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SYNOPSIS

The objective of this study was to investigate the anaerobic biological
treatment of an organic-bearing. wastewater from a particular paper
manufacturing process at laboratory scale. The process produces paper by
re-pulping waste paper. Effluent from the proceés has a Chemical Oxygen
Demand (COD) concentration of approximately 4500 m9/1 with a sulphate
content of approximately 300 mg S0s2"/1. The upflow anaerobic sludge bed
(UASB) reactor was selected for the study.

Important information derived from the laboratory treatability study
was: (1) the extent of COD removal possible: (2) the effluent quality:
(3) the maximum COD leading rate (kgCOD/m® reactor/day) which can be
achieved while maintaining reasonable COD removal, and the influence on
loading rate - of temperature; (4) the nature of the sludge produced in
the reactor with particular reference to the extent of pelletisation:
and (5) the effect of reactor effluent recycling on alkalinity require-
ments. The following specific conclusions may be itemised from the

results obtajned:
Wastewater characterieticé and chemical addition?
(1) The waste is amenable to anaerobic treatment in a UASB system.

(2) The unbiodegradable COD content of the waste is in the region of 10
to 15 percent, and COD removals of approximately 85 percent are

possible on a continuous basis.

(3). The short chain volatile fatty acids acetic and propionic comprise
approximately 45 percent of the COD in the influent. The remainder
is made- up principally of starch, carbohydrates and more complex

organics.
(4) The wastewater is deficient in the elements nitrogen and

phosphorus. These. eiements>must be supplemented through chemical"

addition in order to achieve complete anaerobic treatment.

e




(5)

The wastewater is acidic, with a pH in the range 5 to 6 generally.
Alkalinity must be added to the waste prior to treatment to adjust

the pH to approximately neutral.

Organic loading rates:

(6) Organic loading rates of approximately 25 kgCOD/m® reactor/day were

attained at both 25 and 35°C. This corresponded to a hydraulic
retention time of 5 hours at an influent COD concentration of 4500
mg/1. The loading rate _was not constrained by limitations in the
biological treatment capacity. Rathers difficulties associated with
the settleability of the aludge‘were encountered: blockages of the

under-designed laboratory reactor settler occurred.

Sludge characteristics:

(7)

(8)

(9)

A dense bed of biological sludge extended from the base to
approximately half the height of the UASB reactors. This sludge had

a granular, well~flocculated form with the flocs appearing to be in

the size ransev1-2 mm. Yery fine sludge was also present within the

bed. A small number of true sludge pellets (4-5 mm) were present

within the dense sludge bed: particularly near the base.

The settleability of the dense granular sludge appeared reasonable,
and the bed was not disturbed unduly by gas production. However:the
settleability of the sludge was inferior to "that of a well-

pelletised sludge.

The absence of true sludge pellet formation appears to relate to
the absence of a high hydrogen partial pressure zone in‘the lower
region of the UASB reactor. With this particular wastewater two
factors appear to reduce the possibility of créat}ng a hiéh partiél
pressure of hydrogen near the inlet, thus reducing the possibility
of pellet formation. These are (1) the nature of the feed, and (2)
the role of sulphate reduction.

Nature of feed: Approximately 45 percent of the influent COD is in
the form of acetic and propionic acid. Therefores; the amount of

remaining substrate available for acidogenesis, with its associated

ii



(10)

Role

(11)

hydrogen production, is limited and the poséibi]ity oF,creating a
high hydrogen partial pressure also is limited. '

Sulphate reduction: The influent sulphate content appears to play
an important role in suppressing the formation of pellets. Because
sulphate reducing organisms have a high growth rate (greater than
that of the methanogens) the influent sulphate is reduced rapidly
on entering the reactor. These organisms can readily utilize
hydrogen as an ener9y source: therefore it is likely that sulphate

reduction results in a low hydrogen partial preésure at the base of

the reactor. If sulphate were excluded from.the.uaste {by not using

alum) then it is likely that pelletisation of the sludge would
occur. It is significant to note thats with batches of waste where
the sulphate content was less than .approximately 160 m9g

S04°/1;: the degree of pelletisation increased uithih a few days.

The problems encountered in the laboratory as a result of incom-
pléte sludge pelletisation will not necessarily be transferred to
the full-scale application of the proéess. In a full-scale system;
with an adequately designed settler unit, the problems of sludge
blockages ehﬁu]d not arise. Nevertheless: if it were possible to

ensure the complete pelletisation of the sludge; this wou]d be

preferred.

of sulphate?

It has been demonstrated that sulphate plays an important role in

the treatment process with respect to pelletisation. If alum were
not used in the paper manufacturing process; and as a result
sulphate were not present in the waste; it is likely that a well-
pelletised sludge would form. However, exclusion of sulphate will
not only influence pelletisation: éu]phate has been shown to play
an important part in pH regulation via the biological sulphate
reduction process which consumes acidity. If sulphate were excluded
from the waste the requirements for alkalinity addition, and

therefore the operating costs of the process; possibly would be

increased.
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Recycling of effluent?

{(12) Alkalinity requirements can be reduced by recycling the reactor

effluent back into the reactor with the fresh feed.

(13) The presence of sulphate in the waste does not influence the use of
recycling of effluent to reduce alkalinity requirements. The
sulphide levels in the recycle stream did not have a deleterious

-effect on the process.

(14) The sludge -bed contained a higher proportion of fine material once
recycling was employed. This appeared to be a result of recycling
fines, and not generation of fines within the bed itself. The
settleability of the sludges however, was not adversely affected by
the higher upflow velocity and finer bed material. A very slight

expansion of the sludge bed occurred with recycling.
Re~-starting the reactor:

(15) During the study the 35°C UASB reactor was re-started after
standing at 20°C without feed for a period of 2 months. Within a
period of 10 days the load on the reactor could be re—instated with

COD removals in excess of 80 percent.
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CHAPTER ONE

INTRODUCTION

1. BACKGROUND

The objective of this study was to investigate the anaerobic biological
treatment of an organic-bearing wastewater from a particular paper
manufacturing process. The process produces paper by re-pulping waste
paper. Effluent from the process has a Chemical Oxygen Demand (COD)
concentration of approximately 4500 m9/1 with a sulphate content of
approximately 300 mg S042° /1.

A Western Cape paper manufacturer produces two grades of papef for local
and overseas markets. The two grades: fluting and liner, are produced
from recycled waste paper. In the manufacturing cycle the waste paper is
treated in a number of stages,; many of which involve either addition or
extraction of water. To minimize water usage it is attempted to follow
the concept of a <closed water system: that is; a system in which water
is recycled between extraction and addition stages to minimize the
overall c0nsumptioﬁ. In an ideal <closed water system no water is
withdrawn, and the water added to the system is that required to balance
the amount 1lost by evaporation and that consumed 1in the process (by
reaction, say). Ih this particular ménufactubing process pollutants are
introduced into the water at a number of stages. These pollutants
congsist principally of dissolved and particulate organics and sulphates.
The introduction of pollutants necessarily prevents the adoption of an
ideal closed watervsyétem as the pollutants accumulate in the system.
Water must be purged at a rate sufficient to prevent build-up of the
pollutant concentrations to levels unacceptable in the manufacturing

processs and replaced with fresh make-up water.

The polluted water purged from this particular water system may be
classified as a medium-strength organic waste, with the organic content
consisting mainly of short chain fatty acids and carbohydrate which is
derived from starch (Webb, 1985)., The effluent stream of 400-500 ms/day
has a Chemical Oxygen Demand (COD) of approximately 4500 mg/1. Other



characteristices of the waste are a low suspended solids content (% 200
m9/1); an unbiodegradable soluble COD content (10-15%) and a sulphate
level varying from 200 to 600 mg $042- /1, depending on the grade of

paper being produced.

Currently the effluent drains to the 1local municipal wastewater
treatment plant and is treated in an aerobic biological activated sludge
system together with domestic wastewater. Normal practice is that the
municipality would. charge the industry for accepting, conveying -‘and
treating the eFF]uen{. The charges are based on the volume and strength
of the effluent and the formula for calculating the charges is laid down
in municipal by-laws. For example; the formula utilized by Cape Toun
City Council for ca]pulatins charges levied on an organic waste is as
follows (Cape Town City Council, 1986) ¢

C =V (R+T (0,33 + (COD-75)/1350)) ' (1)

where C = charge per time period (Rands)
V = volume received per time period (m’)

R = charge for conveying 1 m?

= RO,1144 as at 7 May 1986
T = charge for freating 1 m?
= RO,2692 as at 7 May 1986

COD = chemical oxygen demand (mg COD/1)

In the case of the paper manufacturer considered here, the cost
calculated from Eq (1) would be R178460 per annum based on a flow of 450
m¥/d with a COD of 4500 mg/1. In addition to the'charses for conveyance
and COD ‘content: penalties calculated as a percentage of the above sum
also may be levied - if the concentration of certain other pollutants

(e.9. sulphate) exceeds specified limits.

An alternative to paying for treatment of effluents by‘the municipatity

would be to treat the waste on-site.
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2. BIOLOGICAL TREATMENT OPTIONS

For organic wastes the treatment method generally will be a biological
ones either aerobic or anaerobic. In the case of the medium-strength
waste considered here anaerobic treatment would appear the more

attractive option for a8 number of reasons:

1. Low sludge production:! In aerobic systems approximately 66 percent
of the .COD applied to the system contributes to new sludge production.
In contrasts with anaerqbic systems only about 8 percent contributes to
new sludge producfion: the remainder of the energy from the organic
matter is converted into methane and carbon dioxide gas. Therefore, when
compared with anaerobic systems:v a disadvantage of aerobic systems is

that it is necessary to dispose of substantial masses of excess solids.

2. ‘Net energy productiont_AnaeroBic systems produce a valuable by~
product, methane gas, rather than negatively~-valued surplus sludge as in
aerobic systems. Also, aerobic systems are energy consuming in that
oxygen must be supplied by aeration equipment in amounts sufficient to

oxidise a substantial portion of the COD.

The way in which biogas from an anaerobic syétem would be used at a

paper manufacturing plant would depend on the fuel already in use, (Webb

1985): ' ,

i) At mills already using gaseous fuels such as natural g9as, part of
the existing boiler system could be modified to accept biogas or a

blend of natural gas and biogas.

ii) At mills ‘using solid or liquid fuels, a special boiler could be

installed to use biogas only.

3. Anaerobic systemé have low nutrient requirements! In biological

systems, certain nutrients (principally nitrogen and phosphorus) are

utilised in the synthesis of new cellular material. Typically the

hitrbgen (N) and phosphorus (P) content in dry cell hatter are in the
region of 10 and 3 percent of the +total mass, respectively. If these

nutrients, and possibly certain micro-nutrients, are not present in the
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wastewater to be +treated biologically +then. chemical addition is
necessary. In the +treatment of paper plant wastewaters 9generally
nitrogen and phosphorus must be supplemented: whether or not micro-
nutrient addition is necessary will vary .fromhlocation to location,

depending principally on the constitution of the raw water. The amounts

of N and P which must be added are dependent on the mass of sludge.

produced: this holds an advantage for anaerobic systems because the
requirements will be roughly an order or magnitude less than for aerobic

systems because of the small sludge production.

4. Intermittent operation is possible! The decay rate of anaerobic

organisms is very low (approximately 0,01 per day). This means that the
feed to anaerobic systems can be stopped and then re-started after an
extended period. Examples of this mode of operation are found in the
treatment of fruit cénning wastewaters. The canning season may only
extend fors says three months: however; when the new season commences
after nine months the anaerobic system can be brought back to full load
in a matter of days because the sludge is still relatively active. The
-capacity for intermittent operation can be advantageous particularly in
the treatment of industrial wastes where a c0ntinQous flow of wastes
from the processing plant cannot be guaranteed. In contrast to anaerobic
organismss bacteria from aerobic systems have a high decay rate (of
approximately 0,24 per day at 20°C). Therefore the feed to aerobic
syastems can only be stopped for périods in the order of hours compared

to stoppages of months for anaerobic systems.

5. Loading capécity and capital costs: In the treatment of medium and
high etrength organic wastes anaerobic processes can cope with higher
COD loading rates per unit reactor volume compared to aerobic systems.
In either saystem the 1loading capacity 1is related to the sludge
concentration in the reactor; the higher the sludge concentration the
" higher the loading capacity per unit reactor volume. In aerobic systems
the oxygen demand increases with increasing sludge concentration for-a
-fixed loading raté and operating.sludge age. There-fore, the allowable
sludge concentration in aerobic systems is constrained by the capacity
to input oxygen: such a constraint does not exist Fof anaerobic systems.
The nett result is that the maximum sludge concentration in anaerobic

systems is approximately an order of magnitude highér than for aerobic
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systemss and the reactor volume requirements for . anaerobic systems
treating wastes with CODs in excess of approximately 1000 mg/1 are far
smaller than for aerobic systems. Thus the capital cost for treatment of
medium to high strength organic wastes generally isr smaller for

anaerobic systems compared to aerobic ones.

Given the advantages of anaerobic over aerobic treatment, the objective
of this investigation has been to determine the feasibility of treating

the paper manufacturing wastewater in an anaerobic system.
3. ANAEROBIC REACTOR SELECTION

Oyer the past decade there has been an upsurge of.interest in the new
generation of anaerobic digestion systems such as the upflow anaerobic
sludge blanket and the anerobic attached film expanded bed systeﬁs;
These systems have been applied principally in the treatment of medium
to high strength industrial and agricultural wastes; of an essentially
soluble nature. The reason for their success is that with these systems
a solution has been found for one of the major problems that beset‘the
traditional systems (e.g. clarigester, anaerobic. contact process):
namely, retainins. sludge within the system without having to resort to
low sludge: concentrations demanding excessively large reactors and
settlers. The sludge in the new systems separates readily with virtually
no loss in the effluent even though very high concentrations of sludge

3 (Pette and Versprille, 1981).

can be maintained, in excess of 100 kg m
As a c§nsequence it is possible to reduce the hydraulic retention time
in the system substantially; times as short as 1.5 to 2 hours even for
low strength influents (1500 mg COD/1) have been reported (Lettinga et
al. 1983: Schraa and Jewell, 1984). '

Of the various '"new" systems the upflow anaerobic sludge blanket (UASB)
system is the 1eas£ complexs and simplest to operate. In the other
popular system» the anaerobic attached fi]m expanded bed (AAFEB), the
biological mass is attached to a support medium (e.g. sand) and it is
necessary to recyﬁle from above the bed at a controlled high rate to
keep the medium/biological particles in suspension: no such high-rate
recycle is required in the UASB process. This 1lack of complexity

constitutes a significant advantage for the UASB, particularly for small
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systems and in applications where the technical expertise with respect
to biological systems is limited. For these reasons it was decided at
the outset of the project to evaluate only the UASB in the treatability

study.
4, OBJECTIVES

Once the process and reactor type for treatabi]ity study had . been

selecteds the investigation centred on three aspects of the problem:

1. A laboratory treatability study on wastewater from the paper
manufacturing plant. Operating conditions in the ‘experimental study
should take account of past experience from the 1literature

regarding the UASB process.,

2. Identifications during the treatability study, of problems which

may be encountered in full-scale plant operation.

3. Development of design details for a pilot plant for treating the

wastewater based.on the results of the laboratory study.
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CHAPTER TuWO

ANAEROBIC TREATMENT IN THE UASB REACTOR

1. INTRODUCTION

This study centres on the treatability of a 1low/medium strength
wastewater (4500 mg COD/1) in the UASB reactor sysfem. Treatment of the
waste may be influenced by the presence of sulphate. To assess the
results of the 1laboratory treatability study demands a thorough
understanding of the general principles of anaerobic fermentation and
how these are manifested in the UASB system. The objective of this
Chapter is to provide this background. The information pfesented here is
derived largely from two sources: Sam-Soon et al (1987} and Sam-Soon
et al (1988).

2.  NORMAL MECHANISMS OF THE ANAEROBIC FERMENTATION PROCESS

Fermentation of a carbohydrates 1lipid or protein substrate to methane
gas, takes place in- four stages involving thrée groups of organisms:
solubilisation and acidogenesis (by acidogenic organisms),; acetogenesis
of short-chain fatty écid (by acetogenic organisms) and methanogenesis
by methanogenic organisms) (McInerney et al., 1979). Product formation
pathways for various substrates are set out in outline in Fig. 2.1 énd

for carbohydrate in greater detail in Fig. 2.2.

A crucial aspect in the process of anaerobic digestion concerns the
symbiotic relationship between two of these organism 9roups: namely, the
hydrogen producinskacetosens and the methanogens. If the production rate
of hydrogen by the acetogens exceeds the rate of hydrogen utilisation by
the hydrogen~utilising methanogens then an increase in hydrogen partial
pressure occurs. Should the partial pressure of hydrogen increase above
a certain level the behaviour of the acetogens is affected: the
production rate of acetic acid is reduced and incEpased amou;ts of
propionic and butyric acid are formed. In this event the production of
methane will decrease and propionic and butyric acid will accumulate in

the system.



STAGE

2.2

ORGANISM
GROUP

Solubllisation

(1)

Lipids Proteins Carbohydrates
Acldogenic

(a)

Long chaln amino aclds sugars

fatty aclds high high
N PPH, PP"/

e, ' /

Tow
fow

Acldogenesis PPH, short chaln fatty acids + H2 e
(2) + CO2 ?
low low
PPH, PPH,
Acetogenesis Acetle acld + H + co Acetogenic
2 2 (b)

3

Methanogenes!s

(4)

Figure 2.1:

Methanogenic

()

0
T ~wemwwtfhanna

>

CH, + CO2

The four stages of the anaerobic methane fermentation
process are effected by three groups of organisms. Note
that for certain fatty acids: amino acids and sugars,
depending on physiological conditions, the acidogenic
and acetogenic phases may occur together: i.e. the sub-

‘strate is converted directly to acetic acid» H2 and COz.



2.3

Stage
Starch
Solubllisation
(1N Glucosse
EMP
Aclidogenesis
(2)
L t ‘{ 2 Pyruvie + 2H
ow H, partlal pressure L 2 I High H, partial pressure
low
|2 HAc + 2 co, + 4 n] .y [HAc + co, + H, ]
vHPr
Acetogenesis fHAc + CO, + 3 H 1}‘
4 2 2 high
(3) ppH’
y HPr
+ 2 HO
Methanogenesia [3 cH, + 3 ¢co, 2 J
(4 [1.25 CH, + 1,75 cO, + 0,5 H O]
L L4
: 1.75 CH4 + 1,25 CO, + 1,5 H’O’

-

Figure 2.2:

Methane fermentation of starch under high and low H2

partial pressure conditions.



The accumulation of acids will cause a pH decrease which will further
inhibit methanogenesis thus aggravating the prébiem: this can lead to
system failure wunless the 1load is reduced. In order to appreciate the
factors which govern process behaviour and influence, for examples the
symbiotic relationship described above, it is necessary to consider the

steps involved in the biochemical degradation of substrate.
Stage 1! Solubilisation

In this =stage complex 1long-chain macromolecules such as carbohydrates:
lipids dand proteins are solubilised extracellularly by acidogenic
organisms to shprt—chain compounds: susgars: lons—chéin fatty acids and

amino acids, regpectively.
Stage 2! Acidogenesis

Substrate molecules from Stage 1 (i.e. fatty acids,» amino acids and
sugars) are ingested by the acidogenic organisms and fermented
intracellularly to vo]ati]e fatty acias (e.g. acetic: propionic and
butyric acids):, carbon dioxide and hydrogen éas. The biochemical
pathways by which the substrate is fermented and the nature of the end
product (i.e. the type of volatile fatty acid pfoduced) will depend
primarily on the type of substrate and the hydrogen partial pressure.
Forvexamplen 1ohs—chain fatty acids usually are fermented via the fétty
acid spiral either to acetic acid and hydrogen under low hyarogen
partial pressures,» ors; to butyric' and propionic ﬁéids under high
hydrogen partial pressures (Fig 2.1). Sugars usually are fermented via
the Embden-Meyerhof pathway either to acetic acid, hydrogen and carbon
dioxide under 1low hydrogen partial pressures, ors to acetic acid,
propionic acids carbon dioxide and hydrogen under high hydrogen partial
pressures (Fig 2.2). Taking glucose as an example, the more detailed
.pathways under low and high hydrogen partial pressures are summarised in
Figs 2.3a and b respectively. Under both low and high hydrogen partial
pressure glucose is fermented first to pyruvic acid, via the Embden-
Meyerhof pathway (EMP), thereafter the pathways differ depending on the
types of electron sink: under Jlow hydrogen partial pressure, only
protons (H*') act as the termina] electron acceptor: under high hydrogen

partial pressures both pyruvic acid and protons act as the ‘electron

2.4



Glucose
2NAD: 2H,
’ | (Step2)
/:—;-zmou

(Step 1)

2P
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2ATP
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@

2PYR
C— 2NA0‘3

2AcCoA

2co; 2

2P

- —

(Step3)

2ADP tj
2ATP ,‘~

2HAc : 2

Acetogenic
Stage

(a) Low H, partial pressure

Figure 2.3:

.
p-===m==NAD

o

2P

g
2ATP

AcCoA

Stage

Glucose

.

EMP

4

2PYR

. (Step 1)

2NAD®

2NADH
[
t
Y
I
1
]
'
'
1
!
]
'
1
]
'
]

,
’
’
’
,

,
’ -

I ¢ ,2NAD

. ATP=~-N (Step 2)

h
i

(Step 3)!

Acetogenic

Acidogenic phase of glucose fermentation under

high Hz partial pressures to form acetic acid,

acids Hz gas and CO2.

(Abbreviations: EMP - Embden-Meyerhof pathway:

pyruvic acid;
acid:s HAc - acetic acid).

AcCoA - acetyl coenzyme A; HPr -

I ADP + 'P

-

HPr +

Acidogaenic
Stage

(b) High H, partlal pressure

low and
propionic

PYR -
propionic

H
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2.6

acceptor. The main steps whereby the electron transfer takes place in

the respective acidogenic stages are described below.
.Step 1:

(This step is via the Embden~Meyerhof pathway). Glucose is Fermented.to
pyruvic acid and hydrogen. The hydrogen 1is attached to an electron-
carrying co-enzyme, NAD*, and 2 moles ATP per mO]elgluCOBe are conserved

by the organisms, i.e.

CoH120s (glucose) + 2NAD* + 2ADP + 2P _ '
-> 2 CH3COCOOH (pyruvic acid) + 2NADH + 2ATP : : ' (1)

That iss inter alia one mole of glucose generates 2 moles of pyruvic
acid. '

Step 1 is common to both high and low Hz partial pressures.

Step 2:

The NADH formed in Step 1 needs to be dehydfogenated>to maintain a high
level of NAD' in order that the Embden—ﬂeyerhof pathway remains
operative (NAD® acts as the electron vacceptor in this pathway). The '
.dehydrogenation can take place in one of two ways depending on the

hydrogen partial pressure:

Under low hydrogen partial pressures (less than about 10°% atm), NADH is
~oxidised spontaneously to NAD* and hydrogen gas, i.e.

2NADH ~-> 2NAD" + 2H2 (2)
(Step 2, Fig. 2.3a).
Under high hydrogen partial pressures, the forward reaction in Eq. (2)
is no longer thermodynamically feasible. Consequently an alternative

method for oxidising the NADH is needed. Usually this is effected by

reducing pyruvic acid to propionic acid as follows (Wood, 1982):

CH3COCOOH + 2NADH + ADP + P : - _
-> CHJCH:COQH + 2NAD* + ATP + H20 . . | (3)

(Step 25 Fig. 2.3b).



2.7

Step 3:

Pyruvic acid is oxidised‘to short chain fatty acids. The oxidation step
follows one of two pathways again depending on the hydrogen partial

pressure,

Under low hydrogen partial pressures (Fig. 2.3a):; the 2 moles pyruvic
acid generated in Step 1, are oxidised to Acetyl1-CoA and carbon dioxide,

with NAD* acting as an electron acceptor, i.e.

2CH3COCOOH + 2NAD*
-> 2CHzCoA + 2C02 + 2NADH : (4)

" The 2 moles NADH. formed [in Eq. (4)] are dehydrogenated by forming
hydrogen gas, as in Eq. (2). The 2 moles acetyl-CoA formed [in Eq. (4)1,
are converted to 2 moles acetic acid with concomitant generatiom of 2

moles ATP, i.e.
2CH3iCoA + 2ADP + 2P -> 2CH3COOH + 2ATP (5)

The overall fermentation reaction of 1 mole glucose under low hydrogen

partial'pressure is obtained by adding Eqs. (1, 2, 4 and 5) to give:

CeH120s + 2H20 + AADP + 4P
=> 2CH3COOH + 2C02 + 4H, + 4ATP (6)

Thus one mole of 9lucose generates 2 moles of acetic acid: 2 moles of

carbon dioxides 4 moles of hydrogen and 4 moles of ATP.

Under high hydrogen partial pressures (Fig. 2.3b), already 1 mole of
pyruvic acid has been converted to propionic acid (in order to oxidise
NADHs Eq. (3) above). The single mole of pyruvic acid remaining is

oxidised to acetyl CoA as in Eq.. (4) j.e.
CH3COCOOH + NAD* -> CHiCoA + CO2 + NADH (7)

As noted earliers under high hydrogen partial pressure, the NADH cannot
be spontaneously oxidised to NAD* as the reaction . is not
thermodynamically favourable. ‘However; the organism is capable of
dehydrogenating the NADH by coupling this reaction with the

thermodynamically favourable reaction in which acetyl-CoA forms acetic



acid. No ATP is’ seneratéd in this step [cf. the low hydrogen partial
pressure wherev2 moles ATP are senerateds‘Eq. (5)). The coupled reaction

is as follows:
CH3CoA + NADH -> CH3COOH + H: + NAD' ' (8)

The overall acidogenic fermentation reaction of slucoéé under high
hydrogen partial pressure is obtained by adding Eqs. (1, 3, 7 and 8),

giving.:

CsHi20s + 3ADP + 3P |
~> CH3CH2CO0H + CH3COOH + COz + Mz + 3ATP (9)

That iss one mole of glucose generates 1 mole of propionic acids 1 mole
of acetic acids 1 mole of hydrogens 1 mole of carbon dioxide and 3 moles
of ATP.

Comparing Eqs. (6 and 9), in the acidogenic stages under low hydrogen
partial pressure, 4 moles ATP are conserved whereas under high hydrogen
partial pressure only 3 moles ATP are conserved. Furthermore under low
hydrogen partial DreSSUPGS.Z moles of acetic acid are formed whereas
under high hydrogen partial pressure one mole of propionic and one mole

of acetic acid are formed.
Stage 3! Acetogenesis from short-chain ?atty acids

Acetogenic organisms have an important ihtermediéte role between
acidogenesié and methanogenesis. Methanogenic organisms use formic acid,
acetic acid (by cleavage)s hydrogen, methanol and methylamines as
substrate source to form methane: however short-chain fatty acids with
more than 2 carbon atoms (i.e. > Cs) such as propioniciand butyric acids
cannot be fefmented directly to methane. Hydrosen—producins acetogenic
bacteria are capable of converting short-chain fatty acids longer than
C2» to acetic acid» carbon dioxide and hydrogen gas: provided the
hydrogen partial pressure is Jlow: below 2 x 10°? atm and 9 x lﬂfs atm
_for the degradation of butyric and propionic acids respectively
(McInerney et al., 1979). Under low hydrogen partial ’pressure: usins

propionic acid as an example;

CH3CH2CO00H + 2H20 -> CH3COOH + COz + 3H. | (10)



that iss propionic acid is converted to acetic acid.

Under hydroéen partial pressure the forward reaction of ‘Eq. (10) is
thermodynamically unfavourable so that propionic acid remains unaltered

in the system.
Stage 4: Methanogenesis

Methanogenic reactions take place optimally at pH near 7. Methanogenic
organisms can utilise formic - and acetic acids, hydrogen gas, methanol
and methylamines as the electron donors. Taking acetate and hydrogen as

examples, the following two reactions take place.

For acetate,

- CHaC00™ + H20 -> CHs + HCOa~ (11)

(Acetoc]astiﬁ methanogenic organisms)
and for hydrogeﬁn

aHz + HCO3™ + H* -> CHa + 3Hz0 ' (12)
The fo]lo&ins points are worth noting:

The reaction described by Eq. (12) contributes to reducing the

hydrogen partial pressure in the reactor: and

Both methanogenic reactions above take place irrespective of the

hydrogen partial pressure; provided the pH remains near neutral.

With 9lucose as influent substrate, under low hydrogen partial pressure
and with pH close to neutrality, in the acidogenic/acetogenic phase; 1
mole 9lucose produces 2 moles acetic acid and 4 moles hydrogen [(Eq.
6)): in the méthanogenié phase the 2 moles acetic acid prbduce 2 moles
"methane [Eq. (11)], and the 4 moles hydrogen produce 1 mole methane [Eq.
(1211, giving an overall production of 3 moles methane: see Fig 2.2.
Under high hydrogen partial pressure and with PH close to neutrality,
the acidogenic/acetogenic phase reactions produce acetic acid plus
propionic acid and hydrogen [Egs. (3) and (7)1]. The propionic acid is

" not degraded by the methanogenic organisms so that the fermentation



products for 9lucose as substrate are as follows! 1 mole glucose gives
rise to 1 mole aﬁetic acids 1 mole propionic acid and 1 mole hydrogen
[Eq. (9) and Fig 2.2]: the 1 mole acetic acid will give 1 mole methane,
and the 1 mole hydrogen will give 0,25 moles methane, a total of 1,25
moles methane {cf. 3 moles methane when hydrogen partial pressure is

low) and 1 mole propionic acid -~ that 1is, the methane production is

reduced by 58 per cent relative to that when the hydrogen partial

pressure is low.
3. BEHAVIOUR IN THE UASB REACTOR

The importance of the hydrogen partial pressure ih the conversion of
complex molecules to methane is readily apparent from the discussion
above. Maximum conversion to methane gas is poésible only at low
hydrogen partial pressure: if the partial pressure should remain high,
short chain fatty acids (>C2) cannot be converted by the acetogens to
‘acetic acids hydrogen and carbon dioxide nor utilized directly by the
methanogens. Consequently these acids are discharged in the effluent,

and methane production is correspondingly low.

Cdmp]etely mixed reactor systems normally are operated to maintain a low
hydrogen.partial pressure, to. obtain maximal conQersion to methane.
However the sludges generated in these systems invariably have poor
settling properties so that if a system is operated at low hydraulic
retention times but with 1long sludge ages the flow must pass {hroush
some form o? settling tank to give solid/liquid separations the solids
being returned to the reactor: if the separation is inadequate loss of
sjudse in the eFfluent could reduce the sludge age to a critically low

value eventually to cause- failure of the system.

The‘deQelopment of a new reactor systemy» the Upflow Anaérobic Sludge Bed
(UASB) reactors; in the Netherlands in the late 70's appeared: in some
" instancess to havé_overcome the problems of liquid/sqlid geparation: and
retention of sludge mass (Lettinga, van. Velsen, HoBma,A de Zeeuw and
Klapwyks 1980). 1In the UASB reactor, which essentially 1is of the
vertical plug flou type: the sludge generated often is in a very dense
well defined pellet form. These pellets have excel]en{ settleability and

are readily retained in the reactor without the need for a settler -
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high rates of 1oédin9 of substrate per unit reactor volume are possible.
" However pellet formation in UASB reactors is not general but has been
obtained with certain waste types only, e.9. with carbohydrate wastes
but not with olive oil wastes (Boari, Brunetti, Passino and Rozzi,
1984).

Sam-Soons Loewenthal, Dold and Marais (1987) endeavoured to establish
the factors giving rise to pellet formation. In a laboratory scale UASB
‘reactor treating an apple‘juiting waste they measured product formation
along the line of flow and identified three zones of behaviour (see Fig.
2.4):

(i) A lower active zone: In this zone volatile fatty acids (acetic
and propionic acid) concentrations rise to a maximum - {he bed
level at which the peaks occur defines the upper limit of this
zone: free and saline ammonia (NH3-N) concentration reduces to a
minimum and soluble organic nitrogen concentration increases to a
maximum: pellet growth is restricted to this zone, the vyield
being abproximate]y 0,35 mgVS8S/mgCOD utilised, (this was verified
by operating the lower active zone as a separate reactor): the
pellets have a COD/VSS ratio of 1,23 * 0,06 mgC0OD/mgVSS: the

soluble COD reduces to about half its influent value.

(ii) An upper :.active zone! In this zone the soluble COD concentrat-
ion reduces to a minimum: the propionic and acetic acid concen-
trations decrease to near zero - the bed level at =zero acids
concentrations defines the upper 1limit of this zone: NH3-N
concentration remains near constant and so1db]e organic nitrogen

decreases to a minimum: pellet breakup commences in this zone

(established by monitoring the lower and upper zones in separate

reactors in series).

(iii) An upper inactive zone: This zone exténds above the upper act-
ive zone to the top of the bed: no overt biokinetic reactions are
observed except for pellet break ups the debris being discharged

as Qrganic}fines into the suspended blanket above the bed.
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" Identical responses to those for the apple juicing waste were obtained

with the UASB system receiving glucose as substrate.

In the 1lower active zone the continuous increase in propionic acid
concentration indicates that the rate of generation and the rate of
utilization of hydrogen is such that a high Ha partial bressure is
maintained. Indeed the lower active zone can be said to terminate at the
bed level where the Hz partial pressure falls to such a low value that
{he acetogens can convert the propionic acid to acetic acid, hydrogen
and carbon dioxide. This conversions of the propionic to acetic acid:
indeed is observed in the upper active zone providing supporting
‘evidence that it is a low H2 partial pressure zone. The methanogens
convert the acetic acid and hydrogen plus carbon dioxide to methane

sthroughout the two zones.

The behaviour of the system with respect to acid traﬁsformation and
methane generatidn ' conforms to established fermentation process
behaviour. However there are responses in the lower active (highv H2
‘partial pressure) zone that are not consistent with normal fermentation
process behaviour: (i) disappearance of NHi-N and a generation of
organic nitrogen, (ii) a wvolatile solids generation greater than that
agsociated with COD utilization for cell synthesis, {iii) pellet breakup

into fines in the upper active and upper inactive zones.

"The abnormal responses described above led Sam-Soon et al (1987) to

propose an hypothesis to describe pellet formation.

In the high Hz partial pressure region a methano-organism develops,
presumably Methanobacterium Strain AZ (M. Strain AZ), which uses
hydrogen only as its energy source. This organism can produce all
its amino acids, for <cell synthesis, except cysteine (Zehnder and
Wurhmann, 1977). Due to the high H: partial pressure, the M. Straih
AZ is induced to proéoduce all its amino acids (except.Cysteine) at a
high rate but its growth is limited by the availability of cysteine
from external sources e.g. from death of organisms or cysteine
supply in the feed. The excess production of amino acids induces
the organism to form extracellular long chain polypeptides. These

polypeptide chains bind the species and others into pellets.
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This hypothesis is supported by the following observations of Sam-Soon:

et al (1987): (i) growth of M. Strain AZ in pure culture results in an

accumulation of amino acids in the solution medium (Zehnder and
Wurhmann, 1977), (ii) pellet growth takes place only in the high Hz
partial pressure zone whereas there is a reduction in pellet mass in the
low H2 partial pressure zone, (iii) the specific sludge yield in the
high H2 partial pressure zone is an order of magﬁitude higher (0,36 mg
VSS/mgCOD removed) +than reported biomass vyield wvalues in ‘“normal”
anaerobic systems (0,03 mgVSS/mgCOD . removed) (ten ‘Brummeler, Hulshoff
Pols, Dolfings Lettinga and Zehnder, 1985) suggesting the producfion of a
polymers (iv) the COD/VSS ratio (1,23 mgCOD/mgVSS) coupled with a TKN/
COD ratio of 0,09 mgN/mgCOD suggests that the pelletized sludge contains
a large fraction of polypeptide polymer, (v) supplementation of the
‘feed with cysteine decreased the specific sludge yield by 50 percent,

see Fig. 2.5.

In terms of this hypothesis, a basic requirement for pellet formation is

a high Hz partial pressure. Hence not only must the substrate yield Hz
in the fermentation breakdown but also the H2 partial pressure must have
aﬁ opportunity to become high. No, or only poors pelletization can be
expected (via the suggested hypothesis) with influent substrates that do
not yield hydrogen (e.g. acetate) or which can be broken down only under
low H2 partial pressure conditions (e.g. propionate, butyrate and
lipids). Also» the reactor system should enable the establishment of a
high H2 partial pressure (at least in a part of the reactor): for
example, the lower active zone of thev UASB system of Sam—-Soon et al
(1987).

The requirement of a high Hz partial pressure region to induce pellet
formation is very significant when assessing the treatment of sulphate-
containing wastes frqm the pulp and paper industry. Since sulphate
reducing organisms have a higher affinity for hydrosen than the methano-
organisme (Kristjansson, Schonheit and Thauer, 1982: Kristjansson and
Schonheit, 1983), the generated hydrogen will be wutilized wvirtually
immedia{eTy to reduce sulphate ions to sulphide at the base of the UASB
reactor. This uili cause a reduction in the availability of hydrogen for
pelletization and a reduction in the Hz partial pressure. Therefore, a

crucial aspect in any treatability study on a waste containins sulphate
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is establishing the level of sulphate (or the influent $04/COD ratio)

which can be tolerated without affecting pelletization.
4. ﬁLKﬁLINITYvREQUIRE”ENTS

'Uith phase separation into high and 1low H2 partial pressure regions,
UASB reactors require sufficient alkalinity to limit the decline in pH
in the high H2 partial pressure region due to the generation of acetic
and propibnic acids. In the low H2 partial pressure region, because of
the conversion of these acids to methane, virtually all the alkalinity
is recovered, see Fig. 2.4. Thus, because of thé phase separation, in a
UASB system the alkalinity requirement to maintain the pH above say 6,6
at the interface between the lower and upper active zones (uwhere pH is a

minimum) will be larger than that for a completely mixed reactor.

One means for redQcing the alkalinity requirement is by recycling from a
region above the pelletized bed to the influent -However the recycle
ratio cannot be increased at will (Sam-Soon et al, 1988): As the recycle
‘ratio increases, the high H2 partial pressure zone apparently spreads up
the pelletized bed and, above a certain ratios spreads throughout the
whole bed. The propionate concentration now inCreasesrfrom the base to
some level up the bed where all the carbohydrate present has :been
converted to propionic and acetic acids and then remains at the peak
level throughout +the rest of the bed. Sam-Soon et al (1988) reportgd
that polypeptide formation appears to persist but pellets are no longer

formed - the same high mass of polypeptide sludge is still genérated but

it is now in the form of fines which escape to the region above the bed:

as relatively inert material.
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CHAPTER THREE

EXPERIENCE WITH ANAEROBIC TREATMENT OF PULP AND PAPER INDUSTRY WASTES

1. INTRODUCTION

Anaerobic treatment has been applied very little to date on wastewéters
from pulp and paper industries. Amongst the reasons quoted for this are
(Webb, 1982): '

1. The very large effluent volumes.

2. . The often low strength of the effluent.

3. The assumed low anaerobic biodegradability.

4. The presence of sulphates.

5. The presence of toxic chemicals in the waste which are thought to
inhibit anaerobic degradation.

6. Low temperature of the effluent; +together with high volumes,

' leading to high heating costs if treatment is carried  out at

elevated temperatures.

Pulp and Paper Industries use more water than any other branch of
chemical industry. - The large volume and low strength (200-2000 mgCOD/1)
of these wastewaters have been inhibitory for the classical type of
anaerobic diseetioh requiring a hydraulic retention tiﬁe of several days

and hish'influent concentrations.

Considerins the development of modern anaerobic treatment units which
‘allow for high hydraulic loading and the trend of closing down the water
circuit in the mill to deCreése fresh water intake, anaerobic treatment
can noQ be reconsidered as an economically feasible alternative to
activated sludge tEeatment or lagooning of the effluents. However, oQing
to the higher temperature and strength of recirculating waters in
substantially closed systems: problems associated with anaerobic systems
have been encountered. These iﬁclude, among others, enhanced corrosion
from anaerobic sulphate_ reducing bacteria and odour problems from
sulphides and organic acids. Therefore pulp and paper mill wastewater
characteristics will have a significant influence on whether or not

anaerobic treatment is adopted.



Energy conservation is an important benefit of closing-up mill water

systems (Webb,  1982), the speéific energy loss being lower but the
v effluent temperature hiéher compared to open water systems. In addition
to the degree of close-up, there are several other #actors which control
wastewater temperature, viz. use of live steam at wet-end: degree of
; rgfining and pumping: and the use of high temperature "pitch dispersion"

' water consumption)s

processes. In closed mill systems (<5m® tonne"
Qastewater temperafures can reach 50°C (particularly during summer
months) and some cooling may be necessary to run conventional aerobic
treatment plants satisfactorily. However; there are a number of
.wastepéper—based UK mills with wastewater COD wvalues. of 2000-4000 mg
17! and water consumptions of 6-10n® tonne !, where the effluent
temperature rises above 30°C oﬁly during warm summer periods.

Together with substrate concentration removed, wastewater temberature
'determineé’the potential net energy yield at any operating temperature.
The significance of a net energy surplus or deficit on anaerobic
treatment will wvary from mill to mill depending on the existing energy
generating plant and patterns of energy consumption. For sub-30°C
wastewaters, waste energy may be available from the paper machine to
maintain treatment temperature within the optimal hesophilic range at

low cost.

2.3 Suspended solids

In conventional aerobic treatment; suspended solids from the papermaking
process would either dilute the active biomass with inert matter or
conéume oxygen during biodegradation. Therefore, aerobic systems are
‘usually applied to the settled wastewater. In anaerobic treatment,
however, the cellulosic solids may be fermentable to methane providing
that they are relatively free of lignin i.e. the mill uses chemical or

gsemi-chemical pulps rather than mechanical.

The only advaﬁtage from treating the unsettled rather than the settled
wastewater is the extra methane that may be produced ﬁlus éome’savinss
on sludge disposal. The suspended solids will never be 100 pércent
desradable‘and there will, therefore, be some build-up of inert matter

in the biomass: with reactors of the UASB typeu the presence of non-
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degradable solids may affect granulation and retention of biohass in the
reactor. It is likely on balance that, unless the mill has a particular
sludge disposal problem, anaerobic treatment would be applied to the

settled rather than the raw wastewater.

2.4 Toxit substances

Partly due to anaerobic treatment being a sequential bacterial process’

in which non-functioning of any 9roup of bacteria in the sequence wil)
lead to process failure, anaerobic treatment systems are generally
‘considered to be more sensitive to toxic substances than aerobic

systems. For papermaking wastewaters, there are four areas of concern!

Hydrogen ions:? Whilst the acetogenic bacteria have a fairly wide pH
tolerance, particularly to acid conditionss the methane producers have a
restricted activity outside the neutral pH range of pH 6.6-7.4. Some
alkalinity is thus required as a buffef against the imbalances which
occur between acid (VFAs, C0z2) production and acid consumption during

methanogenesis. No data appears to be available on the natural

alkalinity of papermaking effluents, but this is likely to wvary

considerably depending on the wuse of acid materials during papermaking
(eg. a]um)- which would tend, as CaC0s; to destroy any alkalinity
otherwise present, and thev use of fillers, particularly chalk. Webb
(1982) estimates vthat~it is possible that augmentation of natural
alkalinity would be necessary. to the extent of 2-5 g 17! as CaC0: to

give adequate reserve against acjdification.

Sulphate: The utilisation of hydrogen and acetic acid by sulphate
reducing bacteria is favoured thermodynamically over wuse by the
methanogens. Whilst high levels of sulphate relative to organics can
inhibit methane production completely, sulphate reducing and methane
producing bacteria can co-exist over a wide range of sulphate
concentrations. In sulphate reduction, organic matter is diverted from
methane production +to sulphide generation. For examp]ey a redﬁction in
dissolved sulphate (by, for example, replacing alum/rosin with neutral
sizing) from 4 to 1 3 1°' (as S0s) would increase potential methane
production by 20 pefcent (from about 240 to 305 1 CHs kg~ !' organic COD
removed). Unless the sulphide produced escapes with the biogas, the

organic COD "removed" is simply transformed to inorganic (sulphide) COD.
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Due to possible corrosion during biogas combustion; hydrogen sulphide in
the biogas is clearly wundesirable and, due to possible sulphide
(actually hydrogen sulphide) toxicity in the reactor, high. dissolved
sulphide concentrations are equally undesirabfe. The benefits of

minimising sulphate in the wastewater to be treated are thus obvious.

Biocides: Althoush the use of organic biocides is not universal, most

paper mills control excessive slime growth in the machine system by the

application of biocides on a daily, semi-continuous basis. Commercial
formulations may incorporate more than one active' component and
dispersants may be included to assist rapid dissolution in the machine
waters. At mills with closed water systems and high anaerobic slime
aétivity- the bibcidé‘will be formulated to minimise problems from
anaerobic deposits: particularly sulphate redu@tion. The possible
deleterious effect on the microbial population in_an anaerobic reactor
is self evident. The use of anaerobic treatment by any paper mill must
thus impose some constraints on the type of biocide used (notably its
longevity in an active form and its toxicity to methanosehs) and the
type of dosing regime emoloyed. Addition points should be chosen  to
minimise the possibility of short circuiting and, rather than employing
high doses for short periodss continuous dosing at low level would

appear to be preferable,.

De-inking: A variety of chemicals are used to expedite de-inking of
wastepapers: these include dispersants: detergentss soaps and bleaches.
The latter should nét present a problems as little residual oxidant
(peroxide or hypochlorite) should remain in the de-inking wastewater.
Depending on their concentration anionic surfactants could be
inhibitory, but this could be cured by the addition of a long chain
aliphatic amine to co-precipitate the anionic material (Stanwick and

Shurben, 1969).

2.5 Nutrients

Papermaking wastewaters usually have very low concentrations of the
major inorganic nutrients needed for biological 9growth (nitrogen and
phosphorous) as tﬁere is little use of N- or P- céntainins chemicals.
Where useds 9elatin can supply a significant proportion of the nitrogen

requirémentSa but this chemical is no longer used widely. The low
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biomass yield and hence 1low nutrient requirement of anaerobic compared
to aerobic processes is thus a major cost saving in terms of purchased
chemicals for the treatment of papermill wastewaters. Of the other
macro-nutrients needed for biological 9growth, there should be adequate

natural concentrations of sulphur, calcium and magnesium.

It is clear (Speece; 1983) that at least three heavy metal ions (iron,
cobalt and nickel} are - essential micro-nutrients for growth of
ﬁethanosens. Given the degree of corrosion in many mill systems
(par{icularly those with .a high degree of close-~up)s iron concentrations
should not be growth 1limiting, but there may be a need for addition of
cobalt and nickel ions.vNo data would appear to bé readily available on

the levels of these ions in papermill wastewaters.

2.6 Conclusion on wastewater characteristics

The characteristics of papermaking wastewaters are wide-ranging, 'a

reflection of the diverse range of products classified as “paper" and

the range of additives used in their manufacture. In terms of bio]dgicaT

treatment generally, the dissolved organic components of papermaking
effluents (apart from any 1lignin residues derived from pulping) are

biodegradable.

Additional factors are important in determining the suitability of.a
particular wastewater for anaerobic treatment, notably wastewater
strength, temperature and sulphate concentration. It seems likely that
the most suitable wastewaters will be generated by mills:
"{a) wusing a high proportion of wéstepaper and/or starch:
(b} with a subétantia]ly closed water system (<10m® tonne™! product):;
and
(c) using a synthetic neutral sizing system in preference to alum/

rosin.

Given a treatable wastewaters the economic viability of anaerobic
treatment will depend on a paper mill’s scale QF operation, its existing
treatment system and the effluent standard required for diécharge. In

most circumstances, anaerobic treatment is likely to be cheaper  to
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install and operate than aerobic plénts: éivins pay-back periods of 2-3

years in the most favourable cases.

3. APPLICATION OF ANAEROBIC TREATMENT TO PULP AND PAPER INDUSTRY
WASTES .

Compared to work that has been conducted on wastes from other industries

there have been relatively few investigations into anaerobic treatmént
of wastes from the pulp and paper industry. Table 3.1 summar ises the
performance of various types of anaerobic systems treating these uastes.
Of these studies, the majority have concerned various waste streams from
pulping operations- rather than from paper and board making. In this
section the review is restricted to the two studies performed using UASB

systems.

3.1 ﬁpﬁlication of the UASB Reactor for Anaerobic Treatment of Paper
and Board Mill Effluent (Habets and Knelissen, 1985)

Within the holding of Buhrmann-Tetterode NV, 7 Dutch paper and board
‘mills are operating, all of them usiﬁg mainly waste paper as raw
.material. In 1981 research on anaerobic treatment (UASB reactors) was
started using & 30 litre laboratofy scale UASB reactor seeded with
digested sewage aludgé. Urea and phosphoric acid were used as nutfjents
to keep the COD:N:P ratio at 350:5:1, and the temperature was maintained
at 30°C. Reactor pH was controlled between 6.5 and 7.5. Influent COD
varied between 1600 and 2000 mgCOD/1.

After promising results had been achieved at laboratory scale Fdrther
'investigations were started on a pilot scale using a S0m® UASB-reactor.
In both cases the anaerobic seed sludge_granulated.after a period and
loading rates up to 20 kg COD/m*/d could be handled. The COD removal was

70 percent, even when ‘the hydraulic retention time was only 2.5 hours.

Gas production was approximately 0,39-0,43 1 biogas per gram COD

removed. The biogas contained . 80 percent methane, 19 percent carbon
dioxide and about 1 percent hydrogen sulphide. It was also found that 30
to 40 percent of the wastewater COD was already present .as volatile

fatty acids (mainly acetic acid).
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In_April 1983 a 70 m® practical scale UASB reactor was started up at the
Dutch solid board mill at Ceres. Here solid board is produced from waste
paper. The water circuit is almost closed and the process water has a
temperature of 47 to 50°C 'and é maximum COD of 7000 mg COD/1. The
surplus of 4 to S m*/h is buffered for cooling to mesophilic temperature
and is fed to the UASB reactor. pH was almost neutral and nutfients were
added in the same proportions used in the laboratory scale. After a
year’'s operation loadings up to 9.5 kgCOD/mJ/d were reached. A COD
removal of 60 to 70’bercent and a 9as production of 0,41 m3 /kgCOD
removed was obtained. Another UASB pilot scale reactor operating under
different loading conditions and wastewater strength only achieved a 52

percent COD removal (see Table 3.1, no. 1).

In October 1983 a full-scale plant was started .up at Paperfabriek
Roermond. This plant consists of a 1000 m® UASB réactor and a 70 m®

gasholder. It isg Qsed for pretreathent of effluent, in order to reduce

the loading on an activa{ed sludge plant. The influent flow to the

reactor was 2400 m®/d with a COD load of 10000 ksCOD/d (approximate COD
of 4200 m9/1). The 1loading on the UASB reactor was 10 ksCOD/m’/d and a
COD removal of 70 percent was achieved. Besides energy savings on the
oxygen input, about 1 million m®/year of biogas is being generated and
is used for gsteam production. Both plants are working satisfactorily.
Investment costs appear to be relatively low. For the 70 m? reactor at
the Dutch board mill .at Ceres;s; the pay-out time is 1.5 years, while at
Papierfabriek Roermond wastewater treatment is cheaper than before,
while capaéity has doubled. A summary of the performances of the UASB

reactors in this particular study is in Table 3.1, no. 10.

3.2 UASB ﬁnaerobic Treatment of Fibre Board Mill UWastewater (Kroiss
and Svardal, 1985) :

-An Austrian fibre board mill started a research programme to investigate
the feasibility of applyins' anaerobic pre-~treatment to their effluent.
The wastewater +to be treated was discharged at a rate of 35 m®/t of
product. The COD after priméry settling uas.3100 mgCO0D/1 and the non-
biodegradable COD content of the wastewater was 300 mg/1. The pH varied

between 5.5 and 6.5Vand its temperature was between 28 and 30°C.
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Laboratory experiments were conducted initially using a slowly eiirred
upflow anaerobic reactor. Continuous feeding with néutra]ized wastewater
(2 9 NaHCO3/1) with the addition of the nutrients required  was
practised. After 20 weeks the reactor was operating stably. Retention
time was 2.5 days. COD load was 1,58 kg/m®/d with a COD concentration in
the influent  of 3038 msCOD/]..An average COD removal of 86 percent was
attained. No wvolatile acids were present in the effluent. The biogas
consisted of 81 percent methane, 18 percent carbon dioxide and 0,23
percent hydrogen sulphide. Gas production was 0,170 1 biogas/g COD
removed. This result indicates that anaerobic treatment of fibre board
mill wastewater is .poseible when efficient neutralisation of the

wastewater is achieved.

The aemitechnical pilot investigation was conductéd using a 100 litre
UASB reactor which was slowly stirred.  Its volume was 100 litres. A
secondary clarifier was employed with discontinuous sludge return.
Discontinuous neutralization and nutrient addition was practised,
feeding only five days a week. During the first 10 months of operation
€C0D removal efficiency improved from 18_percent fo 65 percent. The

investisétion found that stable removal efficiencies were not achieved

for long periods with discontinuous neutralisation of the waste-water,

and where the sodium bicarbonate used for neutralisation was added
directly to the reactor. Comparing with the laboratory experimentss it
was concluded thét a prerequisite for successful anaerobic treatment is

a reliable neutralisation of the wastewater before entering the reactor.
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TABLE 3.1: PERFORMANCES OF VARIOUS ANAEROBIC SYSTEHS ON FULF AND PAPER INDUSTRY MWASTES

Reactor Source Wastevater | Operating | Loading Percent | Biogas :
No. of Strength  {Teaperature| Rate Removal of |production References
Type Size Hastewater [ (gCOD(BODI/1) {*() (kg/a3/d){C0OD (or BOD){(1/kgCODF)
UASE | Pilot | Wastepaper- |

{ Scale {based tissue | 1,00 (COD) 1 4,00 52 (C0D) - Hebb (1984)

pill {CoD) ;

2 [AnaerobiciLaboratory| Mechanical 1,5-1,4 18 0y4-0,6 | 73-50 (CODY 260 Norman and
Filter Seale Pulp Hitl (com (o Hakansson (1877)
AnaerobicilaboratoryiSulphite Pulp

31 Filter Scale Hill (Spent - - - 15-85 (BOD) - Anonymous {1973)
: Sulphite ’

liguer)
ASE  {Laboratory! Kraft Pulp
] Scale Rill 1,9 (C0D) Ry 34 38 (C0D) 50 Hazhae et al
{Unbleached {C00) y {1982)
vastevater)
Fluidisedf Full | Kraft Pulp : : Hakulinen et al
5 fed Scale Hill - J0-40 1,5-2,5 | 60-70 (BOD) - {1981) and
‘ {Bleached {RDD) S Hakulinen {1982)
liquor)
‘|Anaerobic|Laboratory|Pulping Cond-
6| Filter Scale ensates 0,5-1,8 18 0,32 50 (COD) - Horman and
: {Eraft liguor}  (COD) {(C0D) Hakansson (1977)
gvaporation)
Anaerobic|Laboratory|{Pulping Cond- : o Benjamin,
7| Filter | OSeale ensate {SSL | 3,0 (COD) 35 yv2-16 | 90-79 (COD)} 330 Ferqusan and
gvaporation) {€00) o Buggins {1981)
AnaerobiciLaboratory| Pulping Cond-
B | Filter Scale ensate (550 | 4,5 (CBD) - 3o 9 (COD) - Hebb (1984)
evaporation) {€an)
AnaerobiciLaboratory}Pulping Cond-
91 Filter Gcale  [ensate (Mag- - - - 76 (BOD) - Scarlata and
nifite/Keaft Pinardi {1982)
gvaporation)

510



341

Laboratory 1;6-2,0 30 20 (COD){ 70 (COD) { 390-430
Scale Hastepaper- (€on) ,
based Paper : ,
101 UASB Pilot and Board 7,0 (C0D) | 30-35 %5 60-70 (CODY| M0 Habets and
Scale Hill Haste- {C00) Knelissen {1983)
' vater
Full Scale 4,0 (C0D) - {9 (Comyt 70 (COD) 430
Semi- :
Technical | Fibre Board | 3,1 (COD) 30 - {8-65 (COD) -
{11 UASB Scale Hill Kroiss and
Hastewater Svardal {1985)
Laboratory 340 (00D 30 {,58 84 {C0D) {70 '
Scale’
Anaerobic{Laboratory| Varied pro-
Filter Scale portions of
{2 starch hydro- - KL - §0-0 (COD) - Rekunen et al.
lysate and ' {1985)
debarking '
plant vater
AnaerobiciLaboratory( /3 debarking 70-85 (BOD)
Filter Scale plant {eypanded 0
{with gffluent and grit
packing) 213 white _ packing) Rekunen et al.
{3 vater | 0,6 (BOD) 3 - : {1983)
B0-96 (BOO}| 250 1/kg
(activated 80D,
carbon removed
packing)
UASB  |Demonstra-{ Two Mills _ :
tion plant| producing 1,0 (BOD) - 10 (COD}{ 80 (ROD) - Hall {1984)
NSSC corrug- :
{4 ating mediva

and exterior
hardboard
siding




15 { Contact | Pilst Fibreboard | 20-37 (COD) 35-37 -2 | &5 (COD) 200 Frostell (1981)
- Process | Scale Hastewater (cap) '
{ontact | Pilet HGSC straw/ | 18 (COD) 35-37 5 (0D} | -50 {COD) HO
16 | Process | GScale hardboard - Frostell (1981)
{Sulphite and Huss {1982)
Pulp Kill)
{ontact | Pilat Pulping {0-15 (C0D) - 4-5 32 «C0D) J00 :
{7 | Process | Scale {endensates {coy | _ Frostell {1983)
(85L '
gvaparation)
{ontact | Pilot Pulping {2-13 (C0D) 52-54 Jy5-4,0 | 82 (COD) 360
Process | Scale {ondensates {cop) : Takeshita et al.
18] - {55L evapor- (1981)
. alion and
yeast liquor)
| Contact |Laboratory] Pulping | 10-20 (COD) 3 5,0 95 (C0D) - Brune,
19 | Process | Scale {ondensates {Com : Schoberth and
{55L . Saha (1982)
evaporation) '
Contact [Laboratory! Stravboard 0,6-0,9 10 0,4 87 (BOD) - Bloodgood and
20 | Process | Scale Hastevater {B0D) {B0D) Horgleroad (1948)
{ontact Full Hewsprint 3,0 (C0D) J5-18 - 60 (CODY | 146 1/ke Frostell,
20 | Process | Scale Hill - i) Bonkoski and Jan
Hastevater applied Sointio (1984)
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CHAPTER FOUR
EXPERIMENTAL MATERIALS, METHODS AND PROGRAM
1. INTRODUCTION

The objective of the experimental study has centred on the treatability
of the particular wastepaper processing plant wastewater in an Upflow
Anaerobic Sludge Bed (UASB) Reactor. In this chabfer the experimental
program is described. Details are presented with respect to: (1) the
laboratory reactore: (2) analytical methods: (35 the sequence of

experiments: and (4) operating parameters.

Seven objectives were identified for investigation in the laboratory

experimental program:

(i) the extent of COD removal possible:
(ii) the effluent quality:
(iii) the maximum COD loading rate (kgCOD/m® reactor/day):
(iv) the influence of operating temperature: '
(v) the nature of the sludge produced in the reactor with particular
reference to the extent of pelletisation:
(vi) influence of effluent recycling on alkalinity requirements:
(vii) identification of possible operating problems with the UASB

system.
2.  APPARATUS

Two identical laboratory-scale upflow anaerobic sludge blanket reactors
were constructed. Each reactor consisted of a perspex cylinder with a
gas/liquid/solid séparator arrangement at the top. The inside diameter
of the feactors wés 10.0 ¢cm and the height 120.0 cm» giving a total
effective reactor volume of 9.0 litreg., Eleven sample ports were evenly
spaced along the length of the reactor. The configuration of the two
reactors is shown schematically in Fig 4.1, and in a photograph in Fig
4.2,
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Figure 4.1 Schematic diagram of the laboratory-scale.

UASB reactors.

Figure 4.2: Photograph of the two laboratory-scale
‘UASB reactors (without insulation)
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Feed was made up each day and pumped to the reactor from a refrigerated
vessel using a variable speed peristaltic pump. The feed line was split
and connected to four inlet ports at the bottom of the reactor ua]l;
During the start-up period an axially-mounted #flat impeller was
positioned 10 cm above the reactor base to allow mixing of the tower
section of the reactor contents and ‘to improve feed distribution; as
suggested by Lettinga (1980).

The gas collection system at the reactor top was by means of a hollow
cone. Rising gas bubbles were deflected into the cone by a collar around
the inside wall of the reactor below the cone. Eff]uent gas flow was

measured by a wet gas neter.

lLiquid passed out of the reactor through the annular space between the
gas collection cone and the reactor wall to enter a small solid/liquid
separator (volume Jless than 500 ml). Clarified liquid flowed over a
launder to the collection vessel while solids uhicH settled out fell
back into the reactor. The volume provided for solid/liquid separation
was small relative to the reactor volume. This did not pose a problenm
for most of the experimental study because the sludge blanket usually

only rose to a level of approximately two-thirds of the reactor height.

Temperature in the reactors was maintained at 25 or 35°C (* 0,2°C) by
on-off control of a heating wire wrapped around the 1length of the
reactor. The reactors were insulated uith' sections of moulded pipe

insulation.
3. WASTEWATER CHARACTERISTICS

“The wastewater wutilized in the study was collected in batches from the
wastepaper processing plant, and stored at 4°C to prevent biological
activity. New batchesvuere collected at intervals of approximately one
month. The constitution of each batch varied, depending on plant
operating conditiongs at the time of collection. Approximate ranges of
the concentrations in different batches of Chemical Oxygen Demand (COD),
Total Kjeldahl Nitrogen (TKN): Phosphorus (P), Sulphate, and the pH

range are listed in Table 4.1.
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A fixed desion parameter  for the study was the influent COD
concentration uhicH was speci?ied. as 4500 mg COD/1 at the start of the
projéct. This was siisht]y less than the average COD of the waste from
the plant over a period of several months before this investigation. The
required concentration was obtained by diluting the batches of strong

waste with tap water.

For a period during the latter part of the study the COD of batches
collected from the'p1ani varied bethen 2500 and 3000 mg9/1;, and it was
not possible to maintain an influent COD of 4500 m9/1. In this instance
the COD load to the laboratory reactors was held cbnstani by increasing
the daily wvolume of feed at the lower concentration. fApproximately 45
percent of the COD was made up by the yo]ati]e fatty acids, acetic and
bropioﬁic. Typically in a sample with total COD of 4500 mg9/1, the
concentrations of acetic and propionic acid were approximately
1200 and 900 mg/1 (as COD) respectively.

" The wastewater is deficient in ihé ~principal inorganic nutrients
required for bio]ésica] growth (nitrogen and phosphorus). These were
supplemented by chemical addition, by adding 190 mg NHa4Cl andv 55
. mg K2HPOs per 1000 mg COD. With this addition the influent COD?N:P ratio
{(neglecting N and P in the feed) was approximately 100:5:1. It was found
later that the ni{rogen and phosphorus supplements in the influent were
far in excess of the gctua] requirements. Therefore these were reduced
to 48 mg NH4C1 and 14 .mg KzHPOs per 1000 mg COD: this gave a COD:IN:P
ratio in the influent of approximately 400:5:1. The reduced nutrient
cupplements in the influent still were in excess -of the needs of the

anaerobic bacteria in the UASB reactors.

In addition to N and P a trace metal solution, as suggested by Zehnder
and Wuhrmann (1977) for enrichment cultures of methanogenic bacteria,
was added to the feed over the initial period of operation. However,
when the supplement was excluded from the feed no deterioration in
performance was - apparent. This would indicate that a]]utrace nutrients

are present in the wastewater in sufficient quantities.’

The pH of the batches of wastewater generally was in the region of pH 5.

This necessitated addition of alkalinity to the influent - to adjust the
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pH to a value close to neutral, a requirement for successful operation
of the biological system. The alkalinity source in the study was through
addition of NaHCOs: for a raw wastewater of pH 5 approximately 0,9 mg
NaHCOs per mg COD was added. This alkalinity requirement is substantial,
and would constitute a large fraction of the running costs of the
system. Thérefore; pH and alkalinity variations within the systems and
possible means for reducing the alkalinity addition, received attention

in the study.

" Table 4.1: Wastewater Characteristics (Ranges)

COD (mg/1) | TKN (mgN/1) | P (mgP/1) | $0,7 (mgs0; /1) | pH

2500 - 6700 | 20 - 30 5 - 10 150 - 750 5-7

4, ANALYTICAL METHODS

Reactor performance was assessed by measurement of the follouing_

parameterss using the methods listed:

1. coD : Dichromate ref]ux_method-

2. Gas productfon Wet gas meter

3. pH - Digital pH meter
4. TKN and NH3/NHs* Boric acid method

S. Sulphate _ o Turbidimetric method

6. P Spectrophotometric method
7. UFA concentration Gas chromatography

5. START-UP AND LOADING PROGRAM

Two UASB reactors were operated during the first part of the
investigation, at temperatures of 25 and 35°C, respectively. The reactor
at 25°C was seeded with three 1litres of pelletised sludge from a UASB
system treating an apple  processing wastewater also operated at 25°C.
The 35°C reactor was seeded with a ‘non-pelletised sludge from a
municipal anaerobic digestor treating a mixture of primary sewage sludge

and waste activated sludge at 36°C. The objective of starting the
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reactors with either pelletised or non-pelletised s]udsé was to
ascertain whether or not pellets would form, and be sustained, with the

paper wastewater.

To acclimatise the sludge to the substrate the feed initially was
applied at a COD concentration of 500 m9/1 of diluted wastewater and a
flow rate of 9 1/day. Thereafter the feed rate was maintained at 9 1/d
and the feed concentration increased stepwise until the design COD
c0ncentration of 4500 mg/1 had been reached (see "Fig 4.3). At each
| "step“ the concentration was held constant for approximately one week.
Once the design feed concentration had been reached i.e. 4500 m9/1 the

flow rate was increased stepwise to increase the loading on the

reactors. Steady state performance was examined at each "step™ in load:

the "steady state" data quoted later are those measured once the COD
removal efficiénCy_ and the 9as production had been near-constant for a
period of several days. Figure 4.4 (for the 25°C reactor) demonstrates
the time-loading sequence: the slow rate of increase in load over the

initial period should be noted in particular.
6. REACTOR CONCENTRATION PROFILES

The work of Sam-Soon et al (1986) has demonstrated that very useful
information regarding the operation of the UASB reactor can be obtained
by analysing certain parameters such as COD: UFAs; TKNy pH: along the
length éf the plug-flow reactor. This has been termed reactor
“srofiling". Analysis of samples taken along the reactor 1length has
yielded information which forms the basis for a hypothesized mechanism
for sludge pellet formation. In this respect the techniqde of profiling
is very useful in.that'it allows an assessment of whether or not sludge
pelletisation is likely to occur with a garticu]ar waste. Furthermore:
information on aspeéts such as alkalinity and pH changes within the
systems the role of sulphate, and the nitrogen species interactions, can
Be derived from the profiles. All these factors are of importance in

assessing the treatability of the wastewater.

Samples for analysis were collected at fourteen different points. Eleven
of the samples are taken from eleven sample ports situated along the

]ength of the reactor; starting from the uppermost port. A further three
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samples are taken from the effluent and influent points and from the
settler region. The sampling points are shouwn clearly in Figure 4.1. The

samp]es were analysed for the following parameters:

(i) coD

(ii) Free and Saline Ammonia
(iii) TKN '
(iv) pH

(v) Sulphates
(vi) Volatile Fatty Acids (Acetate and Propionate)
(vii) Alkalinity '

For the measurement of pH of samples taken from the eleven sample ports
on the reactors a special sampling apparatus must be used. This is
because dissolved carbon dioxide formed during fermentation can escape
from the sample if allowed to come into contact with the atmosphere. The
resulting pH reading would be incorrect. The special apparatus illus-
trated in Figure 4.5 enables a sample to be taken without coming into
contact with the atmosphere. After pH measurement the samples were
filtered through UWhatman No. 42 filter paper and tested for COD:s Free
and Saline Ammonia and TKN. The filtrate was filtered further fhrough a
0,45 pm filter - and analysed for Sulphate and Volatile Fatty Acids.
Sludge in the samples was washed into a container and returned to the

reactor after completion of sampling.
7. RECYCLING OF ALKALINITY

It was noted earlier in thié chapter that NaHCO: addition to the raw
wastewater is substantial, and would constitute a large fraction of the
ruﬁning costs of a .UASB system.vhlka]inity addition to the paper plant
wastewater was necessary for two reasons. Firstly: the concentrations of
-acetic and propionic acid in the waste are appreciables resulting in a
pH of approximately 5. Alkalinity must be added to adjust the pH to
above 6:6 to avoid inhibiting the biological behaviour in the reactor.
The second reason relates to the behaviour within the reactor. At the
entrance to the reactor there is a generation of volatile acids (acetic
and perhaps propiohip from carbohydrate in the waste:) this can result

in a pH decrease to a minimum within the teactor. The influent
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é]ka]inity should be sufficient:to prevent the pH dropping bé]bu 6:6. On
progressing through the reactor, the acids are removed in methane
formations and alkalinity is recovered. Because both the generated acids
and the acids in the influent are removed, the effluent alkalinity can
exceed that of thé influent. Therefore, one means for reducing the
addition to the influent would be +to recycle from the eff]uent.‘ﬂfter
the reactor profiling results had been analysed the-experimental program

was extended to consider the effect of recycling from the effluent.

The effluent was recycled from the sample port immediately below the
gettler. A réCycle ratio of 1:!1 was chbsen as any higher ratios would
create a hish upfiou velocity in the reactor: this could bossib]y
disturb solids settlement ih the reactor. Alkalinity addition to the
wastewater was mafntained at the level prior to recycling for a period
so that the system‘tou]d reach steady state with resﬁect to COD removal.
Once steady state has been achieved a reactor profile was performed to
assess the system behaviour during recycling. The alkalinity addition
was then reduced by 50%. The reactor uwas operated at this reduced
alkalinity and a reactor profile performed to assess how the alkalinity
reduction had affected the measured parameters, especially pH variation

and sulphate reduction.

Recycling of the reactor effluent would also show whether or not
sulphide in the recycle stream would have a toxic effect on the

anaerobic bacteria. .
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CHAPTER FIVE

EXPERIMENTAL RESULTS AND DISCUSSION

1. INTRODUCTION

The reshlts gathered during the experimental study described in Chapter
Four provided data sufficient to ascertain the wastewater treatability
in a UASB system. Important information derived from the laboratofy
treatability stud? was: (1) the extent of COD removal possible: (2) the
effluent quality: (3) the maximum COD loading rate (ksCOD/ma reactor/
day) which can be achieved while maintaining reasonable COD removal, and
the influence on 1oad}n9 rate of temperature: (4) the nature of the
sludge produced in the reactor with particular reference to the the
extent of pelletisation: (5) identification of any operating problems:
and (6) the effect of reactor effluent recycling on alkalinity

requirements.
2. EXTENT OF COD REMOVAL

The percentage COD removal attained over a period of approximately eight

months® operathn: is shown plotted for the 25 and 35°C reactors in Flss
5.1 (a) and (b),\respectively. Over this period the 1loading rate was
increased from .zero to approximately 26 k9 coD/m® /day. It can be seen
that, after aludég acclimatisation, the removal was relatively steady,
in the region of 80-90 percent with the exception of two short periods

for the 35°C reactor (discussed later).

From the data it would appear that the waste contains. an unbiodegradable
soluble' COD portibn (in the region of 10-15 percent) as the removal did
not change with changes in loading rate/hydraulic retention time. This
assertion is supported by two observations: Firstly: the volatile acid
content (acetic  and propionic) | of the effluent was negligible,
indicating complete anaerobic degradation of biodegradable influent
material. Secondlys the removal for the system operated at 35°C was the

same as for the system at 25°C.
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On two occasioﬁs the COD removal performance of the 35°C reactor
declined (approximately Days 60 and 140). In the first instance the
removal efficiency continued dropping to 595 percent, and it was
necegsary to reduce the.:loading rate to avert proceés failure. In the
second instance the drop in efficiency was not as marked and no
reduction in loading rate was necessary. The reasons for these operating
problems were readlly apparent and should not be oF concern under normal
operating circumstances: in each case, once the cause of the problem was

removed the system recovered rapidly.

The first problem (Day 60) occurred when the cooling system for
maintaining the feed batches.at 4°C failed for a period of several days.
This resulted in the feedstock becoming septic. Problems in the
operation of other biological systems in the same laboratory were also
noted over thisvperiod. The second problem (Day 140) occurred when the
temperatﬁre controller on the 35°C reactor failed and the reactor

contents cooled to ambient temperature (approximately 20°C).

Comparison of the data in Figs 5.1 <(a) and (b) shous “that the
acclimitisation period before the COD removal stabilised was longer for
the 35°C reactor than for the 23°C system. This behaviour was to be
expected in view of the different sludges used to start wup the
experiments. For the 35°C system the gseed sludge was drawn from a
municipal digester receiving an influent very different to the paper
>uasteuéter. In bohtrast; the 25°C systenm was‘seeded.with well-pelletised
sludge taken from a system treating a wastewater similar to the paper
plant waste. Therefore, the shorter period of acclimatisation for the

25°C system was not unexpected.
3. EFFLUENT QUALITY

The filtered and unfiltered effluent COD concentrations over the eight
months’ operation are.shown respectively in Figs 5.2 (a) and (b) for the
25°C reactor and Figs 5.3 (a) and (b) for the 35°C reactor. It should be
notéd that . the influent C€OD only reached the design va]ué of 4500 mg/1

a{ approximately Day 40: data prior to this should be ignored.
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Two aspects are apparent in the data. Firstly, the effluent COD’s were
near constant from Day 40 until the end of the experimental period: even
though the 1loading rate increased by a factor of approximately 10. This
steady performance confirms the observation in Section 2 that approx-
imately 10 to 15 peréent of the influent COD is unbiodegradable. The
second aspect of interest concerns the difference between the filtered
and unfiltered effluent COD. Takings for example: the data for the 25°C
reactors the approximate values of the unfiltered and filtered effluent
COD’s were 900 and 600 m9/1 giving a difference on 300 mg/l.. This
di fference corresponds to an effluent vo]atile_ suspended solids
concentration of approximately 200 mg9/1, the material consisting of cell
debris which was eluted from the reactor. It is of intérest to note that
the concentration of eluted solids did not.change significaﬁt]y over the
experimental period, even though the upflouw veloci{y in the reactor
increaged by a factor of approximately 10 compared to the value at

Day 40. This would indicate good sludge settling properties.

4. MAXIMUM COD LOADING RATE

The data on COD removal efficiency versus COD loadiﬁg rate is presented

in Figs 5.4 (a) and (b) for the 25 and 35°C reactorss respectively. The
data shows that loading rates in the region of 25 kgCOD/m®/day (5 hour
retention time at an influent COD concentration of 4500 m9/1) were
attained for both reactors. This loading rate is based on the full
reactor volume of 9 litres even though the sludge bed occupied only

_approximately 4;5 1.

As the 1loading rates were increased progressively there was only a

minimal decrease in the COD removal efficiency (with the exception of

the brief periods mentioned ear]ieri. Although a significant fall off in

COD removal with increasing loading rate was not observed for either the
25°C or the 35°C reactor it was decided that there was little purpose in
increasing the load beyond 25 ksCOD/ma/d. This was Because the sludge
was not well-pelletised and the maximum loading rate is determined by
the s]udée settleability rather than by bio]ogiéa] reaction rate
limitations. This aspect is discussed in more detail in Sections 5 and

60
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COD removal (%) plotted versus COD loading
rate for the two UASB reactors.
(a) 25°C . (b) 35°C

Figure S5.4:



5. RESULTS OF REACTOR "PROFILING" EXPERIMENTS : NO RECYCLE

Once the 1loading rates of 25 kgCOD/m*/d had been achieved while still
maintaining satisfactory reactor performance for the two UASB systems,
the 25°C reactor was shut down. The loading rate of the 35°C reactof was
dropped to approxfmately 18-20 k9COD/m*/d to overcome the problem' of
sludge blocking the exit pipes. It was then possible to study the
reactor performance in greater detail and to observe sludge pellet-
isation. To this end two reactor profile analyses were performed. The

35°C reactor was selected because it was equipped with sample ports.

The fesu]ts of the two reactor profiling experiments'are presented in
Figs 5.5 (Test 1) and 5.6 (Test 2). The data is plotted with the various
parameters on the'horizontal axis versus samplé port number (i.e.
reactor height) on the vertical axis (see Fig 4). The 35°C UASB reactor
was being fed from the same .batch of wastewater for both reactor
profiles performed. As expected the two sets of results show very
similar trends for all the parameters plotted. For purposes of
discussions the results of Fig 5.5 will be considered first. The
regponse of various parameters is outlined briefly below. InteEpretation
of the results is dealt with in Section 6 where the resu]ts of Fig 5.5

are compared to those of Fig 5.6.

COD: The COD shows an exponential drop from the influent level of 4500
mgCOD/1 to a steady state value of between 800 and 900 mgCOD/1 by
port 5. Port 5 corresponds to the height of the thick sludge bed.

Volatile fatty acids: The short chain volatile fatty acids acetic and

propionic comprise _approximately”45‘percent of the COD in the influent:
the remainder is méde up principa]]y of starch,_carbohydrates and more
complex ofsanics. Acetic acid drops off from the infjuent value of
1200 mg/1 to zero by port 5. Propionic,acid remains c0nstént to port 2

and then drops off from 500 mg/1 toéiero also at port 5.

Free and Saline Ammonia: A rapid drop in free and saline ammonia
concentration occurs by port 1 from the influent value of 47 mgN/] to
30 mgN/1: thereafter the concentration increaseé slightly to.a steady
value between 33 and 35 mgN/1 by port 5. |
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Soluble Organic Nitrogen: This is calculated from the difference
-between the filtered TKN value and the free and saline ammonia value.

Organic nitrogen shows 8 rapid increase i.e. a release of soluble

organic nitrogen from zero in the influent to approximately 20 mgN/1 by

port 1 and then a slower increase to 25 mgN/) by port 3. Thereafter the
concentration decreases to a steady value of approximately 10~15 mgN/)

by port 5.

Sulphates: Sulphates are rapidly reduced from the influent level of 170
mg S04°/1 to zero by port 2. v

pH: pH droﬁs of f rapidly from the influent pH of 7:6 to a minimum of

7:2 at port 1 and then increases to 7,6 at port 5.

Sludge Characteristics: A dense bed of sludge extended from the base of
the reactor to port 5. This sludge had a granulars well-flocculated form
with the sludge flocs appearing to be in the range 1-2 mm in diameter.
Uéry fine sluasé was pregsent within the bed. Also, a small number of
true sludge pellets (4-5 mm in size) were present within the sludge bed
particularly near the reactor base. Within the dense granular sludge bed

the settleability appears to be satisfactory as the sludge bed height

remained constant at sample port 5. The sludge, howevers was not as well .

pelletised as that of Sam-Soon et al (1987) whefe'thevuhole sludge bed
consisted of well defined pellets with average sizes of 2-4 mm or
greater, Thé region above the static sludge bed, from port S5 to the
settler unit:, was occupied by finely divided sludgebkept in suspension
by the turbulence caused by risiﬁs gas bubbles. A decrease in concen-
tration from immediately above the sludge bed to the settler was
noticeable. No biological activity was apparent in this region as the

concentrations of all measured parameters remained constant.
6. INTERPRETATION OF REACTOR CONCENTRATION PROFILES

In Chaptef 2 the basic theory of anaerobic disestioﬁ is,dsed.to explain

the response observed in the UASB system treating a carbohydrate waste

(free of sulphate). The mechanism for sludge pe]letisation as proposed
by Sam-Soon et al (1987) is also discussed. In this section the results
of the two profiling experiments are analysed in terms of the theory and

the proposed mechanism for pel]etisation.
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COD and Volatile Fatty Acid (VFA) Profiles: As noted earlier,
approximately 45 percent of the influent COD is in the form of short
chain volatile fatty acids (acetic and propionic acids). The remaining
55 percent is made up of biodegradable complex substrates (e.g. starch
and carbohydratés) and unbiodegradable COD. The initial rapid drop in
COD can be ascribed to the presence of the large amounts of readily
biodegradable volatile fatty acids in the influent. These are rapidly
utilised by the methanogens to produce methane and carbon .dioxide and by
the sulphate reducing bacteria for sulphide generation and cell

synthesis.

The COD decreases to a steady value of 800 msCOD/I which indicates that
no more biodegradable material is left and that the COD in the effluent
is made up of unbiodegradable material. This is supported by the
observation that no VFA's are present in the effluent: indicating

complete removal of all biodegradable substrates.

An important feature of the VFA profile in Fig 5.5 (Test 1) is that the
concentﬁation of propionic acid remains constant up to port 2, and only
starts declining thereafter. The fact that propionic acid is not removed

at the base of the reactor indicates that the hydrogen partial pressure

in this region is high, despite the rapid hydrogen removal by sulphate'

reducing organisms. Under these conditions it would be expected that the
hydrogen partial! pressure is sufficient to al]ou.generation of amino
acids by methanogens: this in turn would lead to. sludge pelletiéation.
This generation of amino acids is. confirmed in Fig 5.5 by the rapid
increase of soluble organic nitrogen at the base :of the reactor.
Therefore the fact that some large sludge pellets were observed at the
base of the reactor was to be expected. The behaviour discussed here was
-not observed in Test 2 (Fig 5.6).

Fig S.6 shows that ‘in'Test 2 there was an immediate decrease in
propionic acid frém the inlet. This would indicate a low hydrogen
partial pressure in this region. The reason for the low partial pressure
appears to relate to the role of the sulphate'reducing organisms. In

Test 2 the influent contained 250 mg SO04"/1 compared to 170 mg S04=/%1 in

Test 1. As a result, in Test 2 the hydrogen removal would be greater,

reducing the partial pressure sufficiently +to .allou propionate

S.14



utilisation by the acetogens., Alsos the reduced availability of hydrogen
for the methanogens would mean that seneratjon of amino acids would be

reduced as observeds and likewise the propensity to form sludge pellets.

Organic Nitrogen and Free and Saline Ammonia: The raw wastewater, before
chemical addition, contains no free and saline ammonia i.e. zero soluble
TKN. A1l the TKN present in the wastewater is organic nitrogen
associated with particulate matter at a concentration of approximately
25 m3 N/1. To supply the nitrogen requirements for cell synthesis NHaCl
was added to the influent to provide a soluble ammonia concentration of
47 ms/l. The free and saline ammonia shows a rapid drop of about 17 mg/1
by port 1. Accepting a TKN/COD ratio for protoplasm of 0,086 m9 N/mgCOD
and a COD/VSS ratio of 1,42 mgCOD/mg VSS, the TKN/VUSS ratio should be
0,086.1,42 i.e. 0,122 mg N/mg VSS. Accepting a biomass yield of 0,03 mg
USS/mgCOD removal, the COD associated with the Qtilisation of 17 mg N/1
would be (17/0,122)/0,03 i.e. 4645 mg COD/1. However, the observed COD
utilised by port 1 was only 1000 m9/1. Consequently the disappearance of
the free and saline ammonia cannot be associated with carbonaceous-
associated protoplasm generation only. In terms of the proposal of Sam-
Soon et al (1987), the infiated disappearance of nitrogen is associated
with polypeptide formation as a precursor to sludge pellet formation.
However, it should be noted that the ratio of expected to actual COD
removal was approximately 4,5!1 here; the ratio for Sam-Soon et ai was
8:1. This would be indicative of limited pelletisation with the paper

wastewater. !

Soluble organic nitrogen reaches a peak of 23 m9 N/1 at port 3, and
decreases to a'leve]: of 10 m9/1 in the effluent.. Two possible sources
for this material can be identified. Firstly, if pelletisation occurs
then this sﬁould be as a result over-production of soluble organic
nitrogen, as observed by Sam-Soon et al (1986). However, because
iﬁdications are that the degree of pelletisation is very limiteds; this
source also will be 1limited. The second source of soluble organié
nitrogen would be from hydrolysis of particulate organic nitroseh in the

feed. Because the peak value of soluble orsanic nitrogen (23 mg N/1)
.c0rrespond9 closely to the amount of particulate organic nitrogen in the
influent (25 mg N/1), it is likely that hydrolysis is the principal

source,




Sulphate Reduction: The wutilisation of hydrogen énd acetic acid by
sulphate reducing bacteria to produce sulphide (principally HS™ and H2S
at the prevailing pH) is favoured thermodynamically over wuse by the
methanogens. The rapid decline in sulphate concentration at the r;aétor
base indicates a rapid rate of conversion of sulphate to sulphide. It is
likely that both hydrogen and acetate serve as the energy source for the
sulphate reducing organisms. The function of the hydrogen wutilizing
organisms will be to maintain a low hydrogen partial pressure in the

lower regions of the reactor.

pH Variation and Alkalinity Requirements: The pH in Fig 5.5 (Test 1)
shows @ drop of 0,4 units from 7,6 to 7,2 at the reactor base and then
recovers to 7:6. The initial pH drop is of particular concern in
operation of the UASB system. If the pH were to drop below approximately
6,6 the organisms (particularly the methanogens) would_be inhibited, and
the system eventually would fail. To avoid this situation it is
necessary to add alkalinity to the influent to increase the pH of the

raw waste which can be as low as pH 5.

The low pH of:the waste is due to two components. Firstly, the influent
in these tests contained a volatile fatty acid component (acetic and
propionié) at a concentration of approximately 1750 ms/l as acetic (30
mmole/1). To restore the pH to neutral would require an addition of 30
mmole/1 of alkalinity. The second factor is due fo alum usage in the
paper manufacturing process. A sulphate concentration of 288 mg S04° /1
correspond to an addition of 1 mmole Al2(S04)3/1. Aésumins that the

aluminium is precipitated as Al (OH)3:
A12(S04)3 + 6 OH" -> 2A1(0H3) + 3 S04 "

to attain a sulphate concentration of 288 m9/1 would cause a removal of
6 mmoles of alkalinity. In Tests 1 and 2 where the sulphate concen-
trations were approximately 170 and 250 mg S04~ /1 respectively, the
alkalinity requirements to neutralise the effect of alum addition uoﬁla
be approximately 4 and 6 mmole/] respectively. This ié relatively small
compared to the effect of the volatile acids, and differences in
sulphate concentration would have little effect ‘on  alkalinity

requirements for neutralisation.



The pH change at the inlet to the UASB system is due to a number of

biochemical interactions: important amongst these are:

VFA production [possible pH decrease]
Acetic and Propionic acid utilisation [possible pH increasel
S04 reduction and HzS stripping [poésible pH increasel.

- It should be noted that the sulphate reduction plays an important role
in that it reduces the pH drop substantially. If the sulphate were not
present at such a high concentratioﬁ (i.e. if alum were not used in the
paper process) it is possible that increased a]ka]inity addition to the.
influent would be necessary to reduce the pH drop at the base of the

reactor. This wou}d add to process operating costs.

Rough calculations indicate that the cost of alkalinity addition would
be appreciable, even though the requirements are somewhat reduced by the
presence of sulphate in the feed. The reason for the large alkalinity
requirement is the high concentration of volatile acids and Tow pH of
the influent. As the concentration of influent acidss and any acids
generated frbm cémp]ex influent substrate, is reduced to zeros the pH
rises in the reactor. In Test 2 (Fig 5.6) thé pH attains a value of 7,6
- 0,2 pH units higher than that of the influent. That is, there is a net
removal of acidity from +the infiuent to the effluent which corresponds
to a generation of alkalinity. Therefore, a possible method for reducing
the addition of alkalinity would be to recycle from the effluent to the
influent. Such a scheme necessarily would mean that sulphide senerafed
from sulphate reduction also would be recycled. It is possible that the
presence of sulphide at the reactor base would have a deleterious effect
on organism behaviour. This aspect, and quantification of the influence

on alkalinity requirements; is discussed later,

Comments on Sludge Pelletisation and Settleability: Only limited
pelletisation of the sludge was observed. Insteads a bed of well-
flocculated finer’ materia1 with good settling pfoperties formed: within
this bed small numbers of biopellets were found. The limited
pelletisation was supported by the observation that only a smal]'amount
of ammonia in exceés of that required for synthesis purposes was
apparently directed into polypeptide formation. From - the work of Sam-

Soon et al (1987) it is evident that one of the requirements for go0d



pellet formation is the existence of '@ high hydrogen partial pressure
zone in the lower region bf the reactor. With this particular wastéuateh
two factors appear to reduce the possibility of creating a high partial
pressure of hydrogen near the inlet, thus reducing the possibility of
pellet Format;on. "These are (1) the nature of the feed, and (2) the

role of sulphate reduction.

Nature of feed: fApproximately 45 percent of the influent COD is in the
form of acetic and propionic acid. Therefore, the amount of remaining
substrate available for acidogenesiss with its associated hydrogen
productions is limited and the possibility of creating a high hydrogen
partial pressure is also limited.

Sulphate reduction: As with pH changes and alkalinity requirements, the
influent sulphate content appears to play an important role in
suppressing the | formation of pellets. Because sulphate reducing
organisms have a high growth rate (greater than that of the methanogens)
the sulphate is reduced rapidly and is depleted by port 2. These
organisms can readily utilize hydrogen as an energy source: therefore it
is likely that sulphate reduction results in a low hydrogen partial
pressure at the Ease of the reactor. If sulphate were exc]udéd from the
waste (by not using alum) then it is quite possible that pelletisation
of the sludge would occur. This _is supported by the observation that
whenever the influent sulphate concentration was less than approximately
180 m9 SO4"/1 (as in Test 1) formation of large sludge pellets was
observed and the responsé of certain parameters {e.g. ammonia and
organic nitrogen) conformed to that observed in systems with good

pelletising behaviour.
7. _ ALKALINITY REQUIREMENTS AND REACTOR EFFLUENT RECYCLING

It was decided to ‘evaluate effluent recycling as a means for reducing
alkalinity requirements on the basis of the first reactor profiling
experiments. The 35°C reactor was also used for thié part of the study,
and was brought on 1line after standing at 20°C for a period of
approximately 2 months. The reactor was started up with a low load and
brought to 35°C immediately. The load was then increased step-wise, with

increases being made once the COD removal exceeded 80 percent at each



loading rate. AFtef a period of ten days the reactor was receiving a
flow of 40 1/d at  a concentration of approximately 2600 msCOD/]: this
corresponded to a load of 12 ksCOD/mJ/day_ at a retention time of 5,4
hours. It had been intended to operate at ' a concentration of
4500 mgCOD/1 so as to be able to Compare the results to the profiles
observed earlier. However, for an extended period the COD of effluent
from the plant did not exceed 3000 mgCOD/1 and it was ‘unfortunate]y
neceséary to conduct the recycling experiments at the 1lower COD.
Although the COD was'  lower, the concentration of sulphate remained in
the range 200-300 mg $04= /1. -

When it was decided to operate at an influent COD of 2600 mg9/1 a profile
was carried out to examine the behaviour at the lower concentration more
closely. The results of this profile are shown in Fig 5.7. Several

features should be noted:

(i) At the time of conducting this profile steady state operation had

not yet been attained in all respects. This is evident from the

low COD removal of 77 percent. It can be seen that the COD profile

had not 1leveled off by the top of the sludge bed (port &) and

therefore not all of the biodegradable COD had been removed.

(ii) A second indication that the system had not reached steady state
is given by the acetate profile. At the base of the reactor there
is an accumulation of acetate and a peak in Concentratjon is
observed. Because this peak was not evident in the earlier
experiments it indicated that the acetate-utilising methanogens

were not yet operating at the previous rate.

(iii) The sulphate concentration reduced rapidly from 310 mgS$04~/1 in
the influent to zero by port 2. This influent concentratfon was
higher than at any time during the first part.of the study when
the influent COD was 4500 ms/l;

(iv) The pH decrease at the base of the reactor was less than 0:1 of a
unit. This was substantially less than the decrease of 0,4
observed in Fig 5.6, say. The smaller decrease was to be expected

for two reasons. Firstly, the same amount of alkalinity was added
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to the influent in each case (4 g NaHCO3/1), but in this case the
extent of the volatile acid generation was much less because the
influent COD "was lower (2600 versus 4500 mgCOD/1). Secondly, in
this case the inf]uent( sulphate concentration was hisher (310

versus 250 m9S04"/1). Because sulphate reduction consumes acidity

thereby offsetting the effect of acids productions the high-

S04~ /COD ratio in this experiment resulted in an attenuated pH

profile.

Recycling was commenceds without changing any of the operating
parameters (including the alkalinity addition), once the behaviour of
the system had stabilised. The - recycle was taken from port 11
immediately below the settler and joined the feed pipe at the inlet to
the reactor. The rate of the recycle stream was se{ equal to the feed
rate (i.e. 1:1 recycle). Introducing the recycle did not appear to
affect the stability of the reactor and the COD removal remaineﬂ at
between 80 and 85 percent. This would indicate that the increased
concentration of sulphide at the base of the reactor did 'not have a

deleterious effect.

The system was allowed to operate for a week before performing a reactor
profile.»The results of this analysis are shown in Fig 5.8. It shouid be
noted that this figure shows one more aamb]e port than the previous sets

of profile results. The ports marked O to 13 c0rrespond to those in
| Figs 5.5 to 5.7, with ﬁort 0 denoting the concentration at the inlet to
the reactor. The additional port, denoted as port -1, repregsents the
concentration of material in the feed container. This feed is mixed with
the recycle from port 111 to give the concentration observed. at port O.

The results were in accordance with the expectations:

(i) The recycle merely attenuated the ammonia and orsanic nitrogen

profiles, without changing the characteristics.

(ii) The sulphate concentration was diluted from 310 m9 S04"/1 to 155

at the inlet of the reactor and was reduced to zero by port 1.

(iii) The COD decreased exponentially from the inlet to a minimum at the

top of the sludge bed at port 6. No high hydrogen partial pressure
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zone existed at the base of the reactor as propionic acid

concentration decreased from the inlet.

(iv) The pH in the reactor was near constant at 7,35 throughout the
reactor, without the characteristic decrease .to a minimum at the
base. This ié 0:2 pH wunits higher than that of the feed. This
result c0nfifms that recycling from the effiluent will allow a
substantial reduction in the amount of alkalinity added to the
feed.

The alkalinity addition to the feed was halved on the basis of the
results of the first profile with recycling, and the system was a]]ouéd
to stabilise for one week before taking a second profile of the reactor.
The results of this profile with the alkalinity addition halved are
shown in Fig 5.9, Again the results for COD, ammonias organic nitrogen
and sulphate are as expected and are very similar to those in Fig 5.8.
However, it should be noted that the influent sulphate concentration was
only 195 mgS04~/1 compared to 300 mgS0s~/1 in Fig 5.8 (a new batch of
waste from the plant was being used). The effect of fhe reduced amount
of sulphate reduction at.the base of the reactor would be to reduce the
amount of acidity consumed in this region. This means that sulphate
reduction would have a reduced capacity to offset the acidity produced
by acidogenisis at the base of the reactor. Therefores a pH drop at the
base of the reactor would not be unexpected par{icularly as the
alkalinity addition to the influent had been halved. However, from Fig

5.9 it can be seen that the pH decreased only marginally,

The results of Fig 5.9 indicate that the alkalinity addition to the feed
could have been reduced further without adversely affecting reactor
performance. It had been intended to perform profiles with further
reductions in alkalinity. However, a burst pump tube resulted in a loss
of a portion of the sludge from the reactor, and a period of several
weeks would have beeﬁ required to attain stable operation. Because the
objective of testihg the influence of recycling on alkalinity

requirements and on system behaviour had been achieved successfully the

laboratory experiments were terminated and attention was directed to the

design of a pilot plant. Details concerning the pilot plant are given in

Appendix A.
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CHAPTER SIX

CONCLUSIONS

The laboratory treatability study conducted on the wastewater from a

waste paper re-pulping plant provided information on a wide range of

factors. In 9general terms the important aspects weré that the waste can

. be treated in a UASB system: 9guidelines on reactor loading rates were

obtained: and that sulphate present in the wastewater plays an important

‘ role in the treatment system.

The following specific conclusions /may be itemised from the results

obtained in the study:

Wastewater characteristics and chemical addition:

(1)

(2)

(3)

(4)

(3)

The waste is amenable to anaerobic treatment in a UASB system.

The unbiodegradable COD content of the waste is in the region of 10
to 15 percents and COD rehovala of approximately 85 percent are

possible on a continuous basis.

The short chain volatile fatty acide acetic and propionic comprise
approximately 45 percent of the COD in the influent. The remainder
is made up principally of starch, carbohydrates and more complex

organics.

The wasteuwater is deficient in the elements nitrogen and
phosphorus. These elements must be supplemented through chemical

addition in order to achieve complete anaerobic treatment.

The wastewater is acidic, with a pH in the range S5 to 6 generally,
Alkalinity must be added to the waste prior to treatment to adjust

the pH to apprdximate]y neutral.
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Organic loadiﬁg rates:

(6)

Organic loading rates of approximately 25 k9COD/m® reactor/day were
attained at both 25 and 35°C. This corresponded to a hydraulic
retention time of 5 hours at an influent COD céncentration of 4500
m9/1. The 1loading rate was not constrained by limitations in the
biological treatment capacity. Rather, difficulties associated with
the settleability of the sludge were encountered: blockages of the

under-desianed laboratory reactor settler occurred.

Sludge characteristics:?

(7)

(8)

(?)

A dense bed of biological sludge extended from the base to
approximately half the height of the UASB reactors. This sludge had
a granulars; well-flocculated form with the flocs appearing to be in
the size range 1-2 mm. Very fine sludge was also present within the
bed. A small number of true sludge pellets (4-5 mm) were present

within the dense sludge bed, particularly near the base.

"The settleability of the dense granular sludge appeared reasonable,

and the bed was not disturbed unduly by gas production. However,the
settleability of the sludge was inferior to that of a well-

pelletised sludge.

The absence  of true sludge pellet formation appears to relate to
the absence of a high hydrogen partial pressure zone in the lower
region of the UASB reactor. With this particular wastewater two
factors appear to reduce the poséibility of creating a high partial
pressure of hydrogen near the inlet, thus reducing the possibility
of pellet formation. These are (1) the nature of the feed, and (2)
the role of sulphate reduction. ' ‘

Nature of feed: - Approximately 45 percent of the influent COD is in
the form of acétic and propionic acid. Therefore, the amount of
remaining substrate available for acidogenesiss; with its associated
hydrogen productions is limited ahd the possibility of creating a
high hydrogen partial pressure also is limited.

Sulphate reduction: The influent sulphate content appears to play

an important role in suppressing the formation of pellets. Because



(10)

Role

(11)

6.3

sulphate reducing organisms have a high growth rate (greater than
that of the methanogens) the influent sulphate is reduced rapidly
on entering the reactor. These organisms can readily wutilize
hydrogen as an energy source: therefore it is likely that sulphate
reduction results in a low hydrogen partial pressure at the base of
the reactor. If sulphate were excluded from the waste (by not using
alum) then it is likely that pelletisation of the sludge would
occur. It is significant to note that, with batches of waste where’
the sulphate content was less than approximately 160 mg

S04“/1; the degree of pelletisation increased within a few days.

The problems encountered in the laboratory as a result of incom-
plete sludge pelletisation will not necessarily be transferred to
the full-scale application of the process. In a full-scale system,
with an adequately designed settler unit, the problems of sludge
blockages should not arise. Nevertheless, if it were possible to
ensure the complete pelletisation of the sludge, this would - be

preferred.
of sulphate:

It has been demonstrated that sulphate plays an important role in

the treatment proceas with respect to pelletisation. I? alum were

" not used in the paper manufacturing process; and as a result

sulphate were not present in the waste, it is likely that a well-

pelletised sTudse would form. However, exclusion of sulphate will

>not only influence pelletisation: sulphate has been shoun to play

an important -part in pH regulation wvia the bﬁological sulphate

reduction process which consumes acidity. If sulphate were excluded

. from the waste the requirements for alkalinity additions and

therefore the operating costs of the oprocess, possibly would be

increased.

Recycling of effluent:

(12)

Alkalinity requirements can be reduced by recycling the reactor

effluent back into the reactor with the fresh feed.
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(13) The presence of sulphate in the waste does not influence the use of
recycling of effluent to reduce alkalinity requirementa. The
sulphide levels in the recycle stream did not have a deleterious

effect on the process.

(14) The sludge bed contained a higher proportion of fine material once
. recycling was employed. This appeared to be a result of recycling
finess and not generation of fines within the bed itself. The
settleability of the sludge, however, was not adversely affected by
the higher upflow velocity and finer bed material. A very slight

expansion of the sludge bed occurrgd with recycling.
Re-gstarting the reactor!

(15) During the study the 35°C UASB reactor was re-gstarted after
standing at 20°C without feed for a period of 2 months. Within a-
period of 10 days the l1oad on the reactor could be re-instated with

COD removals in excess of 80 percent.



REFERENCES

Anon (1973). Anaerobic contact filter for treatment of waste sulphite
liquors CPAR Report 103-1, Environment Canada. v

Benjamin M, Ferguson J F and Buggins M E (1981). Treatment of sulphite
evaporator condensate with an anaerobic reactor, Proceedings TAPPI
Environmental Conference, 307-316.

Bloodgood P Ey» and Horgleroad J C (1948). Anaerobic decomposition of
strawboard wastes. TAPPI, 27 (22), 43-48.

Boari G, Brunetti A, Passino R and Rozzi A (1984). Anaerobic Diseétion
of Olive 0il Hill UWastewaters. Agricultural Wastes, 10, 161-175.
Cape Town City Council (1986).

. Brune G, Schoberth S M and Sahm H  (1982). Anaerobic ‘treatment of an

industria]v wasteuater containing acetic acids furfural and

sulphite. Process Biochemistry, 17 (3); 20-35. »

~de Zeeuw W and Lettinga G (1980). Acclimation of digested éewage sludge
during start-up of an Upflow Anaerobic Sludge Blanket (UASB)
réactor. 35th Industrial Waste Conference: 13-15 May. Purdue Univ-
ersity. | ‘ ‘ '

Dold P L, Sam-Soon P A L N S, Paimer I H and Marais G v R (1987).
HnaerobiC’Treatment of an apple processing uastewafer. Wat. Sci.
Tech., 19, 237-247.

Frostell B (1981). Biological treatment of paper industry wastewaters

v combined with eneréy recovery. Paper presented during Sweden’s
international Pulp and Paper Week, Stockholm: Hay.

Frostell B (1983). Anaerobic-aerobic pilot-scale treatment.of a sulphite
evaporator condensate. Paper presented at the. CPPA 69th Annual
Heeting, Montreal Quebec: January. ‘

Frostell B et al. (1984). Full scale anaerobic treatment of a pulp and
paper industry wastewater. A.C. Biotechnicsy Inc.,» UWoodbury, New
York, 687-696.

Geller A (1982). Complete water system <closure in paper mills ~ the
experience in thé Federal Republic of Germany. Paper presented at
Pira Seminar "Economic Pollution Control", Leatherhead.

Habets L H A and Knelissen J H (1985). Application of the UASB reactor
for anaerobic treatment of paper and board mill effluent. Wat. Sci.
Tech., 17, Tampere, 61-75. | |



Hakulinen R et al. (1981). Purification of Kraft effluent by an

| anaerobic fluidised bed reactor and aerobic filter at semi-
technical scale. Proceedings TAPPI Envir§nmental Conference;s 197-
203.

Hakulinen R (1982). The enso-fenox process for the treatment of Kraft
pulp bleaching effluent and ‘other wastewaters of +the forest
industry. Paperi ja Puu, S, 341-354,

~Hall E R (1986). Pfogram Status Report; Anaerobic Treatment of Pulp and

Paper Wastewaters, Environment Canada, Uas{ewater Technology

Centre, 2-3. |

Hamoda M F and van den Berg L (1984). Effect of settling on performance‘

of the Upfiow Anaerobic Sludge Bed Reactors. Water Res.; 18, 12,
1561-1567.

Hulshoff Pol L W, de Zeeuw U Doifing Js and LettingavG (7). Start-up
and sludge granulation in UASB-reactors. Unpublished paper.
Agricultural Universitys Department Water Pollution Control, De
Dreyen 12, 6703 BC Wageningen, Netherlands.

Huss L (1982). Application of the anamet process for wastewater
treatment. In Anaerobi¢ Digestion 1981, Elsevier Biomedical Press
BV, 137-150.

Krist jansson J Ky Schonheit P and Thauer R K (1982i. Different K, values
for hydrogen of methanogenic bacteria and sulfate reducing
bacteria! an explanation for the apparent inhibition of methano-
genesis by sulfate. Arch Microbiol, 131, 278-282.

Krist jansson J K and Schonheit P (1983). Why do sulfate-reducing
bacteria out compete methanogenic bacteria for substrates?
Oecologias 60, 264-266.

Kroiss H and Svardal K (1985). Anaerobic treatment of fibre board mill
wastewater. Wat. Sci. Tech., 17, Tampere, 307-311.

Lettinga G (1980). Acclimation of digested sewage sludge during start-up
of an wupflow ahaerobic. sludge blanket (UASB) reactor. Proceedings
35th Ind Waste Conf, Purdue University, Indianas USA.

Lettinga G et al. (1983). Design operation and edonomy of anaerobic
digestion. Wat. Sci. Tech., 15, 177-195.

Lettinga G» van Velisen A F N, Hobma S W, de Zeeuw W and Klapwijk A
(1980). Use of the Upfiow Sludge Blanket (USB) reactor concept for
biological wastewater treatment, especially for anaerobic treat-
ment. Biotechnol. Bioeng., 22, 699-734.

R.2



Maxham J V et al. (1982). Innovative biological wastewater treatment
processes ' applied to the +treatment of wunbleached Kraft mill
effluent. Proceedings TAPPI Environmental Conference, 265-285.

Norman J and Hakansson H (1977). Anaerobic - aerobit treatment of

| specific pulp and paper waste waters. Paper presented at the 9th
IAWPR International Conference; Post-Conference Seminar on UWater
Pollution Control in Pulp and Paper Industries. _

McCarty P L (1972). Energetics of organic matter degradation. In: Water
Pollution Microbiology. Mitchell (Ed). Wiley Interscience. ]

McInerney H J» nyant MP and Stafford D A (1?79). In: Anaerobic
Digestion. Stafford D A, Wheatley B I and Hughes D E (Eds). Applied
Science Publishers Ltd.» Ripple Roads Barking, Essex> England.

Rekunen S et al. (1985). The Taman anaerobic process for wastewater from
mechanical pulp and paper production. Wat. Sci. Tech. 17, 133;144.

Sam-Soon P A L NS, Loewenthal Ry, Dold P L and Marais G v R (1987).
Hypothesis for pelletisation in the upflow anaerobic éludse bed
reactor. Water S As 13, (2). |

Sam-Soon P A L N S, Loewenthal Ry Dold P L and Marais G v R (1988).
Pelletisation in upflow anaerobic sludge bed reactors. Fifth
International Symposium on Anaerobic Digestion (AD88), Bologna;
Italy (May). |

Scarlata V and Pinardi P (1982). Can the anaerobic wastewater treatmeﬁt
be ‘applied in the pulp and paper industry. Cartotechnica
Imballaggio, 2 (4) 47-52.

Shea T Gy Pretorius W Ay Cole R D and Pearson E A (1968). Kinetics of

| hydrogen aésimilation in the methane fermentation. Water Res.: 2,
833-848.

Speece R E (1983). Anaerobic biotechnology for industrial wastewater

~treatment. Environ. Sci. Technol.» 17 (9), 416A-427A.

Stanwick J D and Shurben D G (1969). Effective chemical treatment for

' inhibition of anaerobic sewage sludge digestion to anionic
detergents. Wat. Pollut. Con., 68 (2), 190-202.

Takéshita N et al. (1981). Energy recovery By methane fermentation of
pulp mill wastewater and sludges; Pulp Pap. Can., 82 (5), 99-103.

ten Brummeler Es Hulshoff L W, Dolfling Js Lettinga G and Zehnder A J B
(1985). Methanogenesis in an Upflow Anaerobic Sludge Blanket
Reactor at pHﬁb on an Acetate—Propionate Mixture. Appl. Environ.
Microbiol., 49, 1472-1477.

R.3



~Webb L J (1982). Energy from pulp and papermill wastes. Pap. Technol.
Ind.» 23 (2), 49-50, 55-60. | |

Webb L J (1984). Anaerobic biological treatment of waste-waters from the
pulp and paper industry, Wat. Sci. Tech., 2, 273-299.

Uebb L J (1985). Characteristics of paper/boardb mill wastewaters
relevant to anaerobic treatment, Wat. Sci. Tech., 17, Tampere} 29~
38.

Zehnder A-J B and UWuhrmann K (1977). Physiology of a Methanobacterium
Strain AZ. Arch. Microbiol., 111, 199-205. | |

R.

4



APPENDIX A~

- ENVISAGED DESIGN, LAYOUT AND CHEMICAL -
. USAGE CALCULATIONS FOR THE UASB . . =
. PILOT SCALE PLANT .
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SAPPL CAPE KRAFT

" UASB PILOT PLANT

©ENVISAGED DESIGN, LAYOUT

AND

CHEMICAL USAGE CALCULATIONS



INTRODUCTION

This document presents the envisaged design calculations, plant layout and
chemical usage calculations for the UASB Pilot Plant to be operated at SAPPI
CAPE KRAFT'S wastepaper processing paper mill. The UASB Pilot Plant will
treat mill effluent which has an average COD of 4 000mgCOD/1itre. Temperature
varies from 18°C in Winter to 34°C 1in Summer. Accofding to Taboratory work
85% of the (COD 1is biodegradable. The pH of the effluent 1is wusually
approximately pH5.

This document provides information on the UASB reactor and gives calculations
on the pressures against which pumps will have to deliver influent to the
reactor. Calculations to determine alkalinity addition to the effluent to
adjust pH to optimum value for maximum biological activity are also laid
down. Because of the Tlow nutrient content of the effluent nitrogen and
phosphate have to be added. Calculations based on adequate nutrient
requirements for the UASB system to operate efficiently are also included.

Included also are detailed drawings of the UASB reactor tank and the pilot
plant layout. '

The major reasons for conducting a UASB Pilot Plant study are twofold :-
1. To see if the system operates efficiently wunder industrial
situations where conditions vary appreciable. For example, COD
varies from 3000mgCOD/Titre to 6000mgCOD/1itre, pH varies from pH 5
‘to pH7 and temperature varies from 18°C to 34°C.

2. To confirm the Tlaboratory study performed at the University of Cape
Town.



UPFLOW ANAEROBIC SLUDGE BLANKET REACTOR (UASB)

The UASB reactor will be an EVERITE TANK with an approximate volume of 4,5
cubic metres. Because the tank will also house a solid/liquid/gas separator
in the top section, the effective reactor volume will be Tless then 4,5m3.

It is estimated to be about 3,0m°.

The wastewater to be treated haé an average COD concentration of 4000 mg
COD/1itre (Range 3000 to 5000 mg COD/Titre).

Mass load required 20 kg con/m3 reactor/day
=+ 20 x 3 kg COD/day

= 60 kg COD/day

60 kg COD/day
4 x 1073 kg COD/1itre

Maximum Feed volume

= 15 000 litres/day
- 15,0 m/day

Initially the design flow requirement will be 5,0m3/day which can be
increased to the maximum feed flow of 15,0m3/day into a tank of
approximately 1,8m diameter. The Tliquid to be pumped is a settled wastewater
from a wastepaper processing paper mill with suspended solids of average size
less than Tmm in diameter. Therefore the minimum orifice size must be not
less than Tmm. The distribution network will consist of 30 discharge outlets
spaced evenly over the tank floor. Based on the fact that recycle of reactor
effluent will be employed and that the recycle ratio will not be larger than
2:1 the following calculations were made:-

15 000 Titres/day (2:1 recycle ratio)
5,787 cm3/h01e/sec
‘T[_F

4

Initial design flow

"

Area of 1 hole



Assuming a velocity of 3,5m/sec is adequate to ensure reasonable distribution

of the liquid over the tank floor:-

md> = 5,787

4 350

(4 x 5,787)
N (7T x 350)

0, 145¢cm
1,45mm

A hole diameter of 1,5mm was selected.

The equation for head Toss through an orifice is as follows:-

where (Q is

V is
A is
d is
H is
g is
Cd is

For orifices Cd

the
the
the

the

the
the

the

= Cd«y 2gH
= CdANZIT = Cd(g;g?J ZqH
4

flow (m3/5ec)

velocity (m/sec)

orifice area (mz)

orifice diameter (m)

head Toss (m)

gravitational constant (9,8m/sec2)
discharge coefficient

diameter ratio is less than 0,2.

= 3,477 ¢d dAH

is approximately 0,6 where the orifice diameter

pipe



Since the wastewater will be pumped from a holding tank approximately 1,4m
high to the reactor which is approximately 1,8m high, there will be a static
head. Both tanks will operate at full capacity. This will result in a static
head of 0,4m which will add to the dynamic heads already calculated.

j.e. at initial flow, H = 1,5 + 0,4
' = 1,9m
at maximum flow, H = 13,7 + 0,4
= 14,Tm

Adding on approximately 1,0m for losses through the piping network we have a
head loss variation from 2,9m of water at initial flow to 15,1m of water at
maximum flow while employing a 2:1 recycle ratio. Therefore, it is
established that the pumps must be capable of delivering a maximum of
45,0m3/day against a total head of 14,Im of water. For this purpose the
air-operated doub]eédiaphragm pumps were selected as ideal to deliver constant
flow (controlled by air pressure) against heads ranging from 0 to 150 kPa.



NUTRIENT AND ALKALINITY SUPPLEMENT

It has been decided that the pretreatment of the influent to the reactor would
best be achieved by adopting the following scheme.

Clarified water will be fed from the Clarified Water Tank into a holding
tank. The head of water in the Clarified Water Tank will be sufficient to
maintain wastewater flow into the holding tank. This flow will be controlled
using a ball valve, which will maintain the tank at a constant Tlevel. The
holding tank will have a volume of approximately 1,5 cubic metres, and will be
continuously stirred..

Since the wastewater 1is acidic, pH adjustment is necessary. Concentrated
sodium hydroxide solution, available at the mill, will be used for- this
purpose. This will be pumped into the holding tank at a controlled rate,
determined by the feed flow to the U A S B reactor. v

To supply the required nitrogen and phosphate requirements, a ‘suitable
fertilizer will be pumped as an aqueous solution into the holding tank at a

rate determined by the feed flow to the U A S B reactor.

(1)  Sodium Hydroxide Usage

The wastewater, generally, has a pH of about 5. In Taboratory work at the
University of Cape Town sodium bicarbonate was used to adjust the pH to about
7,2. For a system with no recycle the sodium bicarbonate dosage was 5,0 grams
per litre of wastewater and for a system at a recycle ratio of 1 : 1 it was
~ possible to decrease the dosage to 2,5 grams per litre. To be on the safe
side a dosage of 3,0 grams of sodium bicarbonate per litre was assumed to be
adequate. | B ’ '

However, since concentrated sodium hydroxide solution is to be used instead of
sodium bicarbonate, the above dosage will have to be converted to alkalinities
to determine the sodium hydroxide dosage. |



The alkalinity equation is as follows:-

Total Alkalinity = [Hcoz | + 2 [coi| + [@H‘] - .[H¥]

- [; ] refers to concentration of species)

Each mmole of Hcog added is equivalent to an addition of 1 mmole alkalinity,
according to the above equation.

3,0g/1itre of NaHCO3 3000 mg/Titre
36 mmole/litre of NaHCO

3

i.e. Total alkalinity addition required = 36 mmole/Titre

“Now, for 1 mmole of sodium hydroxide added, it can be seen from the Total
Alkalinity equation that 1 mmole of alkalinity is being added.

NaOH dosage = Total Alkalinity required
= 36 mmole/Titre
= 36 x 40
= 1440 mg NaOH/Titre

Maximum feed flow = 15m3/day
| | = 15000 litres/day

NaOH usage = 15000 x 1440/1000
’ = 21600 g/day
= 21,6 kg/day

Available sodium hydroxide is a 47% solution with a specific gravity of
about 1,48. ‘ '

i
it

21,6/0,47
46,0/1,48

46,0 kg/day
31,1 Titres/day

NaOH solution usage

i
1}

Therefore, at maximum feed flow, maximum sodium hydroxide solution (47%) usage
will be 31,1 Titres/day (21,60 m1/min).



(2) Nitrogen and Phosphate Addition
.From laboratory work performed at the University of Cape Town, it was observed
that a COD:TKN:P ratio of 1000:5:1 was adequate to supply the required

nitrogen and phosphate for the system to operate at maximum efficiency.

~ For the mass load of 60kg COD/day:~

60 x 5/1000
= 0,30 kg N/day

Nitrogen requirement

Phosphate requirement | = 60 x 1/1000
' ' = 0,06 kg P/day

The .cheapest source of nitrogen and phosphate is fertilizer and the most
suitable one has been found to be a WONDER fertilizer with a N:P:K ratio of
3:1:5 and contains 8,7% N and 2,9% P. Based on the nitrogen requirement
calculated above, the fertilizer usage is calculated as follows:-

Fertilizer Usage ' = 0,30 kg N/day
0,087 kg N/kg fertilizer

= 3,45 kg fertilizer/day
 Therefore, the actual COD:TKN:P ratio will be 600:3:1.

The fertilizer will be pumped as an aqueous solution at a concentration -of
100 mg/litre using a suitable dosing pump.

Férti]izer usage = 3,45 kg/day

Fertilizer concentration = 100 mg/litre

Flow rate = 34,5 litres/day
‘ (24,0 m1/min)



BUDGET FIGURES FOR UASB PILOT PLANT

CAPITAL COSTS

4550 Titre Asbestos Tank
Collar and Cones

- 1350 litre Asbestos Tank

3 x 200 litre Plastic Drums
 PVC Pipes and Fittings .

Air operated double Diaphragm pumps (2)
pH Control Pump (NaOH) =~ ) in one
Dosing pump (fertilizer) ) cabinet
Stirrer (for fertilizer)

Stirrer (for holding tank)
‘Bitumen coating for asbestos tanks

RUNNING COSTS (at maximum flow)

Sodium Hydroxide (47%) =~
Fertilizer

SUPPLIER

Everite
Everite
Everite

Sappi

Astore Africa
Wilco Howard
Autrex

“Autrex

Sappi
Sappi
Everite
TOTAL

USAGE /DAY
46,0 kg

3,45 kg
TOTAL

COST

570,00
560,00
235,00
0,00
815,00

1 372,00
850,00
450,00
0,00
0,00
100,00

R4 952,00

" XXX o

o - - - - B s IS

COST/DAY

R 32,53
R 2,75

R 35,28/day
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APPENDIX B

- DAILY RESULTS FOR THE 25°C AND

. 35°C UASB LABORATORY REACTORS



SAPP1 25 degC REACTOR

Date Day Influent  Influent Filtered  Unfiltered Influent  Efflvent Loading  COD Retention

Flovrate  COD Eff}, COD EfF1. COD oM H Rate Remaval Time

(1/day)  (egC0O0/1)  (ngCOD/1)  (wglOD/1) (Kg/nd/ 4} 1] (hours)
13-2-8% { 10.5 490 189 228 1.4 8.4 0.57 61 20.6
14-2-84 2 {1.4 592 148 174 1.2 8.0 0.75 15 18.9
15-2-86 3 {1.0 522 {37 152 1.0 1.4 0.64 i) 19.6
{6-2-84 4 10.0 iR {12 134 1.0 1.0 0.59 19 1.6
11-2-86 5 1.9 532 90 102 14 6.9 0.4 83 30.9
18-2-86 b 8.0 505 84 102 1.1 6.9 o045 83 21.0
19-2-86 I 8.5 52 101 {28 1.3 6.9 0.49 81 5.4
20-2-86 8 8.5 535 9% {2 1.4 1.0 0.5 82 5.4
21-2-86 9 8.0 X 84 {21 1.5 14 0.74 90 1.0
22-2-Bb 10 9.0 820 118 135 1.3 1.2 0.82 84 4.0
23-2-8b 11 9.0 By 128 {55 1.4 1.3 0.82 84 4.0
0-2-8b 12 9.5 848 C{2b 170 1.5 1.} 0.90 85 2.1
25-2-86 13 9.0 854 {12 Ly 1.4 1.2 0.85 81 24.0
26-2-86 {4 NA NA NA [ KA KA NA KA
27-2-84 15 KA Mo NA KA NA NA NA NA NA
28-2-86 14 17.4 1054 167 238 1.4 1.3 2.04 82 12.4
{-1-84 {7 16.4 1615 209 230 1.1 14 1.83 o {3.2
2-3-86 18 {2.0 1061 19 b 1.6 1.4 1.42 82 8.0
3-3-84 19 9.8 {17 18] 204 1.6 1.4 {.18 83 2.0
§-3-86 20 9.8 1002 140 2135 1.6 14 {.10 84 2.9
5-3-86 i 9.2 1673 145 192 1.4 14 1.10 85 23.5
6-3-86 22 9.2 1449 195 28 1.4 1.2 1,50 87 3.5
1-3-86 23 9.0 {500 235 287 1.1 1.2 {.50 84 4.0
8-3-86 24 9.0 1522 246 281 1.1 1.2 {.50 84 24.0
9-3-86 25 9.0 1450 42 256 1.1 1.2 {.50 83 4.0
10-3-86 26 9.0 1534 250 Jod 1.1 1.3 1.50 84 1.0
11-3-86 21 9.0 nn 82 99 1.4 1.3 2.40 86 4.0
{2-3-86 28 9.0 1998 n 326 1.1 1.2 2.00 85 24.0
13-3-86 29 NA NA NA NA KA KA KA A NA
14-3-86 30 KA NA NA NA HA KA NA Mo NA
15-3-84 R} 9.0 1998 35 330 1.8 1.3 2,00 84 VLN
16-3-86 kY] 8.3 1975 293 I 1.1 1.3 1.80 85 26.0
17-3-86 13 8.5 1991 283 336 1.1 1.3 1.99 86 254
18-3-86 R]) 8.0 e - 339 39 1.4 1.2 2.1 89 1.0
19-3-86 35 9.4 29 449 308 1.6 1.2 I 85 23.0
20-3-85 3 - NA KA KA NA NA KA NA A KA
21-3-86 n NA KA NA NA A A A 1) KA
22-3-86 38 10.6 ik 503 563 1.4 1.2 3.70 B4 20.4
23-3-86 Rk} 10.4 J064 453 434 1.1 1.2 3.54 83 20.8
24-3-86 40 10,0 3037 9 538 1.1 1.2 3.7 84 1.6
25-3-8b y - 10.9 473 599 133 1.4 1. 97 87 2.6
26-3-8% 2 9.8 M59 . 69 184 1.1 1.3 §.86 83 2.0
21-3-8b 43 NA KA A A KA NA NA NA NA
- 28-3-8b L1 NA KA NA NA NA NA NA NA NA
29-3-86 15 NA NA A . NA A A NA NA NA
J0-3-86 L1} NA NA MA NA KA KA A NA NA
H-1-8b ) 9.8 4525 ©599 657 1.4 14 A% 87 22.0
{-1-85 48 9.8 442 . 581 My 14 1.2 RN 87 2.0
2-4-86 R} 13.0 4526 120 832 1.5 1.2 1.54 84 14.4



2-4-86
248
[ 2348
24-4-86
25-4-8b
26-4-86
21-4-8b
28-4-86
- 29-4-8b

18-5-86
19-5-84
20-5-86
2-5-86
12-5-84
23-5-86
24-5-86
25-5-86
2b-5-84

- 20-5-8b

28-5-84

- -0
= -

-0
= =

——
Rl —1

——
——
= - =

14.4-

14.2

NA
C o

153
386
693

WA
108

by -

b43
588

NA
A7)

90

88
608

NA
803
&n
697
14

HA
198
829
948
108

NA

- 86t

182
1190
495
hA
RA
L

810 -

639

NA
693

A
681
693
MA

870
1116
1190

— o~ ~d

—~ =4 -3 —~3 —~— = =
. - e w e e =

—

« e = e

== - - == - .
T dtd -~~~ oot Ly

~
== 3= .
> = =

—~d o~ —d

i A N - - -
T = > = =

-~~~ e e e —-—— -
e e e e e e e e a2

e = =
——— i PO e RO et i O D RO e e RO 3 RO RO RO - T

HA
6.0

1.60

4.85
6.3

WA
1.87
b.48
b.13
.19

NA
8.48
5.60
1.9
5.4

5.04
4.3
o)
4.8

KA
L)

NA
4.4
.63

NA
5.0
5.n
5.4b

5.85
.99
KA
.36
NA
b.78
6.58
HA
b.4b
1.4
NA

KA .

1.06
NA
8.0
1.0
1.4
1.98
1.0
KA
L4
WA
1.63
NA

1.09

NA
84
83
88
B3

84
85
83
B4

- MA

i
8t
&
8§
NA
84
84
87

g

NA
8
KA
87
88
NA
88
B8

8

HA
89
88
KA
88
KA
88
81
KA
86
83
HA
A
84
NA
84
85
83
85
82
NA
83
KA
83
HA
NA
84

14,5

WA
18.0
14.4
2.0
17.3

35
16.4
16.6
20.0
NA
12.4
18.0
13.5
0.t

.8
.2
2.0
2.5

2.5

NA
2.5
23.5

NA
0.2
19.3
1.2

19.3
19.6

KA
2.0

15.9

{5.9
NA
.7

NA

KA
15.4

KA
13.9
15.2
14.5
14.4
14.7

14,7
KA
15.0
KA
KA
15.2



17-b-86
18-6-86
19-6-8b
20-6-86
2-b-86
12-b-86
23-b-8b
24-b-Bb
23-6-86
26-6-86
21-6-86
28-b-8b
29-5-86

13-7-86
16-1-86
17-1-86
18-7-86
19-7-86
2-7-8b
2-1-86
22-1-86
23-1-86

106
101
108
109
{10
11|
112
113
14
115
116
17

118

119
120
17!
12
123
2
125
126
121

128

129
130
1k}
13
133
13
133
13

131
138

139
140
Ll

LY

143
144
143
146
1LY
148
149
150
15
132
133
134
153
136
15
158
159
160
161

HA

18.0
1.8
11.9
.1

1]

1.0
.3
.2
1.0

HA

"~ NA

1.0
.0
.2

.2
NA
HA
NA

20.9

2.0

19.7

2.0

14
KA

6.6
HA
HA

2.8

4492
4544

NA
4348
419
LR)
519
1579

NA
4609

HA
4517
4528
4413
4364
517

4436
NA
4610
1519
KA
NA
HA
NA
NA
4384
4548
408
4699

KA
4618
4383
457
4605

NA
M3
4575
1588

b
NA
HA
HA

Mn

LIy

4543

1494

59
WA

LR
HA
HA

b

365
335

NA
543
306
545
1)
53

NA

3bb
478
540
538
40
WA
340
NA
43
326
KA
NA
NA
NA
WA
679
584
336

- 380

HA
HA
6
629
0

389

— 3~

—~— 3
- e -

st\‘sjs‘z\‘z
T pe LN LN LN e e o T be P B D Ced D Ced Ced

— —
e - e =
> o = b

RO R RO 3 3 e Ged O LD

o= = 2= - -

e ]
T e mn > > >

-~
- e e s e

Y R e R

- - -
e e e = = e
Cad PO T PO T RO G PO PO RO D G T e ROl G

1.3
1.5

NA
1.10
8.06
.n
8.89
8.75

NA
8.81

HA

. .48

8.40
8.4
8.19
8.53
RA
8.38
HA
9.2
9.16
NA

NA

HA

HA

KA
8,78
8.99
9.16
{1.12
NA

HA
10.78
10.93
10.m
10.75
NA
NA

10.39.

10.68
10.81

10.40
HA
HA
RA

10.49

10.87

9.9

13.48
13.84

2.2
NA
HA

1.2



162
163
64
165
166
147
168
149
170
1
m
1
17
{75
17
i
178
19
180
181
182
183
184
185
186
187
158
189
190
191
192
193
194
195
19
197
198
199
200
201
202
0
204
205
20
201
208
209
20
1
A2
13
i
215
26
il

1.0

3.0
1.0
139
4

NA

32,5
32.5

40,0
40.0

NA
1.5
19.8
0.2

HA
3.0

1A

NA
8.8
2.2
44.8
1.1

—~ —~d

~ —~
el Tmme e X
- T P

R
T L LN e LN LN L D e

K

— 3
Cmd P el B

~ o~ ~ —~
D e e e Tmoe e T
T o b De P e e D Ged P T PR L D P

J—
“ e = % P e
T 3 RO T = e

—-—
= = -
> > rad

—
> Cad Ed Gl

o~ o~
= -

o~ wownwn wnown o o~ o~ O~ o~ O o o~ o o~~~ -~ ~ o~~~
.zz.z...zz-z..zz.....zzz- s T mme e me A e -
won--@::—z»mpa—.huw:—».:-.h::—m@))Nu"-..n-..nw)))w:b-aca:bm\aw:b\a&.b-ﬁmm-h

e be LN LA



* 18-9-86
19-9-84
20-9-86
2-9-8b
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SAPP1 35 degC REACTOR

Date

171-3-86
18-3-86
19-3-86
20-3-86
-1-86
22-3-86
23-1-86
U-3-86
23-1-86
2b-1-86
71-3-86
“28-3-86
29-3-86
J0-3-86

23-4-86
24-4-8b
25-4-86
26-4-86
21-4-86
26-4-86
29-4-86
J0-4-86

Day

~0 QA0 - O LN e G RS -

10
il
12
13
14
13
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i1
18
19
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U

2.

A
24
2

2.

n
[
3]

10

R
n
i
A ]
3
3
A
A1
1
f0
i
n
X!
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1
8
A8
9

D O O O ~O ~0 ~0 ~0 ~0 O O O -0
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S o o mon 0o 0o O0 OB
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= -
=~ O~ OO
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cop
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8

300

"9

Filtered
Effl, COD
(egC0D/1)

181
HA
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HA

193

193

168

Unfittered Influent

Effl. COD
{egCOD/)

NA
NA
NA
NA
WA
211

05

181
25

NA

WA

NA

HA

NA
250
26
9
436
468
430
176
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351
m
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10
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346
b14
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1043
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N
N
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P ¥ ¥ ¥ % RN T
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Loading
Rate
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0.5
HA
NA
HA

KA

0.6
0.38
0.58
0.83
KA
HA
WA
HA
WA
1.09
L]
1.6
1.6b
1.68
1.12
1.1
1.62
1.36
.19
1.52
f.84
1.1
HA
2.8
.60
[
1
HA
2.9
C 5
5.19
4.8
WA
.02
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L4
NA

.
5.50
5.92
5.8
HA
5.94
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(ob
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1
81
HA
83
KA
86
WA
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HA
85
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Tine
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NA
NA
KA
NA

2.4

20.8

1.6
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APPENDIX C

‘ v 35°C UASB LABORATORY REACTOR

f,PROFILING RESULTS



Reactor profiling experimental results - Test I

Sagmple {60 Graanic-N  HHI-N Sulphate VFA-HAc  VFA-HPr H
Part {aaClR/1)  (maliil) (mgl/1)  (maS04=/11  (ma/1}  {mg/1)
] 4433 0.0 7.0 148 175, 175 7.60
| 1 19.9 9.4 104 1050 ¥ 1.22
s 2604 #H.0 27,1 ] 525 475 1.25
3 1985 3.5 5.4 i B 115 1.43
§ 1365 17.9 3.9 0 {3 40 1.52
3 1643 14.2 34,2 i 18 23 1.56
6 962 10.1 35.0 ] {3 {0 1.51
7 42 9.2 15,0 i 13 {4 1.54
§ §20 1.0 15.4 G 13 14 1.37
§ §3% 5.7 354 4 5 li 1.59
i 977 - 14,0 34.4 i 5 i 1.59
i1 977 0.4 35,0 0 & 1 7.59
2 980 12.9 3.5 i 5 ] 1.58
i3 939 14,3 33,4 { 5 ] 8.03
Reactor profiling experimental results - Test 2
Gample ton  Oroanic-N HH3-§ Sylphate  VFA-HAc  VFA-HPr rH
Port (malO0/1}  lagh/1) {mali/ 1) (ra504=/1)  (ag/1)  (ma/1)
{ 1544 0.0 4.6 piili 1180 579 1.40
{ - 72961 i1.8 a2 74 5875 150 1.18
2 1933 “20.4 Hd4 0 335 275 1.18
3 1713 23.8 3.9 ] 50 100 1.5
4 q00 11.7 W { b 0 1.55
3 812 11.4 12.2 ] {2 ) 7.;?
b 833 7.7 3.6 { 9 0 Z.Jﬁ
1 g3 - 114 331 0 0 7.59
8 915 18.7 Jz.8 ] b 0 7.?8
9 g59 7.4 1.0 S 5 {i 1.51
10 810 14,2 3.8 v 0 ) 1] 1.54
i1 Bz7 13.4 32,5 b 3 0 1.55
iz 761 8.7 1. 0 3 1 1.5%
1] 807 9.8 13.4 ] i b 8.10



Reactor profiling experimental results - COD of influent 2600 mg/L

Sample (0o Organic-N HH3-N Suiphate UFA-Hac  VFA-HPr pH
Fort {saf0B/1)  imafifl} {gali/ 1) imgs04=/1y  Ieg/1)  fmgil)

o>

2632
200
1850

1357

110

884
478
b78
707
b33

o g W
LR B
oM
o B W
q 7SR TY
0 th X
1 3
] t6 1
i 3

i {& 3

— )

s CFS P
Al e e e e W a
¢ ed 4 e e LA D )

T

EF e RN o = LU I CHE )

i PN e e Pel e
“ - - . e e w o e .
K= SN NI S IR R B B S o~ I ou e . T o ISV P )

Cond Tnd teim D oll o

e B B Bt ) S B R R Wy |

€n eed O LT o ) bud e
Cad B Bk Cd P33 P fad oot oim

(2%

[N}
[
w PR
Kad Ted LI CR3 0
B I I N B e R R I I S )
w e om om o om - .

-~
- -
€3 Cad Laed Eoad Led Cod Cod Bd Cad Ed Folt o

[0l

O SR XS P Lad Cad e O3
. . - -

{0 b8J { th 1 1.36
it &74 1. i 16 18 7.3k
1z 635 .4 f ib 3 107
il 584 i 3.8 i 7.81

ia 38

Reactor profiling experimental results - recycle ratio 1 : 1,
alkalinity addition 6g NaHCO,/¢

Sulphate VYFA-HAc  VFA-HPr rH

Sagple I Drganic-N HMIY :
M=) isadl) (wadl)

Port  {palOD/V} — (pall/) {zali/])

A70C .
2795

whim

GLV

478 W LA

]
2 bt

[
[
[l

g 1814 {4 U {75 1.3z
{ 1285 5.7 7.5 i 148 i3 1.8
i 1040 7.4 5.2 ] 179 Kl .3
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Reactor profiling experimental results - recycle ratio 1 : 1,
alkalinity addition 3g NaHCO,/¢ _
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