aspect has been discussed in the preceding chapter.

Table 7.6 summarises the results of the repeated runs as



TABLE 7.6: Observed, Predicted and Re-evaluated Values

for the Regression Model Parameters

Parameter Observed (1)

Re-observed

Differences (%)

Predicted AF1 AF2 Average obs.»> pred. rerun » pred.

COD removal 6 og 15'66(2) 16.373  15.88  15.979 v 2.7 + 2.0
rate kg/m~d + 1.98
Gas production 2.793 5

%/0d 3.110 + 0.409 3.247 2.865 3.056 + 4.6 + 2.6
Methane 1.549
production 1.552 - 0'210 1.552 1.329 1.441 + 0.2 - 7.0

2/4d - ’
0.252

FTCM 0.246 + 0.092 0.270 0.233 0.257 - 2.0 + 2.0
NOTES: (1) Results from relevant experimental design run

(2) 95% confidence bounds on predicted value

UBT
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they concern the predictor models

On rerun the COD removal rate was observed to be extremely
close to both the original run and the predicted value, as
was the conversion of COD to methane. Total gas and methane
production was higher in the smaller, ferric chloride
treated, filter than the larger one. For this filter the
total gas production was just outside the 95 percent confi-
dence bound of the predicted value however it was very simi-
lar to the original run. Methane production in the larger,
non trcated, filter was down on both the treated filter and
previous run. Overall the rcpeatability was good to less
than 5 percent of previous run and 7 percent of the pre-

dicted value.

The diffcrence in gas and methane production between the
treated and untreated filters could not be contributed to
reduction of sulphide concentration since the treated
filter performance showed no improvement over the previous
run which had no sulphide removal treatment.

7.4 Statistical Lack of Fit of the Models

In both the COD removal rate and methane production models
two of the independant variables are omitted from the
response equations. By accepting the null hypothesis that
the effects of these parameters, temperatures and anaerobic
filter size,are not significantly different from zero the
design may be viewed as a complete 32 factorial plus

three replicate runs.
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From Table 6.1 it is noted that runs 1 and 2 are replicates
in respect of the two independant variables used in the
model, namely influent substrate concentration and hydraulic
retention time, with both variables at their low level.
Similarly, runs 6 and 7 , 11 and 12,are replicates with

both factors at the mid and high levels respectively.

TABLE 7.7: Replicate Data for Lack of Fit Test

con Rcmovulgrutc PTBSEE??on L.evel
kg COD/m™d 2/ed
3.336 0.706 1
5. 599 0.519 1
3.557 0.859 2
5.019 1.337 2
3.754 1.105 3
3.767 1.309 3

The data for the replicated runs has been repeated in Table
7.7 and each pair of replicates assigned a level. A
oneway analysis of variance for each set of responses and
the assigned levels has been performed (Table 7.8) to
ascertain the amount of variance due to lack of fit using
the method described by Belz (1973).
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TABLE 7.8 Oneway Analysis of Variance Summary

for Replicate Runs

COD removal model

SUM OF MEAN
2OVRGE Sedc SQUARES SQUARE
level 2 0.695 .347
error 3 1.105 .368
total 5 1.800
Mcthanc production model
level 2 L4191 .2095
crror 3 .1815 .0605
total 5 .6006

Using Belz's methods, the residual variance of the regre-
ssion models may be partitioned into that duc to pure or
cxperimental error and that due to lack of fit of the

model, viz:

SS (lack of fit) = SS (residual) - SS (error)

(from (from oneway
regression) analysis of
variance)

The calculations are presented in Table 7.9.

Comparison of the F values calculated in T able 7.9 with
those given for the 99 and 95 percent confidence levels
indicate that there is no statistically significant lack

of fit in these models.

Statistical lack of fit cannot be tested for in the case
of the gas production and conversion of COD to methane
models as there are insufficient replicated runs to gener-

ate degrees of freedom for the significance tests.



TABLE 7.9: Lack of Fit Analysis for COD Removal

and Methane Production Models

184

COD removal rate model

55 residual (table 6.2)

S5 (table 6.7)
error
SS

lack of fit

ncan square lack of fit

¢ 5 (
mean square ...

Methane production model

SS residual (table 6.4)

S5 (table 6.7)
error
SS

lack of fit
mean sSquare ;.ckx of fit

mean square
a g error

20!
1}
(@)}
(@)}
N

8.87 d.f. = 7
1.105 d.f. =3

7.765 =4

.765/4
.941
.87/7

.27
.941/1.27
.523

- — = 00 K~

.1841 d.

.1815

.1841-.1815 d.

.0026

————

.0026/5
.0005
.1841/8
.0230
.0005/.0230
.022

= 4.12

3.69

f.

| v© © W«
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7.5 Trends in the Experimental Data

The difference between the observed and predicted values of
Y in the regression equations are presented in Table 7.10.
The column headed residual is the difference Y (observed) -
Y (predicted). The residuals are standardised by dividing
each residual by the estimated standard deviation of that
rcsidual, and these values are tabulated in column four

of Table 7.10.

The standardised residuals are plotted against the inde-
pendent variables, influent substrate concentration and
hydraulic rctention time, and also temporal run order in the

subscquent ligures 7.9 to 7.18.

[nspection of these figures indicates that neither of the
independent variables cxerted a consistent cffect on the
residuals, the spread of points about the zero residual level
was different in each model for both parameters. Large
deviations from predicted behaviour, measured as standardised
residual greater than 2.0 exist in run 10 of the COD removal
rate model and run 8 of the conversion of COD to methane
model. The input conditions for these runs were

9000 mg B0D5/2—3d and 5000 mg BODS/Q—S days respectively.

It was not possible to assign a cause for these large devi-
ations as the other models did not exhibit similar deviat-
ions. In fact both these runs were carried out on the same
anaerobic filter unit. However, in temporal run order they
were runs nine and six respectively so a temporary filter
abberation cannot be implicated either.

Significant time trends in the data would be indicated by
non-random scatter or residual values about zero when plot-

ted against run order (Figures 7.9 to 7.12)
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TABLE 7.10: Observed and Predicted Values of Y in the

Response Equations and the Residuals

COD removal rate model

Y. Obs. Pred. Y Residual St. Res.
Value
3.34 3.98 -0.65 -0.76
3.60 3.98 -0.39 -0.45
1.32 0.37 0.95 1.08
0.59 1.57 -0.98 -1.72
10.43 9.82 0.61 0.63
3.560 3.78 -0.22 -0.22
5.02 3.78 1.24 1.28
3.05 2.55 0.51 0.53
16.09 15.66 0.43 0.75
5.20 7.18 -1.98 -2.24
3.75 3.52 0.23 0.27
3.77 3.52 0.25 0.29

Total gas model

Y. Obs. Pred. Y Residual St. Res.
Value
0.845 0.696 0.149 0.71
0.599 0.696 -0.097 -0.46
0.409 0.520 -0.111 -0.50
0.173 0.114 0.059 0.32
1.770 2.127 -0.357 -1.79
1.296 1.492 -0.196 -0.88
2.010 1.721 0.289 1.30
1.350 1.086 0.264 1.33
3.110 2.793 0.317 1.72
2.153 2.159 -0.006 -0.03
1.640 1.753 -0.113 -0.54
1.784 1.982 -0.198 -0.95
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TABLE 7.10 Con'd

Methane production model

Y. obs. Pred. Y Residual St. Res.
Value
0.706 0.577 0.129 1.03
0.519 0.577 -0.057 -0.46
0.335 0.374 -0.039 -0.30
0.138 0.171 -0.033 -0.29
1.343 1.317 0.027 0.22
0.859 1.114 -0.255 -1.94
1.337 1.114 0.223 1.69
0.917 0.911 0.005 0.05
1.552 1.549 0.003 0.03
1.214 1.346 -0.132 -1.01
1.105 1.143 -0.038 -0.30
1.309 1.143 0.166 1.33

FTCM Model

Y.obs. Pred. Y Residual St. Res.
Value
0.541 0.520 0.021 0.95
0.369 0.391 -0.022 -0.74
0.651 0.640 0.011 0.32
0.600 0.634 -0.034 -1.13
0.331 0.324 0.007 0.20
0.618 0.634 -0.016 -0.47
0.682 0.640 0.042 1.22 .
0.772 0.700 0.072 2.13
0.246 0.252 -0.006 -0.19 -
0.597 0.634 -0.037 -1.07
0.756 0.773 -0.017 -0.58
0.887 0.908 =0.021 -0.95
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Examination of the residuals is important as large devia-
tions from predicted behaviour can be picked up and often
shows where mistakes have been made, for instance in meas-
urcments of cxperimental parameters, or assumptions made
in the model arcnot valid or the wrong model has bheen
chosen. The residuals plots are presented in Appendix 2

for the main input parameters.

Of particular importance in this study was the possible
cffects of a significant time trend cxerting an influence

on the results. Because the cxperimental design was carried
out over an cxtended period of time due to the nature of

the system required long periods of build up to new oper-
ating conditions. The sprecad of residuals above and below
zero in the following four plots indicate that there was

no immediately obvious trend in the residuals over the ecxp-
crimental time period. Likely patterns are fanning out (or
in) of residuals indicating the model was worse (or better)
at predicting carlier runs than later. It is possible that
for the conversion of COD to methane model residuals

(Figure 7.11) the larger filter followed a cyclic pattern

in runs order 1-3 and 4-6 and that in each cycle conversion
efficiency improved over the previous runs. This is a
possibility as the biomass could have become, say, better
acclimated as time went by but one would expect this to occur

over the entire run number and not to cycle.

One may then conclude that the experimental design chosen
was not compromised in its assumption of no unaccounted for

or system bias over the experimental period.

7.6 The Use of Waste Treatment Models

When the basic principles of a process are simple and well
established a theoretically based model can be formulated.
This is often the case in chemical processes but not usually
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applicable to the highly variable conditions found in
waste treatment processes. The alternative is to set up
an empirical model in the form of a mathematical or
graphical presentation which is not necessarily related to
the theory of operation but gives a good description of
the observed behaviour (Tebbutt, 1978). The math-
ematical model most often used to describe anaerobic
digestion studies is the simplified mass balance model
proposcd by Eckenfelder § O'Connor (1961) and also Earle
(1962). For a completely mixed system at steady state,
the effluent concentration is related to hydraulic retention
time in cquation 7.11.

% _ ol (7.11)
SO I + Kt ’
where Se = cffluent substratc concentration
SO = influent substrate concentration
K = substrate rcmoval coefficient
t = retention time

This and other kinetic models, such as the Monod

growth model, require that substrate removal coefficients
be defined in terms of the rate limiting substrate for
digestion to proceed. Many anaerobic digestion studies
are carried out using synthetic, chemically defined sub-
strates in which the rate limiting components are readily
identified. In the study of real industrial waste water
streams of complex and often variable nature gross subtrate
concentration measurement by COD or volatile solids 1is
essential (Chen § Hashimoto, 1978). The fact that not all
COD is biologically degradable and contains a resistant
fraction has been accounted for in the mass balance model
by altering equation 7.11 to equation 7.12 (Eckenfelder

& Ford, 1971),

S - 8§
O (S

s—735 = Kt (7.12)
e r

where Sr = resistant COD concentration
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The application of the mass balance model of equation
7.11 to the data of the present study is presented in
figure 7.13 which is a plot of(SOﬁ%)-l against time for

each of the three levels of influent substrate concertration.

39

1000 mg BODS/Q

X

1 2 3 4 5
hydraulic retention time (d)
FIGURE 7.13: Mass balance model applied to data
of the present study

There appears to be reasonable fit at the higher loading
rates, however at the lowest concentration of 1000 mg
BODS/Q much scatter is evident and the point at 5d HRT is
greatly out of line. This latter point has been ommitted
in calculation of the K values which were at 1000 mg/2
0.87 d"1,5000 mg/¢ 0.36 d”1 and 9000 mg/e 0.15 d°!
Statistics for these regression lines were r2 = 0.82,
0.94 and 0.90 respectively. It is not felt that this
model adequately fits the data in that from Figure 7.13
it is likely that there is rapid stabilisation of readily
degradable portion of the waste at short retention times
of less than about 1d and that K then decreases as the
more resistant material is degraded. To take into account
the effect of a resistant fraction of COD, equation 7.12
is used for the data of the present study and illustrated
in Figure 7.14. Rearrangement of equation 7.12 into the

form of equation 7.13 was used.
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FIGURE 7.14: Mass balancc modcl incorporating
resistant COD fraction applied to
data of the present study

Linear regression lines were calculated for each data

group figure 7.14 and are presented in table 7.11.

TABLE 7.11: Regression Analysis of Plots in Figure 7.14

S

0 mean influent K Sr )
mg BODS/Q COD mg/% d-l mg COD/2 r
1000 5660 ® 2620 0.14
5000 25320 1.1 7370 0.49
9000 45980 3.4 26660 0.15

* negative slope of least squares line
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From the r? values in Table 7.11 it is evident that the
applied analvsis does not fit the data well. The resistant
fraction also varied between 0.46, 0.58 and 0.29 at the
low, high and mid range influent substrate concentrations
respectively. All the feed material was diluted from stock
material of average BOD5 14250 mg/2 and the apparent var-
iations in resistant fraction resulting from inadequate
preparation is highly unlikely since the runs were carried
out on a randomised basis over the experimental period to
eliminatc such bias. Although the use of the mass balance
cquations 1s widesprcad in the literature, their use is
probably limited to narrow concentration ranges and best
applicable to synthetic substrates in which the rates limi-
ting concentration can be rcadily identified. Switzenbaum
(1978) found cquation 7.11 adequatcly described performance
over the range of 300 to 600 mg COD/2 using a synthectic
waste comprising glucose plus ycast extract and salts and
detention times of 0.33 to 6 hours. Little, if any of the
COD of this waste would have resisted biodegradation. On
the other hand, in trials assessing the amenability of dome-
stic refuse to anaerobic digestion K was found to vary bet-

-1 . .
in a non-uniform manner over a

ween zero and 0.769 d
range of HRT of 1.5 to 14.6 d (Pffefer, 1978). This was
concluded to be due to the complex nature of real waste
streams and further it was doubted whether any kinetic model

could be adequately fitted to the data for the same reason.

In the realm of anaerobic filtration studies, several models
have been proposed to predict filter performance. These
range in complexity between complex considerations based on
the theories of biofilm kinetics (Jennings et al, 1976) to
Monod based kinetic appraisals (Young § McCarty, 1967) and
first order kinetics (Mueller and Mancini, 1975). For use

in a design situation a performance model need to be as
simple as possible, and also to reflect the variable nature
of the system. The real situations encountered in the treat-
ment of complex wastes by mixed populations and the limita-

tions of applying pure culture kinetics those have already
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been noted (Downing, 1966). The possibility that the

rate limiting substrate-organism combination varies under
different loading conditions has been propounded (Pffefer,
1978). This can also be adduced from the variation in es-
timates of kinetic parameters of greater than an order of
magnitude in reviews of literature for models such as

Monod based kinetic analyses of anaerobic digestion
(Zehnder et al, 1981).

Perhaps a unifying concept for anaerobic digestion and
indeed any biological process will only bc achieved when
the processes are reduced to a molecular level and a, nec-
cssarily, vast model rcquiring complete charactcrisation of
both substrates and organisms (including their ability to
mutate) is produced. Until then it is not. unlikely that

simplistic empirical models will have to suffice.

The use of statistically based recgression models is thercfore
seen as a viable alternative to chemical and pure-culture-
biological kinetics for the modelling of anaerobic filtra-
tion. There does exist a class of problems in which regre-
ssions do exist, but there is no functional relationship
between variables, especially in biological systems (Davies,
1954). This could well be the case when using gross sub-
strate measurements, such as COD, in biological waste treat-

ment studies as they are of practical necessity.

When only a limited number of experimental trials are able

to be carried out the statistically based experimental design
generates much more data than the classical one variable at

a time approach. In addition while many models may not be
linear in the process variables, regression analysis allows
fitting of transformed, coded variables to produce models
which can easily be analysed as the equations become linear
in their parameters and interactions between variables can

be quantified. While the present study has only isolated

the parameters having the greatest effect on anaerobic filter

performance, from the treatment of a high strength industrial
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waste, those parameters have been used, to quantify that

performance in equations which may be
performance of a real waste treatment
range of process variable levels than
The technological significance of the
demonstrated in the following chapter

used to predict the
system over a greater
previously tested
equations will be

on the basic design

of an on site effluent pre-treatment process.
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CHAPTER EIGHT

ON-SITE PRETREATMENT
OF YEAST PLANT EFFLUENT:
AN ANALYSIS OF PLANT SIZE OPTIONS

A factory is prodicing up to five batches of bakers' yeast
per week. The amount of yeast propagation broth and yeast
cream wash water produced is presented in Table 8.1. For
the purposes of the analysis the items listed in Table 8.1
arc considercd to contribute 100 percent of the waste water
oxygen demand and 40 percent of the total volume. It is
also assumed that the sludge produced by the molasses
clarification will be disposed of separately in a solid
form and not flushed to waste. The rcmaining waste water
volume will thercfore consist primarily of fermenter cooling
water and washings from the plant and will not contribute

significantly to the oxygen demand.

TABLE 8.1: Factory Discharges of Spent Media

and Yeast Cream Wash Waters.

Item Volume BOD

b
m3/week mg/
Spent media 165 14250
1st wash water 90 5000
2nd wash water 125 1250
3rd wash water 110 500%
TOTALS 490 6160

* estimated

+ weighted for volume

The total BOD5 discharged from the plant is therefore
3020 kg/week. The waste streams itemised in Table 8.1 are

readily isolated, from the other liquid wastes from the
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factory and can be chanelled to a treatment facility located

on-site.

The treatment plant would consist of an equalising tank,

a recirculated anaerobic filter and a sedimentation vessel.
Alternatively, provision could be made for sedimentation
within the filter body. The treated effluent would be mixed
with the rcmaining plant wastc water prior to discharge to

the municipal sewer.

The charge levicd for the acceptance of the waste water,

by the local authority, is calculated from equation 8.1.

V_(

) 0.84S _0.44B )
$/yecar = 65 ( 1.2+ +

350 100 )

where: V=average daily discharge (litres)

-zZR(2.67) (8.1)

S=suspended solids content (mg/%)
B=BOD5 content (mg/%)
z and R = rating coefficients

The total waste water, untreated, will attract a charge of
$10 840 per year. This is a considerable sum and will

only increase in the future, especially with respect to the
coefficient relating to BODS, as the local authority is
obliged to install more sophisticated BOD5 treatment in their
own plant. Several options are perceived for the amount of
waste water to be treated on the factory site. These are
itemised in Table 8.2. The BOD5 content of the first two
options are considered to be too high for treatment without
some dilution, but the next three fall into the range known
to be amenable to treatment by the anaerobic filter. In the
following analysis these three are labelled A,B and C resp-
ectively.



199

TABLE 8.2: On-site Treatment Options

Stream to be treated Volume BOD5

ms/week mg/ 2

Spent media 165 14250

Spent media + wash 1 255 11000

Spent media + washes 1§2 380 7800
Spent media + all washes 490 6160 B

Total waste water 1225 2460

The expected operating conditions and some economic estimates
for options A,B and C are presented in Table 8.3 and the
notes rclating to it. For convenience, the hydraulic ret-
cntion times used in the previous study have been used here
as well and the subscripts refer to 1,3 and 5 d HRT respect-

ively for the options in row 1.

The bottom line in Table 8.3 indicates that options Al and
Bl give similar cost savings when compared on an equal plant
investment cost basis. A choice be:tween them would probably
depend largely on the land area available for the treatment
plant, since the filter required for option Bl is about
twice the size of that needed for Al.

No dollar value has been placed on the cost of filter
construction but it 1s anticipated that long pay-back

periods would be manifest due to the magnitude of the savings
involved. However, cost savings are not all that 1s to

be considered in the treatment plant. The effluent is of

a lower pH than that range specified by the local authority
namely 6 to 9, and the anaerobic filtration process with

its attendant pH adjustment will both tend to equalise the
final discharge with respect to pH and BODscontent; thus

protecting the downstream biological treatment facilities.



TABLE 8.3: Comparison of Several Treatment Plant Options

OPTION NUMBER
notes Al A2 A3 Bl B2 B3 C1 C2 C3

Feed comentration
BOD5 mg/L 7800 7800 7800 6160 6160 6160 2460 2460 2460
COD mg/ L 39000 39000 39000 30800 30800 30800 12300 12300 12300
Volume m3/d 54.3 54.3 54.3 70 70 70 175 175 175
HRT d 1 3 5 1 3 5 1 3 5
Effluent COD mg/2¢ 1 26535 24245 21600 19045 17630 15075 5995 4940 4010
COD removal % 32.0 37.8 44 .6 38.2 42.8 51.1 51.3 59.8 67.4
BOD5 removal % 2 40.0 47.3 55.8 47.7 53.4 63.8 64.1 74 .8 84.2
Effluent BOD5 mg/e 1 4680 4110 3448 3222 2871 2230 883 620 389
Final BOD5 3mg/ﬂ 3 1450 1275 1070 1295 1150 895 883 620 389
Methane m-/d 4 83.1 72.1 61.1 150.7 129.4 108.1 158.5 123.0 87.5
Net filteg
volume m 54.3 162.9 271.5 105.0 315.0 525.0 175.0 525.0 875.0
Gross energy
in methane GJ/d 5 3.12 2.71 2.29 5.65 4.85 4.06 5.94 4.61 3.28
Net energy GJ/d 6 0.92 0.64 0.34 1.93 1.37 0.81 (3.66) (4.99) (6.32)
Savings due to:

BOD5 removal $3315 3832 4440 3773 4202 4958 4993 5772 6456

Gas credit 7 $1310 910 485 2750 1950 1155 (5210) (7105) (8997)

Total $4625 4742 4925 6125 6152 6113 (217) (1333) (2541)
Relative cost 8 1100 .83 2.63 1.49 2.87 8 .9l 2.02 3.90 5.30
Relative cost
benefit 9 4625 2457 1872 4110 2143 1567 - - -

00¢
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Notes relating to Table 8.3

1 Filter effluent COD or BOD5

2 Based on the assumption that BOB5 removal will be
equal to the removal of degradable COD.

3 BOD5 content of the waste water discharged to the
municipal sewer.

4 Calculated from the methane production model of
this study.

5 Bascd on a heating value of 37.5 MJ/m3 for methane.

o Net cnergy=70% of the encrgy remaining after taking

into account the energy required to heat the filter
fced to 30° C. The estimated fecd temperatures of
the feed material arc: 22,20 and 17° C for options
A,B and C respectively.

7 December 1983 prices assuming the methane will replace
natural gas used by the plant.

8 Using option Al as the base plant size then:

0.6

(volume of plant)
(voIume of base )

relative plant cost = base cost

9 Total savings/relative plant cost
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CONCLUSIONS

The anaerobic filter has been shown to be a suitable
process for the pretreatment of a high strength, acidic
waste water srising from the production of bakers' yeast.
Although the rates of removal of COD were not as high as
can be achieved by some anaerobic processes, such as

the upflow anaerobic sludge blanket and expanded fluid-
ised bed, the level of sophistication of the anaerobic
filter is lower. This results in reduced costs for initial
construction and operation. Further, although the present
application has been restricted to the treatment of bakers'
yeast, there is no reason to believe the filter is not ’

applicable to other high strength industrial wastes.

The ranges of influent substrate concentration and hydrau-
lic retention time used were: 5500 to 47200 mg COD/%

(1000 to 9000 mg BODS/Q) and | to 5 days respectively.

The conscquent organic loading rates were 1.15 to 47.2

kg COD/de (0.2 to 9.0 kg BODS/de). At the lower loading
rates COD removals were of the order of 65 percent and these
decreased steadily,as the loading rate was increased, to

34 percent at the highest loading rate tested. These

values are in terms of total COD of which 80 percent was
found to be degradable. The mass removal rates of COD per
unit volume of the digester were found to increase with
increased loading rate, with the rate of increase falling

at the highest loading rates. There was also a large reduct-
ion in methane at the high loading rates, especially at

shorter hydraulic retention times.

Because of a lack of fit found with the mechanistic models
used to describe the anaerobic filter, an experimental app-
roach based on a statistical design was used which lent

itself to the generation of regression models. Two process
responses, namely COD removal rate and methane production
were found to be able to be described in terms of the influent
substrate concentration and hydraulic retention time in

linear or quadratic forms. Total gas production required the

addition of a temperature term and the conversion of COD to
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methane also required a term accounting for the anaerobic
filter used. The equations described between 92 and 97
percent of the observed variance in the experimental trials

over the range of conditions studied.

The anaerobic filter system was found to be experimentally
stable and the results statistically consistent over the
applied changes in the operating conditions, for a period

of almost three years. This reliability gives a confidence
in the usc of the regression models to predict the operating

performance in the real plant situation.
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APPENDIX 1: Regression Data for Effluent COD and

Percent COD Rewroval

TABLE Al

Least squares analysis of effluent COD data.

Predictor t ratio
Constant 24.20

ISC 18.43
HRT 7 -2.52

(ISC) 2.65

(ISC) (HRT) 1.60
Coefficient of determination r2 = .981
run std residual

S 1.88
TABLE A2

0

Least squares analysis of % COD removal data

Predictor t ratio
Constant 19.38

ISC -4.07

HRT 0.98

AF 0.40

(ISC) (HRT) 0.86
Coefficient of determination = r2 =:,716
run std residual

4 -1.86
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APPENDIX 2: Residuals plots
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B. Gas production model 220
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C. Methane production model
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D. FTCM Model
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