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SYNOPSIS

BACKGROUND AND MOTIVATION

Anaerobic digestion has developed technologically to such an extent, that it has
established itself as a reliable method for sludge stabilization. Furthermore, it has proven
itself technologically feasible in reducing the volumes of sludge with the production of
energy rich biogas (methane). Accordingly, the application of anaerobic digestion to the
stabilization of sewage sludges (primary and waste activated) is widespread worldwide,

and this research project focuses on this application.

Despite its widespread application, the design, operation and control of anaerobic
digesters treating sewage sludges still is largely based on experience, or empirical
guidelines. To aid the design, operation and control of (and research into) anaerobic
digestion, a mathematical model would be an invaluable process evaluation tool.
Mathematical models provide quantitative descriptions of the treatment system of
interest. By providing quantitative descriptions, they allow predictions of the system
response and performance to be made. From the predictions, design and operational .
- criteria can be identified for optimization of the system performance. Also, matheméticai
models are very useful as research tools. By evaluating the model predictions, it is
possible to test hypothesis on the behaviour of the system (e.g. biological processes, their

response to system constraints, etc.) in a consistent and integrated fashion.

Recognising the potential usefulness of mathematical models various researchers have
developed such models for anaerobic digestion. However, the vast majority of these
models have focussed almost exclusively on the biological processes operative in the
anaerobic digester. (e.g. Hill and Barth, 1977; Gujer and Zehnder, 1983; Sam-Soon et al.,
1991; Kiely et aZ.,‘ 1996). By focussing on the biological processes it is implicitly
accepted that: (i) the biological processes take place within a regime of constant pH, (ii)

chemical and physical processes (e.g. precipitation and gas stripping respectively) play an



insignificant role compared to the biological processes and accordingly can be neglected
or rudimentarily incorporated, and (iii) compounds not directly involved in the biological

processes of interest, even though present, do not significantly influence their behaviour.

In anaerobic digestion, however, pH does play a very important role in regulating the
processes, especially as many of the processes have been shown to be extremely sensitive
to pH changes. Since acetic acid is produced as the main intermediary product in
anaerobic digestion, the assumption of a constant pH regime clearly becomes invalid.
Furthermore, as alkalinity is routinely used as a measure of predicting the state of health
of anaerobic digesters by many operators, compounds not part of the anaerobic processes,
but influencing alkalinity become important. Additionally, in some anaerobic digestion
systems precipitation of minerals is significant, either within the digester itself, or in
pipework leading from the digester (e.g. Borgerding, 1972; Mamais et al, 1994).
Accordingly, a complete kinetic model for anaerobic digesters should include the
biological processes, aqueous phase weak acid/base chemistry with pH explicitly
included, aqueous/gas phase gas exchange (in particular CO,) and solid/aqueous phase

mineral precipitation.

Musvoto et al. (1997; 1998) have developed a kinetic weak acid/base chemistry model
aimed at integration with existing biological models. This model is based on general
principles according to which any weak acid/base specie can be added, to form a
cdmpiete pH interlinked weak acid/base chemistry system. The model was also extended
to include the full three phase gas/aqueous/solid weak acid/base chemistry. As the entire
model used kinetic rate equations to describe the different processes taking place, it is
ideally suited for integration with any existing kinetic model describing biological

processes.

Thus, the Musvoto et al. (1996; 1998) model can form a useful starting point for the
development of a kinetic model that completely describes the three phase
(solid/aqueous/gas) biological, chemical and physical processes operative in anaerobic

digestion of sewage sludge — this is the main objective of this research project.
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PRINCIPAL AIM

The principal aim of this research project was to:
¢ Develop a three phase (aqueous/gas/solid) kinetic model describing the anaerobic
digestion of sewage sludges, which integrates the biological, chemical and

physical processes.

To achieve the aim above, the research project was divided into two main phases:
¢ Development and evaluation of a kinetic model that describes the three phase
chemical and physical processes possibly operative in the anaerobic digestion of
sewage sludges, and
» Develop an integrated two phase (aqueous/gas) biological, chemical and physical
model aimed at describing the anaerobic digestion system,k with SCFA and

alkalinity as two prominent components describing the stability of the digester.

If the above two phases could be completed, then the two kinetic models could be readily
integrated, to form a complete three phase model describing anaerobic digestion of
sewage sludges. However, due to the lack of available comprehensive data in the
literature, and the constraints of time the integration of the two models falls beyond the

scope of this research project.

MODEL DEVELOPMENT

As set out above, the research project was divided into two main phases towards

developing the model.

Phase I: Three phase chemical and physical processes kinetic model
First, it was decided to evaluate the kinetic model (as developed by Musvoto ef al., 1998,

2000a, b, c) that describes the three phase (aqueous/solid/gas) chemical and physical
processes likely to be operative in the anaerobic digestion of sewage sludges. The mineral

precipitation problems in units treating sludge from anaerobic digesters being



experienced by the Cape Flats Wastewater Treatment Plant (Cape Town), presented an

ideal opportunity to gather data against which the model of Musvoto ef al. could be

evaluated extensively, and to use the model to gain insight into the mineral precipitation

problem. A series of experimental investigations were carried out on ADS drawn from

the anaerobic digesters at the Cape Flats Wastewater Treatment Plant. These included

batch aeration tests, pH controlled experiments and extended pH controlled experiments.

The kinetic model of Musvoto et al. (1998; 2000a, b and ¢) was then applied to the

experimental results to address the tasks above. From this investigation, with vregard to

the mineral precipitation the following conclusions could be made:

The dominant mineral that precipitates is struvite. For the batch test conducted,

struvite was dominant (516 mg// as MgNHPO,.6H,O = 97% of mass of
precipitant), followed by ACP (16.8 mg//as Ca3;(POs): = 3% of the mass of

precipitant), and negligible newberyite, calcite and magnesite = precipitate.
Similarly, for the extended pH change test, the dominant mineral that precipitates

is struvite (217mg// as MgNH,PO4.6H,O = 99.8% of mass of precipitant),
followed by very small amount of ACP (0.36 mg//as Ca3(POs): = 0.2% of the

mass of precipitant), and negligible newberyite, calcite and magnesite precipitate.
These observations are similar to those of Musvoto e al. With the large volumes
of ADS passing to the pelletization plant, this represents substantial precipitation -
potential.

The precipitation of struvite is stimulated by the increase in pH when CO; is lost
from the ADS. Within the anaerobic digester, the partial pressure of CO, is high
due to anaerobic processes acting in the digester. When the ADS leaves the
digester it comes into contact with atmospheric conditions where the partial
pressure of CO, is much lower than inside the digester. This causes CO; loss
from the ADS to the air, until equilibrium between the CO; concentration in the

ADS and the air is reached: Loss of CO; can also be caused by pressure drops at

_pipé bends, pumps, etc. The loss of CO; represents an increase in acidity which

means that the pH of the ADS will increase. This increase in pH causes struvite

to become supersaturated, and hence it precipitates. Increasing the pH by addition



of NaOH also results in struvite precipitation and confirms that the increase in pH
ts the primary process driving the struvite precipitation.

When the ADS leaves the digester, it is initially undersaturated with respect to
struvite. Depending on the initial conditions in the ADS, significant struvite only
starts precipitating when the pH increases above pH = 7.3 to 7.7. This indicates
that if the pH of the ADS can be maintained below about 7.3 along the sludge
treatment line, then significant struvite precipitation will not take place.

With aeration, the critical pH for struvite precipitation is reached after 40 to 60
minutes aeration. However, this time will depend on a number of factors,
including aeration rate, initial pH, buffer capacity, initial P and Mg
concentrations, etc.

With aeration, the loss of CO, from the ADS causes the pH to increase which
stimulates struvite precipitation. Initially, the rate of CO;, loss is rapid. However,
as the partial pressure of CO; in the ADS approaches that in the atmosphere, the
rate of CO, loss and consequent pH increase slows, and this effectively slows the
rate of struvite precipitation with time. The maximum pH reached with aeration
was about pH = 8. However, from about pH = 7.8 the rate of pH increase with
time was very low, and consequently, the struvite precipitation effectively ceased.
The pH = 7.8 was reached after about 80 minutes. However, this time will
depend on a number of factors, including aeration rate, initial pH, buffer capacity,
initial P and Mg concentrations, etc.

The rate of struvite precipitation is very fast, so that essentially, in the aeration of
the ADS from Cape Flats, struvite is at equilibrium between the precipitant and
soluble species at all times. Thus, in this case the rate of struvite precipitation is
not limited by the precipitation kinetics, but rather by the rate in increase in pH
through aeration.

The amount of struvite that precipitates is limited by two factors: With aeration to
increase pH, the struvite precipitating is limited by the final pH reached and the
H initial Mg concentration present - if the initial Mg concentration is increased, then
more struvite precipitates. With addition of NaOH, the struvite precipitating is

limited by the initial Mg concentration present - after precipitation the Mg
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concentration is very low, while significant concentrations of P and N are still
present.
The initial concentrations of P and Mg in the ADS were variable, with P ranging

from 89 to 190 mgP/{ and Mg from 29 to 67 mgMg/{ This is probably indicative

of the variable performance of the activated sludge system with regard to BEPR.
The higher P concentrations are in agreement with values measured for

anaerobically digested BEPR sludges in Johannesburg, at 150 to 250 mgP//

(Pitman, 1995). Should BEPR become more reliable in the activated sludge
system at Cape Flats, consistently higher P and Mg concentrations can be
expected, with the resultant larger masses of struvite precipitating.

The change in FSA due to struvite precipitation is insignificant compared with the
amount of FSA present. Thus, FSA does not provide a reliable assessment of
struvite precipitation, and will not limit the amount of struvite that potentially can
precipitate.

The increase in pH with aeration also stimulates precipitation of ACP. However,
as noted above, the mass of ACP precipitating is relatively small compared with
struvite. The ADS is initially undersaturated with respect to ACP, and ACP
precipitation initiates only after the pH increases above 7.7.

In running experiments on-the ADS, the solids concentrations were so high that
the ADS could not be effectively filtered. Accordingly, the ADS was allowed to
settle for 5 days and the supernatant used for the experimental investigations.
Accordingly, the effect of solids concentration on mineral precipitation could not
be evaluated, e.g. factors such as surface area for nucleation of minerals,
inhibition or poisoning of crystal growth. However, the effect of solids is not
expected to be significant, because theoretical modelling of the precipitation gave
close ccrréépondence with measured values.

In the experimental in\fj:s‘tigation it was found that filtering samples through
0.45um filters caused significant CO; loss, which resulted in increase in pH. To
counter this, the samples should be acidified prior to filtration with these filters.
The pH change tests provide a simple rapid method to assess struvite precipitation

potential.
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With regard to the kinetic model of Musvoto ef al.:

e Keeping the default values for the model constants except for the struvite
precipitation rate (increased from 300/d to 1000/d), close agreement was obtained
between theoretically measured and predicted values, for pH, Mg, Ca, Cr, FSA
and Pr.

o The kinetic model of Musvoto ez al. adequatgly describes integrated three phase
chemical and physical processes modelling.

» The inherent value of such a model was clearly demonstrated.

Phase II: Two phase biological, chemical and physical processes kinetic model.

This phase was aimed at developing a two phase (aqueous/gas) integrated biological,
chemical and physical processes kinetic model for the anaerobic digestion of primary
sewage sludge. Accordingly, the following tasks were identified towards completion of
this phase:

¢ Develop a kinetic model for describing the biological processes operative in the
anaerobic digestion of primary sewage sludges.

s Integrate the weak acid/base chemistry and CO; gas exchange model developed
by Musvoto et al., (1997; 1998; 2000a, b) with the biological mode! above, for a
complete description of the two phases in the anaerobic digestion of primary
sewage sludges.

e Calibrate and validate the model using experimental data available in the
literature.

The proposed model was developed in stages. First, the biological processes kinetic
model was set up. Then the weak acid/base chemistry kinetic model as developed by
Musvoto et al. (2{)}{')0) was integrated with the biological reactions. The complete model
was then calibrated and validated against the experimental data set of Izzet et al. (1992).

Finally, the model was modified and applied to examine anaerobic digester failure.
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Biological processes kinetic model

The biological processes kinetic model was based on a modification and simplification of
the Gujer and Zehnder (1983) reaction scheme. In setting up the biological processes
kinetic model, of note were:

¢ The primary sludge was formulated as a generic organic representing the
combined carbohydrates, lipids and proteins.

e The primary sludge was hydrolysed to the intermediate organic glucose, since the
anaerobic pathways with glucose are well established.

e The effect of hydrogen partial pressure (pH,) on the anaerobic pathways was
incorporated.

* With the exception of the hydrolysis process, formulations for the kinetic rates of
the processes were in terms of the appropriate organism group growth rates.

»  Where possible, formulations for the kinetic rates were drawn from literature.

e For the hydrolysis processes, the conventional first order rate formulation was
rejected, and replaced by planar surface saturation kinetics, similar to that used for
the hydrolysis of slowly biodegradable COD in activated sludge systems (Dold ez
al. 1980). This was to eliminate the shortcoming of the first order expression, of
varying specific rate constants for different systems.

o The stoichiometry for 'the processes was developed from the established .

biochemical reactions.

Weak acid/base chemistry kinetic model

This section of the model was taken directly from that developed by Musvoto et al.
(1998; 2000c). However, since propionic acid is a key intermediate in the anaerobic
digestion process, this weak acid/base was added to the model, by following the approach

of Musvoto et al.

Model calibration ; e
Where possible, values for model constants were drawn from the literature. However, due
to the novel formulation of the hydrolysis process, three aspects required calibration:

e Stoichiometric formulation of the primary sludge



Hydrolysis process maximum specific rate and half saturation constant.

Unbiodegradable fraction of the primary sludge.

Values for these were determined from the experimental data set of [zzet et al. (1992). In

this calibration exercise, it became evident that:

The stoichiometrical chemical formulation used for the primary sludge is crucial.
This formulation in effect determines the amount of N and C contained in the
influent per measured COD, and hence determines (i) the total N and C that
leaves the system, (ii) the production of NH; in the hydrolysis and therefore H”
consumption (alkalinity generation), (iii) the relative amounts of CHs and CO; in
the gas, and (iv) the amount of inorganic C dissolved in the effluent. For the N,
this could be determined from measurements on the influent TKN and FSA, as the
organic N content of the primary sludge (TKN -~ FSA). However, for the C this
had to be determined from a C mass balance on the experimental data. Accepting
these, the formulation for the primary sludge was found to be C;sH70:No 19s.
However, it is not certain whether this formulation is general or restricted to the
Izzet et al. (1992) data. Recognising the importance of the formulation in the
modelling efforts, clearly this is an area that requires further investigation.

A single pair of hydrolysis rate constants could adequately describe the data of
lzzet et al. (1992), see Chapter 6, Section 6.3.6. »

The unbiodegradable fraction of the primary sludge in the lzzet et al (1992)
experiments was 36%. This corresponds to the value determined by O’Rourke ef

al. (1968) in an independent investigation.

Model validation

The model was validate by application to the data set of Izzet er al. (1992). From this

application:

With a single set of constants, close correlation could be achieved between
predicted and measured results for:
- o effluent COD

o effluent free and saline ammonia (FSA)

o effluent short chain fatty acids (SCFA)



o effluent H,CO;" alkalinity
o effluent pH
o CO; gas production
o CH, gas production
o pCoO,
This lends substantive support to validating the model.

e The advantage of the proposed planar surface saturation kinetics for the
hydrolysis rate over the conventional first order kinetics was clearly demonstrated
— with a single pair of hydrolysis rate constants the observed behaviour could be
correctly predicted for all retention times (7 to 20 days), whereas the first order
kinetics requires different rate constants for each retention time. This indicates
that the proposed hydrolysis kinetics are more general.

* The interactions between the biological processes and weak acid/base chemistry
could be correctly predicted for stable steady stae operation of anaerobic
digesters.

e ]t was recognized that the same data set was used for calibrating the hydrolysis
process (Chapter 6, Section 6.3.5) and validating the model. Accordingly it was
proposed that future work should examine application of the model to other data
sets in the literature. However, sufficiently comprehensive data sets are not

readily available.

Digester failure

Having shown that the model can accurately predict stable anaerobic digester behaviour,
the model was modified to incorporate literature reported sensitivities of acetoclastic and
hydrogenotrophic methanogens to pH. This proved possible since weak acid/base
chemistry, particularly pH, were explicitly included in the model. The resultant model
was then used to simulate digester failure, caused by temporary inhibition of the
acetoclastic methanogens. The resultant failure process correlates well with observations
reported in the literature. This demonstrates the usefulness of the developed kinetic

model.
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Fe

DESCRIPTION

Acetate

Acetyl coenzyme A

Amorphous calcium phosphate
Anaerobic digester liquor

Adenosine diphosphate

Anaerobic digester supernatant
Alkalinity

Adenosine triphosphate

Biological excess phosphorus removal
Calcium ion

Calcium carbonate (Calcite)
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CHAPTER 1

INTRODUCTION

1.1 RESEARCH BACKGROUND

Anaerobic digestion is one of the oldest biological wastewater treatment processes, dating
back more than a century. With the development of digester heating and mixing,
anaerobic digestion has established itself as the most common method of sludge
stabilization, and has proven to be technological feasible also in reducing the volumes of
sludge with the production of energy rich biogas. Anaerobic digestion has been shown to
work for a number of organic studges, ranging from municipal waste activated and
primary sludges (Kayhanian and Tchobanoglous, 1992; Cout er al, 1994) to industrial
organic sludges and agricultural slurries (Hill and Barth, 1977). In particular, the
application of anaerobic digestion to the stabilization of sewage sludges (primary and
waste activated) is widespread worldwide, and this research project focuses on this

application.

Despite its widespread application, the design, operation and control of anaerobic
digesters treating sewage shudges still is largely based on experience, or empirical
guidelines. To aid the design, operation and control of (and research into) anaerobic
digestion, a mathematical model would be an invaluable process evaluation tool.
Mathematical models provide quantitative descriptions of the treatment system of
interest. By providing quantitative descriptions, they allow predictions of the system
response and performance to be made. From the predictions, design and operational
criteria can be identified for optimization of the system performance. Also, mathematical
models are very useful as research tools. By evaluating the model predictions, it is
possible to test hypothesis on the behaviour of the system (e.g. biological processes, their
response to system constraints, etc.) in a consistent and integrated fashion. This may

direct attention to issues not so obvious from the physical system, and lead to a deeper



1.2

- understanding of the fundamental behavioural patterns controlling the system response.
In essence, mathematical models can provide a refined framework which can direct

thinking (design, operation or researchy).

Recognising the potential usefulness of mathematical models, in the literature various
researchers have developed such models to describe anaerobic digestion, aimed at
improving understanding of the process (e.g. Hill and Barth, 1977; Gujer and Zehnder,
1983; Sam-Soon er al., 1991; Kiely ef al., 1997). However, the vast majority of these
models have focussed almost exclusively on the biological processes operative in the
anaerobic digester. By focussing on the biological processes it is implicitly accepted that:
(i) the biological processes take place within a regime of constant pH, (ii) chemical and
physical processes (e.g. precipitation and gas stripping respectively) play an insignificant
role compared to the biological processes and accordingly can be neglected, and (iii)
compounds not directly involved in the biological processes of interest, even though

present, do not significantly influence their behaviour.

In anaerobic digestion, however, pH does play a very important role in regulating the
processes, especially as many of the processes have been shown to be extremely sensitive
to pH changes. Since acetic acid is produced as the main intermediary product in
anaerobic digestion, the assumption of a constant pH regime clearly becomes invalid.
Furthermore, as alkalinity is routinely used as a measure of predicting the state of health
of anaerobic digesters by many operators, compounds not part of the anaerobic processes,
but influencing alkalinity become important. Additionally, in some anaercbic digestion
systems precipitation of minerals is sighiﬁcant, either within the digester itself, or in
pipework leading from the digester (e.g. Borgerding, 1972; Mamais e/ al, 1994).
Accordingly, a complete kinetic model for anaerobic digesters should include the
biological processes, aqueous phase weak acid/base chemistry with pH explicitly
included, aqueous/gas phase gas exchange (in particular CO,) and solid/aqueous phase

mineral precipitation.
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Musvoto ef al. (1997; 1998; 2000a, b and c) have developed a kinetic weak acid/base
chemistry model aimed at integration with existing biological models. This model is
based on general principles according to which any weak acid/base specie can be added,
to form a complete pH interlinked weak acid/base chemistry system. The model was also
extended to include the full three phase gas/aqueous/solid weak acid/base chemistry. As
the entire model used kinetic rate equations to describe the different processes taking
place, it is ideally suited for integration with any existing kinetic model describing

biological processes.

Thus, the Musvoto et al. (1997, 1998; 20002, b and ¢) model can form a useful starting
point for the development of a kinetic model that completely describes the three phase
(solid/aqueous/gas) biological, chemical and physical processes operative in anaerobic
digestion of sewage sludge. The development of such a model is the main objective in

this research project.

1.2 PRINCIPAL AIM

The principal aim of this research project was to:

e Develop a three phase (aqueous/gas/solid) kinetic model describing the anaerobic
digestion of sewage sludges, which integrates the biological, chemical and

physical processes.
To achieve the aim above, the research project was divided into two main phases:
e Development and evaluation of a kinetic model that describes the three phase

chemical and physical processes possibly operative in the anaerobic digestion of

sewage sludges, and
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. Develop an integrated two phase (aqueous/gas) biological, chemical and physical
model aimed at describing the anaerobic digestion system, with SCFA and

alkalinity as two prominent components describing the stability of the digester.

The two kinetic models would be evaluated with data from the literature where possible;

where data are not available, this will be collected through experimental investigations.

If the above two phases could be completed, then the two kinetic models could be readily
integrated, to form a complete three phase model describing anaerobic digestion of
sewage sludges. Due to the lack of available data in the literature, and the constraints of

time the integration of the two models falls beyond the scope of this research project.

1.3 RESEARCH APPROACH

The research was divided into a two main phases, and in each a number of tasks were

identified for completion of the project:

Phase I: Three phase chemical and physical processes kinetic model.

Musvoto ef al. (1998, 2000a, b) have developed a kinetic model describing the aeration
treatment of anaerobic digester supernatant. This model includes the three phase chemical
and physical processes operative in such a treatment scheme. Since the model is based on
kinetics, it can be readily integrated with a kinetic model describing the biological
processes. Accordingly, it was decided to accept this model for this phase of the research
project. However, the model would be extensively evaluated against experimental data,
and modified if necessary. The Cape Flats Wastewater Treatment Plant (Cape Town,
South Africa) was experiencing mineral precipitation difficulties in unit processes
treating sludges from the anaerobic digesters, e.g. in the centrifuges and pipelines. This
presented an ideal opportunity to evaluate the Musvoto et al. (1998; 2000a, b) model, and
to gain greater insight into the mineral precipitation problem at the Cape Flats

Wastewater Treatment Plant. Thus, specific tasks identified for this phase were:
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Evaluating the kinetic model of Musvoto ef al (1998, 2000a,b), and

Gaining insight into the mineral precipitation problem at the Cape Flats
Wastewater Treatment Plant and providing possible solutions to resolving the

problem.

The above would be achieved through:

&

Experimental tests on the anaerobic digester supernatant (aeration and chemical)
Modelling the test results to determine:
o The ability of the kinetic model to correctly predict the observed
behaviour
o From the predictions to determine:
¢ the types of minerals that precipitate
0 the concentrations of the different minerals that form
¢ the mineral precipitation and gas stripping rates
O

mineral precipitation potential and rates.

Phase I1: Two phase biological, chemical and phvsical processes kinetic model

In this phase, the following specific tasks were identified:

Develop a kinetic model to describe the biological processes operative in the

anaerobic digestion of sewage sludges.
Integrate the weak acid/base chemistry model developed by Musvoto ef al,
(1997, 1998; 2000a, b) with the biological model, above for a complete

description of the two phases in the anaerobic digestion of sewage sludges.

Calibrate the model using experimental data available in the literature.
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1.4 REPORT LAYOUT

To address the objectives above, the research report details:

o Chapter 2 -

e Chapter 3 -

® Chaptei 4 -

e Chapter 5 -

Literature review of the biological processes in anaerobic digestion,
as well as the three phase chemical and physical processes model
developed by Musvoto ef al. (1997; 1998; 2000a, b).

Application of the three phase chemical and physical model of
Musvoto ef al to investigate mineral precipitation in anaerobic
digester supernatant from the Cape Flats Wastewater Treatment
Plant.

Development of an integrated two phase (aqueous/gas) biological,
chemical and physical processes kinetic model for the description of

anaerobic digestion of sewage sludges.

Calibration and validation of the model developed in Chapter 4 using

experimental data from the literature,



CHAPTER 2

LITERATURE SURVEY
2.1  INTRODUCTION

Anaerobic digestion is among the oldest biological wastewater treatment processes,
having first been used more than a century ago (McCarty, 1981). The development of
digester heating and mixing, has led to anaerobic digestion establishing itself as one of
the most common methods of sludge treatment. Advances made in the area of anaerobic
digestion has seen the process also being applied to include agricultural wastes (e.g. plant
reSidues, animal waste) and food processing wastewaters, all of which are considered

concentrated wastes (i.e. high content of biodegradable organics).

Among the advantages of anaerobic treatment is the production of methane gas, a useable
source of energy. In contrast, aerobic processes require energy input in operation for
oxygen supply. In addition, the synthesis of biclogical cells during anaerobic treatment is
considerably lower than with aerobic processes, tending to minimize sludge disposal
problems and nutrient requirements. Recognition of the advantages of anaerobic
processes over those of aerobic processes, has led to the development of new anaercbic
process configurations capable of treating medium and low strength soluble and colloidal

wastes (e.g. municipal wastewater) (Jewell, 1987).

Process kinetics plays a central role in the development and operation of anaerobic
treatment systems; incorporated in an appropriate model, kinetics provide a rational basis
for process analysis, control and design. In this research project, the objective is to
develop such a kinetic model, to describe the processes operative in anaerobic digestion
of sewage sludges. In the anaerobic digestion of sewage sludges, biological, weak
acid/base chemistry, gas exchange/loss and mineral precipitation processes will be of
importance. Accordingly the kinetic model should incorporate these processes. In this

Chapter, a brief review of these processes is presented.
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2.2  BIOLOGICAL PROCESSES

To ensure surety in kinetic model application, the biological processes incorporated
should be based on an understanding of the biochemistry and microbiclogy of the
biologically mediated reactions. This section presents an overview of the biological

processes common to anaerobic digestion systems.

The anaerobic degradation of complex, particulate organic materials has been described
as a multistep scheme of series and parallel reactions/processes (Kaspar and Wuhrmann,
1987, Gujer and Zehnder, 1983). The 6 step reaction scheme as adapted from Gujer and
Zehnder (1983) 1s shown in Fig 2.1.

First, complex polymeric materials such as polysaccharides, proteins and lipids (fats and
grease) are hydrolyzed (Step 1) by extra cellular enzymes to soluble products of a size
small enough to allow their transport across the cell membrane. These relative simple,
soluble compounds are fermented (Step 2) or anaerobically oxidized (Step 3) to short
chain fatty acids, alcohols, carbon dioxide, hydrogen and ammonia. Some of the products
of hydrolysis also end up as intermediary products (propionate, butyrate, etc.). The
intermediate short chain fatty acids (other than acetate) are converted to acetate,
hydrogen gas and carbon dioxide through a process called acetogenesis (Step 4). Lastly,
methanogenesis occurs from carbon dioxide reduction by hydrogen (Step 6) and from

acetate cleavage (Step 5).

The above reactions are all biologically mediated by micro-organisms. Microbiological
reactions are autocatalytic; meaning the catalyst for the biologically mediated reaction
(i.e. micro-organisms, a microbial population) will be produced by the reaction itself.
Therefore, in a complex biological system, such as an anaerobic digester at steady state,
the size of each distinct group of micro-organisms mediating specific biological reactions
will be proportional to the flux of its corresponding substrate in the system, the constant

of proportionality being the organism yield.
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Fig 2.1: Reaction scheme for the anaerobic digestion of polymeric materials.
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Therefore, the composition of the microbial population of a reactor will depend greatly
on the feed material and its composition. However, since micro-organisms are also
sensitive to the operating conditions (e.g. pH, temperature, residence time) their
populations will depend on these also, as well as the stoichiometry of the reactions
involved. In the reaction scheme as described in Figure 2.1, four distinct microbial groups
are identified (Massé and Droste, 1999). The major groups of bacteria and the reactions

they mediate are as follows:

o - Fermentative (acidogenic) bacteria — hydrolysis, fermentation and

anaerobic oxidation (Steps 1-3)
e Hydrogen producing acetogenic bacteria — acetogenesis (Step 4)
e Acetoclastic methanogens — acetoclastic methanogenesis (Step 5)

e Hydrogen-reducing methanogens — hydrogenotrophic methanogenesis
(Step 6)

It is very important to note that, because of the slow growth rate of some of these micro-
organisms, it may take a considerable period of time for the digester to reach steady state,
and establish a “mature” microbial population. Interpreting results where some of the
populations have not reached steady state may lead to gross misunderstanding of the

system.

2.2.1 Step 1 - Hvdrolysis

It is not possible for micro-organisms to utilize complex organic polymeric material
unless it has first been broken down (hydrolysed) to soluble compounds (usually simple
polymers or monomers) which can then pass through the cell membrane. Thus,

solubilization is the first step required for microbial utilization of complex biopolymers
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and is carried out extra cellularly by a group of organisms collectively called the

acidogens.

In terms of chemical composition, three groups of organics are considered to be the major
components of complex organics: carbohydrates, proteins and lipids. The separate
hydrolysis of each of these different components has been studied and a summary of the
findings are given by Pavlostathis et al. (1991). Generally the kinetic rates for hydrolysis
have been assumed as first order with respect to substrate concentration, with different
kinetic constants for the different components (i.e. carbohydrates proteins, lipids). The
end products of the hydrolysis of proteins, carbohydrates and lipids are short chain

compounds, the amino acids, sugars and fatty acids and alcohols respectively.

2.2.2 Step 2 - Acidogenesis/Fermentation

Acidogenesis or fermentation is the process whereby substrate molecules from hydrolysis
(i.e. fatty acids, amino acids and sugars) are converted intracellularly by the acidogenic
organisms to short chain fatty acids (SCFA) (e.g. acetic, propionic and butyric acids),
carbon dioxide and hydrogen gas. The biochemical pathways by which the substrate is
fermented and the nature of the end product (i.e. type of SCFA produced) will depend
primarily on the type of substrate and the hydrogen partial pressure (PH, ). For example,
fatty acids usually are fermented only under lowpH, via B —oxidation, either to acetic
acid and hydrogen if the fatty acid contains an even number of carbons, or to acetic and
propionic acids if it contains an odd number of carbons. Sugars are usually fermented via
the Embden-Meyerhof pathway to SCFA (such as acetate, butyrate and propionate),
hydrogen and carbon dioxide (CQ;). The relative fractions of the various SCFA,
however, are dependent on the pH, in the medium. At lowpH,, glucose is fermented to
acetic acid, butyric acid, hydrogen and carbon dioxide (Sam-Soon ef al (1990a) put
forward a theory for the non-appearance of butyrate in real systems). Under conditions of

highpH,, glucose is fermented to acetic acid, propionic acid, butyric acid and carbon
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dioxide. The detailed fermentation pathways for glucose under low and highpH,, are

shown in Fig 2.2 (3, b and c). Under both low and highPH, , glucose is fermented first to
pyruvic acid and intracellular generated electrons (attached to the electron accepting co-
enzyme NAD", forming NADH) via the Embden-Meyerhof Pathway (EMP), see Fig 2.2;
thereafter the pathways differ depending on the electron sink utilised to dehydrogenate
the NADH: under lowpH,, only intracellular protons (H") act as the terminal electron
acceptor (i.e. H' is the electron sink), under highPH, , pyruvic, acetyl-CoA and protons

act as electron acceptors. The sequences whereby the electron transfer takes place in the

respective acidogenic stages are described below:

Sequence 1: (Embden-Meyerhof pathway, both high and lowpH, )

Glucose is fermented to pyruvic acid and hydrogen via the Embden-Meyerhof pathway
(EMP). The hydrogen is attached to the electron-carrying co-enzyme, NAD", and 2 moles
ATP per mole glucose are obtained by the organisms, i.e.

CeH,, O (glucose)+ 2NAD" + 2ADP + 2P = 2CH,COCOOH (pyruvic acid)
+ 2NADH +2ATP 2.1)

That is, one mole of glucose generates 2 moles of pyruvic acid. Sequence 1 is common to |
both low and highpH, ; Fig 2.2 (a, b and ¢).

Sequence 2: (Dehydrogenation)

The NADH formed in sequence 1 needs to be dehydrogenated to maintain a high level of
NAD" in order that the Embden-Meyerhof pathway remains operative (NAD" acts as the
electron acceptor in the EMP). Dehydrogenation can take place in one of three ways
depending on the pH, : A

Under IE)WﬁHz (pH, ofless than 10”7 atm, calculated from Lehninger, 1972) (see Fig

2.2a) oxidation of NADH is a downhill reaction, i.e. NADH is oxidised spontaneously to
NAD" and hydrogen gas, i.e.



2.8

2NADH = 2NAD" +2H, (2.2)

The NAD" thus regenerated acts as electron acceptor for further oxidation of glucose to
pyruvic acid via the EMP (sequence 1, Eq 2.1). The two moles pyruvic acid generated in
sequence 1, Eq (2.1) are oxidised further to acetyl CoA and carbon dioxide (Fig 2.2a):

2CH,COCOOH + 2NAD" => 2CH,CoA +2CO, + 2NADH (2.3)

The 2 moles NADH formed from this step again are dehydrogenated spontaneously to
form hydrogen gas, as in Eq (2.2); the two moles of acetyl-CoA are converted to 2 moles

acetic acid with concomitant of 2 moles ATP, i.e.

2CH,CoA +2ADP + 2P = 2CH,COOH + 2ATP (2.4)

Hence, under low PH, the overall fermentation of 1 mole glucose is:
C.H,,0, +2H,0 + 4ADP + 4P => CH,COOH +2CO, + 4H, + 4ATP (2.5)

The overall reaction depicted by Eq (2.5) is only slightly downhill; 2 small change
in PH,, for example, will cause the reaction to become thermodynamically unfavourable.
Noting from Eq (2.5) that H; is released, the rate of H; removal must be at least as fast as
H; generation in order to maintain the low PH, condition required for acetate generation
only. In the production of Hj, if the pH, increases only slightly, the reaction could

become thermodynamically unfeasible until Hy is removed, i.e. PH, declines again.
It would seem that in the intermediate PH, state the acidogens utilise an alternative

pathway (Fig 2.2b) in which butyric acid is produced. Experimental investigations have

shown that during acidogenic fermentation of glucose under low pH, conditions, acetate
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is not the only SCFA generated, butyrate also is generated (Thauer et al., 1977; Jones and
Woods, 1986):

In the fermentation of 1 mole glucose to acetate as the only SCFA, hydrogen and carbon
dioxide, 4 moles ATP are generated; this implies an 85 percent energy conversion
approximately (Thauer ef al., 1977). This percentage energy conversion implies that the
reaction (glucose to acetate) is only slightly downhill (=-2 Kcal/mole glucose oxidised).
The conversion of glucose to butyric acid is energetically strongly downhill at the
expense' that only 3 moles ATP are produced per mole of glucose oxidised (cf 4 moles of
ATP in acetic acid production). The possible overall pathway for butyric acid production

is shown in Fig 2.2b. The overall reaction of butyric acid formation is as follows:

C,H,,0, +3ADP +3P = CH,CH,CH,COOH + 2CO, + 2H, +3ATP (2.6)

In summary, the classification of butyric acid formation in a low pH, system arises from

the experimental difficulty of effecting glucose oxidation to acetate only (with generation
of H, and CO;) in pure culture systems in the absence of H; utilising bacteria to maintain

lowpH, . As noted by Sam - Soon ef al. {(1990a), in practical mixed culture systems,

butyric acid usually is not observed as it is readily converted to acetic acid via

acetogenesis (see below)

Under high pH, (see Fig 2.2c), the forward reaction in Eq (2.2) is no longer

thermodynamically feasible. Consequently an alternative method for oxidising the
NADH generated in the EMP is needed. This effected in two ways, which may take place

simultaneously, or alternatively (by the same or different groups of acidogens):

Alternative 1 — The two moles of acetyl-CoA are reduced to butyric acid, see Fig 2.2b,
(Wolin, 1974, Thauer et al, 1977).

2Ac - CoA + 2NADH + ADP + P = CH,CH,CH,COOH + 2NAD" +2H, + ATP (2.7)
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This reaction is thermodynamically favourable, but at the cost of producing a less
oxidised SCFA and only one ATP (cf. 2 ATP produced when 2 moles acetyl-CoA are
converted to acetic acid under lowpH, , Eq (2.4)).

Alternative 2 — One of the 2 moles of pyruvic acid, Eq (2.1), is reduced to propionic acid
so as to oxidise the NADH produced from the EMP (Wood, 1982), see Fig2.2¢:

CH,COCOOH + 2NADH + ADP + P = CH,CH,COOH

+2NAD" +2H, + ATP (2.8)
The remaining mole of pyruvic acid is oxidised to acetyl-CoA as in Eq (2.3), i.e.
CH,COCOOH + NAD™ = CH,CoA + CO, + NADH 2.9

The NADH cannot be spontaneously oxidised to NAD™ as the reaction is not
thermodynamically favourable at highpH,. However, the organism can achieve
dehydrogenation of NADH by coupling this reaction with the thermodynamically

favourable reaction in which acetyl-CoA is converted to acetic acid, but at the cost that-

no ATP is generated (cf the low pH, reaction where 2 moles ATP are generated, Eq

(2‘.4)). The éoupled reaction is as follows:

CH, - CoA + NADH = CH,COOH + H, + NAD* (2.10)

Hence, for alternative 2 under high pH, , the overall fermentation of glucose becomes:

C¢H,,0, +2H,0 +3ADP + 3P = CH,CH,COOH + CH,COOH

+CO, +H, +3ATP 2.11H)
in which only 3 ATP are produced.
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Fermentative bacteria, or acidogens, are generally faster growing than the other bacteria
involved in anaerobic digestion, and are more resistant to inhibition than the other
bacteria. For this reason, acidogenesis has sometimes been omitted from model
development, since it will not limit the rate of the overall process, and will thus have little

influence on the system. Similarly amino acids are fermented to a variety of end products.

223 Step3 - Anaerobic oxidation

Domestic sludge usually has a high content of lipids and free long chain fatty acids. The
free long chain fatty acids or those produced by the hydrolysis of lipids are subject to
anaerobic oxidation viap — oxidation by anaerobic bacteria commonly found in anaerobic
environments. Anaerobic oxidation is the process in which these long chain fatty acids
are anaerobically oxidised to acetic acid and hydrogen or acetic acid, propionate and
hydrogen, depending on whether the long chain fatty acids are even carbon or odd carbon
acids (McInemey and Bryant, 1981). Although the rate of anaerobic oxidation has been
extensively discussed by Gujer and Zehnder (1983), little emphasis has been placed on
this reaction in the literature, as it follows roughly the same kinetics and reaction scheme
as the acidogenesis. Accordingly, up to now this step has generally been included with

the acidogenic process.

2.2.4 Step 4~ Acetogenesis

Several sources in literature report on the anaerobic oxidation of short chain fatty acids
(e.g. propionate, butyrate, e.g. McInemey et al. (1979)). These reactions are usually
termed acetogenesis, since acetate is the major carbon product. The acetogenic organisms
have an important intermediate role between acidogenesis and methanogenesis.
Methanogenic organisms use substrate source, formic acid, acetic acid (by cleavage),
hydrogen, methanol and methylamines to form methane. However, short chain fatty acids
with more than 2 carbon atoms (i.e. > C;) (such as propionic and butyric acids) cannot be
fermented directly to methane (MclInerney et al., 1979). Hydrogen-producing acetogenic

bacteria are capable of converting short chain fatty acids longer than C,, to acetic acid,
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carbon dioxide and hydrogen gas, provided the hydrogen partial pressure is low
(Mclnerney et al., 1979). Therefore the efficient removal of hydrogen gas produced is of
utmost important for the successful degradation of the intermediary products (Figure 2.1)

formed during anaerobic digestion.

The limits of hydrogen partial pressure (pH,) for the degradation of butyric and

propionic acids are below 1077 atm and 10™*' atm respectively. Propionic acid is
oxidised as follows (for pH, < 10™" atm):
CH,CH,COOH +2H,0 = CH,COOH + CO, +3H, (2.12)

and butyric acid is oxidised as follows (for pH, < 10?7 atm.):

CH,CH,COOH + 2H,0 = 2CH,COOH + 2H, (2.13)

Under high FH, (ie. > 10%7atm) the forward reactions for the oxidation of both

propionic and butyric acids becomes thermodynamically unfavourable so that they

remain unaltered.

2.2.5 Steps S and 6 — Methanogenesis

Methanogenesis is the final step in anaerobic digestion and for a carbohydrate type
substrate the two main sources for methane production are:

1. Acetate cleavage, and

2. Hydrogen oxidation.
Methane can also be formed from formic acid, methanol and methylamines by specific
groups of methanogens. However, .their production tends to be insignificant in the

fermentation of carbohydrates, and hence is not considered.
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2.2.5.1 Acetoclastic methanogenesis

The majority of methane produced in a digester, about seventy percent, comes from

acetate cleavage, according to the following reaction:

CH,COOH = CH, +CO, | (2.14)

Therefore, acetate is the primary precufsor for methane production. Huser et al. (1982)
showed that acetoclastic bacteria (mostly Methanothrix) are pH sensitive with an
optimum pH of between 7.4 and 7.8 and are inactive below a pH of 6.7. Extreme

temperature sensitivity was also established, with an increase in growth rate by a factor of

2.05 per 10°C increase in the temperature range of 15°C to 35°C.

2.2.5.2 Hydrogenotrophic methanogenesis

Ha-utilising (hydrogenotrophic) methanogens use hydrogen as sole energy source and
CO; as carbon source, to produce methane. Many archaea species can utilize H, in
anaerobic systems treating (e.g. Methanobrevibacter aboriphilus Gujer et al., 1983;
Dubourguier et al., 1985). Hydrogenotrophic methanogenesis take place according to the -

following reaction:
CO, +4H, = CH, +2H,0 (2.15)

Variations in pH, do not appear to affect either the hydrogenotrophs or the acetoclastic

methanogens; however, H, does serve as energy source for the hydrogenotrophic
methanogens, and so must be present for this methanogenic step. Both however, appear
to be sensitive to pH and temperature changes (Gujer and Zehnder, 1983).
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2.2.6 Kinetics of biological processes

Although considerable information exists in the literature on the kinetics of the biological
processes outlined above as operative in anaerobic digestion systems (e.g. Sam-Soon ef
al., 1991; Ristow 1999), no single model provides a complete description. Accordingly, it
was decided to develop such a model, drawing information of relevance from the

literature. The relevant literature and the model development are described in Chapter 4.

23 MATHEMATICAL MODELLING OF WEAK ACID/BASE CHEMISTRY
PROCESSES ‘

A number of mathematical models of biological waste-water treatment systems for the
purpose of design, operation and research have been developed (e.g. Dold er al., 1980;
1991; Van Haandel et al., 1981; Henze ef al., 1987; Costello et al., 1991; Siegriest et al.,
1993). In these models it is usually implicitly assumed that the biological processes
dominate the system response and that the chemical and physical processes (e.g.
precipitation and gas stripping respectively) play an insignificant role compared to the
biological processes and accordingly can be neglected. It is also assumed that the
biological processes take plaée within a regime of constant pH. This has restricted the
application of these models to situations where these assumptions remain valid. However,
in the treatment of a number of wastewaters the assumptions are not valid and the models
cannot be applied. Of importance to this research project, is the anaerobic treatment of
wastes (sewage sludges) where the generation and utilisation of SCFA (e.g. acetic,
propionic) are significant. Hence, the assumption that the pH remains essentially constant
can not be accepted. Furthermore, if the pH does not remain constant, this will impact on |
the biological prdcésses since these are pH sensitive, and chemical and physical
processes can become significant (in any event, in anaerobic digesters significant CO, is
produced and the physical process of CO; loss is fundamental). To include chemical and
physical processes requires that the pH is incorporated in the model and accurately

determined, as pH is of fundamental importance in these processes. Hence, the parameter



2.15

pH should form an integral part of any kinetic model for anaerobic digestion, i.e. the
chemistry of mixed weak acid/bases needs to be included.

Traditionally, an equilibrium chemistry based approach that includes the mass parameter
of alkalinity for the weak acid/bases species, has formed the basis on which most
chemical conditioning (determining the chemical type and dosing to achieve a final state
or conversely to determine the final state of a water after addition/removal of a known
amount of a specified chemical) algorithms have been developed (e.g. Loewenthal et al.,
1991). However, in reviewing this approach to develop an integrated
chemical/physical/biological kinetic model for the treatment of high nutrient (N and P)
low organic (COD) wastes, Musvoto ef al. (1997) noted that the equilibrium chemistry
approach, although possibly feasible, presented a number of practical difficulties in
implementatidﬁ. These arose because of the presence of a number of weak acid/bases and
a number of processes acting simultaneously on the species concentrations of the weak
acid/bases. They therefore concluded that this makes selection of reference species
required for the solution procedure to solve the repeated calculations necessary to reach
steady state very difficult and cumbersome. The kinetic model being developed here is
similar to that envisaged by Musvoto ef al., and hence will have the same constraints in

utilizing equilibrium chemistry detailed above.

To overcome these difficulties, Musvoto er al. (1997) developed a kinetic approach to
modelling mixed weak acid/base systems. In this épproach, the weak acid/base equilibria
are formulated in terms of the kinetics of the forward and reverse reactions for
dissociation. This enabled the parameter (H") and all the individual weak acid/base
systems to be explicitly in the model so that pH could be calculated directly from pH = -
log (H"). Musvoto et al. (1997) noted that the advantages of the kinetic approach over the

more traditional equilibrium based approach are:

— e kinetics are used throughout and this expedites integration of weak

acid/base processes with existing biological kinetic models, and
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e the approach is general and can be applied to include any weak acid/base

of interest.

E\ Musvoto ef al evaluated the kinetic approach to modelling mixed weak acid/base
systems by comparing the predicted results with such a model to predictions with

equilibrium chemistry based models; very close correspondence was achieved.

Since in this research project the aim was to develop a kinetic model for anaerobic
digestion, in which the biological processes would be integrated with weai; acid/base
chemistry, the approach followed by Musvoto ef al to deal with the weak acid/base
chemistry would seem ideally suitable. The kinetic model of Musvoto ef @l can be
readily integrated with biological kinetic models to completely describe the chemical
background within which the biological reactions take place. Accordingly this approach
was selected for modelling weak acid/base chemistry in the model being developed here.

The approach is reviewed in more detail below.

2.3.1 The Musvoto ef al kinetic model for mixed weak acid/base svstems

From the discussion above, it is evident that the principle requirement for a mixed weak
acid/base chemistry model is that the pH ig explicitly incorporated and accurately
determined. In the kinetic based model, [H'] is included explicitly in the. model as a
compound (in mole units); pH can be calculated directly from H" via pH = -log(H") = -
log fi.[H']. Further all weak acid/base species that significantly influence the pH are
included as compounds (in mole units). The weak acid/base equilibria are described in
terms of the kinetics of the forward and the reverse dissociation reactions. For example,

consider the acetate/acetic acid weak acid/base. The dissociation equation is given by:

HAce H® + Ac” o (2.16)

The rate of the reverse reaction is:
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I = K, (Ac)H") =K, f _[Ac")f [H' 1=K [Ac”][H"] 2.17)
where:

I = rate of reverse reaction

K: = specific rate constant for the reverse reaction

0O = activity

fin = monovalent activity coefficient (see Loewenthal ef al., 1989)

{1 = molar concentration

K = apparent specific rate constant for the reverse reaction

Similarly, the rate of the forward reaction is:

r, = K [HAc] (2.18)

where:

e rate of forward reaction

K,

]

specific rate constant for the forward reaction

The dissociation equation for the acetate/acetic acid weak acid/base can be represented by
these two half-reactions and both kinetic equations are modelled as separate processes.
Similarly, the kinetics of the forward and reverse dissociation equations for all the weak
acid/base species of importance are included. The apparent specific rate constants of the
forward and reverse dissociation reactions are selected such that the rates are so rapid that
equilibrium can be considered to be reached effectively instantaneously. Since (H') (and
correspondingly pH) is included as a compound in the model, and also is included in the
kinetic equations for the forward and reverse dissociation reactions, its value can be
calculated at any given time. If any of the weak acid/base species is added or removed
from the solution (including H"), the kinetic equations for the forward and the reverse

dissociation reactions will cause the relative species concentrations (including H") to



Table 2.1: Matrix presentation of the kinetic model for an aqueous mixture of acid/base systems. Exchange of CO; has also been included.

Compound —» 1 2 3 4 5 [ 7 8 9 18 11 1z 13 4 Rate

HPO, | BP0 | HPOS | POS NHS | NH, | HCO0) | HCOy | €O | COqm | HY | OW | HA A
Process ~L
Forward dissociation of H:PO4 -1 1 1 K [HaPO4)
Reverse dissociation of H,PO, 1 -1 -1 K [ HLPOSIH]
Forward dissociation of POy -1 1 1 K 42l FLPOYT
Reverse dissociation of HLPO, 1 -1 -1 Kol HPOSJH
Forward dissociation of HPO,” -1 1 1 K :[HCO, ]
Reverse dissociation of HP(O,® i -1 -1 K PO HY
Forward dissociation of NH," -1 1 i K NH]
Reverse dissociation of NH" I -1 -1 K o NH;1[H']
Forward dissociation of H,CO5 -1 1 1 K [H,C05]
Reverse dissociation of H,CO; t -1 -1 K o [HCOJH
Forward dissociation of HCO, -1 1 i K &2[HOO:]
Reverse dissociation of HCOy 1 -1 -1 Kool COMH
Dissolution of CO, 1 -1 K o COAg)]
Expulsion of CO, from solution -1 1 K oo [H2C05]
Forward dissociation of HA 1 -1 1 K nlHA]
Reverse dissociation of HA - 1 -1 KL[ATHT
Forward dissociation of water i i Ko
Reverse dissociation of water -1 -1 Kn[HTOH]
Units mol# mol/ mol mol mold | mol/d mol/f mol/é mob/f mold | mol | wolk | mol/ | nol/t

81'C
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Table 2.2(a): Kinetic constants for weak acids/bases in mixed acid/base model

PROCESS SPECIFIC RATE CONSTANTS
FORWARD DISSOC. REVERSE DISSOC. EQUILIBRIUM CONSTANT
REACTION REACTION
SYMBOL | VALUE | SYMBOL VALUE SYMBOL VALUE

Ammonia K;, K_K. K. 10" K, 10 Pke
NH] < NH, +H* (s)

; ; ; ; 5 ; -
Phosphate 1 K’fp} Krp] ‘Kpl Ktpl 10 Kpl 10-FKe!
H.,PO, <> H,PO; +H" s) f ’

; ; ; ; 3 ; R 2
Phosphate 2 Kfp2 Krp?. K p2 sz 10 sz 1077
H,PO; <> HPO? +H" (s) f,

5 ’ ' v 5 ' -
Phosphate 3 Kfp;; K., K, Krp3 10 Kp3 107 £,
HPO? < POY +H" (s) ff
Carbonate 1 K Ko Ko | K 10 K 1077
H,CO; < HCO; +H" Us) £,

i 1 i 4 EO t
Carbonate 2 Kgeo Koo Ko | Ko 10 K 1077k
HCO; < CO5™ +HY (/s) f,
SCFA K, KoK, | K, 1o’ K, 1077
HAc <> Ac™ +H* (/s) £?
Water K;’w K;w K, K;w 10t K'W lO‘PKW
H,0&0H +H™ /s) fmz
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Table 2.2(b): Values for pK constants in the mixed weak acid/base model (Temperature

in Kelvin)

pK CONSTANT FORMULATION

1940°s Data base (Loewenthal and Marais, 1976, Loewenthal ef o/, 1989)

PR, 2 835.8/T ~0.6322 +0.00123.T

Ko 34047/T~ 148435+ 0032797

pKez 2 909.4/T ~ 6498 + 0023797

K. 1170.5/T -~ 3,165+ 0.0134.T

Pk 799.3/T-4.5535+0.01349.T

pK2 1979.5/T-5.3541+0.01984.T

PKys 12.023

19806°s Data base (Friend and Locwenthal, 1992)

pKa 356.309 + 0.0609196.T - 21 834.4/T - 126.834 log(T) + 1.68492x10°/T"
K 107.887 + 0.0325285.T — 5 151.79/T - 38.9256 log(T) + 563 714/T*
PKrcos -2 025.3/T - OMO4.T + 11.365

PRy 14.00

readjust very rapidly (effectively instantaneous) to the new condition. Since all the weak
acid/bases have the (H") species in common, all would be influenced and thus readjust.
* The values of the apparent specific rate constants for the forward and reverse dissociation

reactions that give rise to weak acid/base species concentrations that correspond to true

mass action, for the same acetate/acetic acid system, at equilibrium:
ro=1, 2.19)
30,

K [HAcl=K,[Ac ][H"] (2.20)
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“K,IK, =[Ac [H* V[HAC = K (2.21)

where:

K, = apparent equilibrium constant for the acetate system

a

The forward and reverse reactions are very rapid, and the true reaction rates cannot be
o~ ) . i

measured. However, jthe exact values are of little importance and the values for the

apparent specific rate constants are selected so that the reactions are effectively

instantaneous. One of the rate constants (the reverse rate K_ ) would be given a very high

theoretical value such that the new equilibrium is achieved in as short as 3 seconds. To
ensure that kinetically established equilibrium corresponds to true equilibrium chemistry,

the rate of the forward rate constant (K, ) is calculated through the relationship with the

apparent equilibrium constant, i.e. K, =K K| .

Using the kinetic based approach above, Musvoto et al. developed a model to describe
aqueous mixtures of the carbonate, ammonium, phosphate and SCFA (represented by
acetate) weak acid/bases. This model is illustrated in matrix format ( Henze et al., 1987)
in Table 2.1; values for kinetic constants obtained from literature by Musvoto et al. are
listed in Tables 2.2(a) and (b). The approach of Musvoto ef al. is general, and can be
applied to include (or exclude) any weak acid/base in the model. This makes it ideally

suited to the application in this research project.
2.4 MODELLING OF TWO PHASE SYSTEMS
In addition to the single phase (aqueous) processes described above (biological and

mixed weak acid/base chemistry), in anaerobic digestion two phase processes can also be

expected:
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e gaseous/aqueous — significant CO, ,CHy and H, are produced within anaerobic

digesters and will be expelled to the atmosphere; NH; loss may occur if the pH is
sufficiently high ;

» solid/agueous — mineral precipitation may be of importance, particularly where
waste activated sludges from biological nutrient (N and P) removal systems are

anaerobically digested.

Accordingly, any kinetic model for anaerobic digestion systems should consider these

processes also. In this section, these processes are reviewed.

L 24.1 Gaseous/aqueous systems

2.4.1.1 Stripping/exchange of carbon dioxide (CO»)

'*’»iI}?e rate of CO; stripping needed to be integrated with the weak acid/base reactions as
described above (Section 2.3) to give a gaseous/aqueous system model. Exchange of CO;
between the atmosphere and an aqueous system does not only occur when aeration is the
driving force, but it occurs whenever there is a pressure difference between the CO; in
the atmosphere and the dissolved CO: (e.g. when an underground water is exposed to the
atmosphere or in this case when significant CO, is generated by biological reactions). In
such situations the pressure difference is the driving force and CO; exchange occurs
between the aqueous and gas phases until equilibrium is reached.:Such a situation is best
represented by considering the equilibrium between the dissolved and gaseous carbon

dioxide as outlined below.

Since the ratio of CO, dissolved and H,CO:s is fixed, these two species can be dealt with
as a single combined species, H,CO;" (Stumm and Morgan, 1970), where [H,CO5'] =
[CO; dissolved] + [ HyCOs]. The CO, dissolved, and hence H,COs', tends to equilibrium
with the partial pressure of CO; (gas) outside the liquid, i.e.:

CO,(g) < CO,dissolved (2.22)
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or equivalently:
C0,(g) & H,CO; (2.23)

This gives rise to CO; exchange at the liquid/gas interface, resulting in loss or gain of
H,COs™ in the solution, and accordingly in total carbonate weak acid/base species
concentration. Thus, CO; loss or gain should be included in the model, and linked to the
carbonate species. This can be done by following the same approach as for the weak
acid/base dissociation reactions, i.e. by modelling separately the rate of the forward and

reverse reactions of Eq. (2.23). The forward reaction is:
I = K;co: [CO,(g)] (2.24)

where

rate of forward reaction

=
i

Kfm1 = apparent specific rate constant for forward reaction
Similarly for the reverse reaction:
f, =K o0, [H,CO}] (225)

where

rate of reverse reaction

-
H

K, = apparent specific rate constant for reverse reaction
€0,

The formulation in Eqns (2.24) and (2.25) were accepted as describing the kinetics of
CO; exchange between the aqueous and gas phases, and hence were incorporated in the

model {Table 2.1). In Eq (2.24), [COx(g)] is explicitly included. The concentration of
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COs(g) was accepted to be constant, and can be calculated from the partial pressure of
CO, with Daltons’ law of partial pressure (Stumm and Morgan, 1970):

pCO,

[CO,(g)]= RT (2.26)
where:
pCO, = partial pressure of CO; (atm)
R = universal gas constant
= 8.20575x107 (¢ atm/K/mol)
T = temperature (K)

In Egs. (2.24) and (2.25) values are required for the apparent specific rate constants for
the forward (K, ) and reverse (K¢, ) reactions respectively. If only the equilibrium
condition is being considered, exact values for K;COZ and K;COZ are not required,

however, the relative values are important since the relative values will establish the

equilibrium concentration of HyCOQ;". If the rate of CO; exchange is of importance then

both the exact values for K;COE and K;c02 and their relative values need to be

determined. At equilibrium:

wy

I =1 2.27)

¥

Substituting Eqgs. (2.24) and (2.25) into (2.27) and rearranging gives:

co, _ [H,CO] _ Koo, (2.28)
Ko, [CO,(g)] :

where:

K oo, = apparent equilibrium constant for CO, exchange
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From Eq. (2.28):
Ko, = Ko, Krco, (2.29)

Thus if K ¢, is known, by selecting a value for K¢, , the relative value for Ky, can
be calculated and the correct equilibrium condition will be established giving the correct
equilibrium concentration of [H.COs']. K;qcoz is determined by noting that at

equilibrium (Stumm and Morgan, 1981):

Kico, =K§§?= (2.30)
where:

Ky co, = Henry’s law constant for CO; (mol/&/atm)

K;qcoz = K;>,c<>2

Kb.co, = distribution (mass law) constant

Values for Henry’s law constant for CO, (K} co. ) with temperature are available in the
lite;‘ature (Friend and Loewenthal, 1992, See Table 2.2(b)). From K;;'Ccz the equilibrium
constant (K’eqcoz) can be calculated with Eq. (2.30), and for a selected value of K;CO: s
K;CO: can be calculated with Eq. (2.29). The value for K;LCOZ used in constructing the

model is from (Musvoto et al., 1998) and is given in Table 2.2(b). The value for K',c02

was calibrated in the model application to fit the experimental data available (see
Chapters 3 and 5).
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In terms of the approach followed above to derive kinetic equations for CO, exchange,
the net rate of CO; loss/gain is given by the sum of the forward and reverse reaction rates
used in the model (Table 2.1):

Ty,co, = “*'K;?coz [CO, ()] - K;cc}, [H,CO;] (2.31)

. K,
In Eq (2.31) above, noting that from Eq (2.28) Ko, =K?CO= , from Eq (2.26)

1o,

. K
[CO.(e)]= —p—g—gi and from Eq (2.30) Ky ¢, = F:;_o _then

.00, = Kico, [H,C031- K} o, £CO, ) (2.32)

An identical formulation to Eq (2.32) above can be derived from the theory of interphase
mass transfer, by noting K;Coz = K;,a,coz (Musvoto et al., 1997). Hence, the approach

above is acceptable for incorporating CO-, exchange in the model.

In calibrating their model, from the work of Munz and Roberts (1989), Musvoto ef al.
(1998; 2000c¢) assumed that the Ky, values for oxygen and COQ are proportional and only
the former needs to be calibrated. However, in application of the model Musvoto et al.
did not determine values for K.z but effectively calibrated this from CO, loss
determined from Cy measurements (See Table 2.5). For application envisaged here, it
was noted that Ki,co, would be specific to the conditions prevailing and would require

calibration, either independently or via the relationship with Kiao2 (see Chapters 3 and

5).

2.4.1.2 Stripping of NH; -

If the pH is sufficiently high (e.g. on aeration treatment of ADS, Musvoto ef al., 2000c),
then NH; loss may become significant. To include this in their model, Musvoto ef al.
(1998; 2000c) assumed that for NH; the atmosphere acts as an infinite sink. Thus, the



Table 2.3:Matrix representation of the processes of precipitation and gas stripping included in the three phase mixed weak acid/base kinetic model. The single

phase aqueous forward and reverse dissociation processes of weak acid/base species and the three phase processes of the carbonate system are given in Table | of

Musvoto et al. (1997) with the same numbering of the compounds.

No Compound i 2 3 4 5 7 8 9 1o i1 i2 i3 i3 15 16 Rate
Process NH, | NH; [H,O0,0 HCO, | €O L H L OH | PO, [H,PO HPO, | POS T HA L A | Ca®° | Mg®
42  Wrecipitation of MgNILPO, - -4 -4

3
, ¢ 13 TR S 1
Kppt.Stmv[[Mgu}’ [NHZ]’ [PO% P Ksp,Smw ! ]

43 Precipitation of MgHPO, -} -1
Ry
. 20l L !
Kppl.Newb Mg ]’[HPOE H ‘Ksp.Newb
a 44  |Precipitation of Cay{(POh «2/3 -1 , P I 1y
N Kpp:.Acp[ICa *PreogP —Ksp.m’}
45  {Precipitation of MgCO, -1 -1 . _ . . . 12
Kpp!,MgCO,[[M82+12 103717 - Kepmgeo, * ]
46 Swuipping of NH, -1 K;NH, [NH;]

Units molf i mol/ | mol/d | mol | mold tmol]moll] mol | mol | mol® | mol/f [mol/e molil mol | mol/t
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dissolution of NH; from the atmosphere into the solution was not included, only NH;
expulsion as given in Table 2.3, with specific loss rate K',NH}. In application of their
model, Musvoto et al. found that this rate had to be determined by independent

calibration. In application in this research work (Chapters 3 and 5), NH; loss was not
significant due to the pH values or short time periods at higher pHs.

24.13 CHy and H;

The gasses CH, and H, are considered relatively insoluble gasses and therefore it was
assumed that they automatically go into the gas phase without the specific stripping rate
being modelled. This assumption remains valid in a steady state situation, however the
stripping of CHy and H, to the gas phase were modelled explicitly when a dynamic
situation (failure) was considered (See Chapter 5).

24.2 Solid/aguecus svstems: precipitation of sparingly soluble salts

In anaerobic digestion, the precipitation of minerals may be of importance. The minerals
likely to precipitate fall into the sparingly soluble salts group. The precipitation of
sparingly soluble salts as such has been extensively reviewed (Musvoto et al.,, 1998). |
Only those parts relevait to the work presented in this project are briefly reviewed below.

2.4.2.1 The kinetics and mechanisms of precipitation of sparingly soluble salts

The first requirement for a solid phase to form from a liguid solution is some degree of
supersaturation, and the degree of supersaturation is the main factor controlling the
precipitation process. The precipitation process usually takes place in three steps, namely

nucleation, crystal growth and ripening:
24.2.1.1 Nucleation
Nucleation is the formation of the new centres from which spontaneous crystal growth

can occur. Thus, the condition of supersaturation alone is not sufficient to start

crystallisation and a number of minute solid bodies known as the centres of
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crystallisation, seeds or nuclei, must exist in the solution (Mullin, 1972). The mechanism
of nucleation is believed to take place initially by bimolecular attraction and then addition
of single molecules which leads to the formation of critical clusters. Further addition of
molecules to the critical clusters would then result in nucleation. If a nucleus grows
beyond a certain critical size, it becomes stable. The critical size of a nucleus therefore
represents the minimum size of a stable nucleus. Particle sizes smaller than the critical

size redissolve and those larger continue to grow.

24.2.1.2 Growth of crystals

The growth of crystals is a process which takes place in successive reaction steps; the
transport of ions to the crystal/solution interface, the adsorption of ions at the interface
and the incorporation of the crystal constituents into the lattice.

24.2.13 Ripening

Ripening (also called ageing or particle coarséning) is the eventual formation of large
crystals from fine crystallites and occurs after crystal growth, if sufficient time is allowed
to elapse. Ripening occurs due to the tendency of smaller particles in their own saturated
or supersaturated solution to dissolve and the solute to be deposited later on the larger
particles (Mullin, 1972). The particle size distribution gradually changes to that of a
monosized distribution. The speed with which ripening occurs depend largely on the
particle size and the solubility of the salt. Smaller particles of a2 more soluble salt will age
much faster than those of a sparingly soluble salt.

Kinetics of precipitation applied to modelling of solid/aqueous systems

From the discussion above, in order to effect crystallisation the solution must be
supersaturated to a certain degree with respect to a particular salt. When small
concentrations of seed crystals are present, such as in conventional precipitation
processes, then both nucleation and crystal growth take plac: simultaneously. However, it
is the crystal growth process that is invariably rate limiting and so limits the overall rate
of crystallisation/precipitation. Accepting this, then the equation put forward by
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Nanchollas and Purdie (1964) best describes the crystal growth kinetics of sparingly
soluble salts from solutions of unequal cation and anion concentration, and accordingly

can be used to describe the overall crystallisation/precipitation process:

I
_.‘% - k.s{([M’”‘]"[A‘"]Y)?Ty -—K:p*y} (2.33)
where:

= mass of salt precipitated (mol/€)

k = rate constant (mol/m?s)
s = surface area of crystals (m*/mol)
Kep = solubility product of salt MxAy (molar form)

" Koutsoukos ef al. (1980) accepted the validity of this equation to describe the rate of

o

precipitation of many sparingly soluble salts, i.e. for a salt M.A,. the rate of
crystallisation can be expressed by a general form:

%Mv,Af = -—-k’s{([Mm}w [ Aa-]v*}% My }'} @34)

where:

o [M™], [A*] and [M™ o, [A™]o are the concentrations in (mol/€) of crystal lattice
ions in solution at time t and at equilibrium respectively. At equilibrium
IM™Jo[A*]o =K s, where K, is the apparent solubility product of the salt.

e X’ is the apparent precipitation rate constant (mol/m’s)

¢ s is proportional to the total number of available growth sites on the added seed
material (m*mol) ‘

e v"is the number of cationic species

e v is the number of anionic species

o V=V 4V
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» the exponent n is determined experimentally and is available in the literature
(Stumm and Morgan, 1981 and Gunn, 1976).

Due to the general acceptance of Eq (2.34) in precipitation kinetics research, this
equation was utilized in the model developed by Musvoto et al.(1998) for mineral
precipitation. However, they did note that the term “s” represents the surface area of seed
material inoculated into the solution.@the cases considered by Musvoto er al. (1998), no
sced material of the crystal type precipitating was added. Accordingly, the rate of
precipitation could be represented by an overall crystal growth rate, with the term “k’s”
in Eq (2.34) replaced by an apparent precipitation rate constant K’. The formulation and
modification were applied by Musvoto et al. (1998) to successfully predict precipitation
of a variety of minerals, and accordingly were accepted for application in the model
being developed here. However, it must be remembered that the general formulation
applies only to precipitation and not to dissolution; in the model the equation is valid only

if the ionic product is greater than the solubility product ~ this condition must be verified.

2.4.2.2 Minerals precipitating in anaerobic digesters

In anacrobic digester supemnatant, magnesium and calcium can be present at
concentrations sufficient to precipitate considerable amounts of P and N without external -
cation addition. The main phosphate salts precipitated are magnesium phosphates and the
various calcium phosphates. The carbonates of calcium and magnesium are also
precipitated under the same conditions as their phosphates. The solids most likely to

precipitate are set out in Table 2.4.

Magnesium phosphates

Four possible spécies can crystallise from solutions containing Mg, N and P species;
magnesium phosphate or struvite (MgNH4PO4.6H,0), magnesium hydrogen phosphate
trihydrate or newberyite (MgHPQ,.3H,0) and trimagnesium phosphate in two states of
hydration Mgs(PO4),.22H,0 and Mgs(POs),.8H:0, see Table 2.3.
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Studies have identified the regions for precipitation of these minerals: Struvite is the most
abundant of the magnesium phosphates found in nature, either precipitating alone or with
other magnesium phosphates. It precipitates at neutral and higher pH. In wastewater
treatment, the precipitation of struvite has been widely reported in anaerobic digesters,
sludge handling equipment and side streams from anaerobic digesters causing operational
problems through pipe and pump blockages (Borgerding, 1972; Mohajit er al., 1989;
Mamais er al., 1994). Newberyite precipitates at lower pH (< 6.0), while trimagnesium
phosphate has never been observed in the pH ranges common to anaerobic digestion (6 <

pH <9). Accordingly, struvite and newberyite precipitation were included in the model.

Calcium phosphates

Five calcium phosphate crystalline species can precipitate from solutions containing
calcium and phosphate (Heugebaert and Nanchollas, 1984; Abbona et al., 1986), and in

order of increasing solubility, these are

«  Hydroxyapatite (HAP) Cas(PO:);0H

. Tricalcium phosphate (whitlockite, TCP) . Cay(POs),

o Octacalcium phosphate (OCP) Cag(HPO4)2(PO4)s.5SHO
. Monenite (DCP) CaHPO,

. Dicalcium phosphate dihydrate (brushite, DCPD) CaHPQ.2H;O

Thermodynamically HAP is the most stable phase and is expected to precipitate.
However, it has been established that a number of species act as precursors to
precipitation of HAP, such as amorphous calcium phosphate (ACP, with approximate
formulation Ca3z(PO4)2.xH,0, similar to TCP, but no structured crystalline order,
Blumenthal ef al., 1977; Betts et al., 1981), OCP and DCPD. With time these species
may transform to HAP. The precursor species which first precipitate and their
transformation are significantly. affected by the interaction between pH, Ca and Mg
conccnj.jmtibns in the wastewater, as well as the alkalinity and organic material present.
From experimental investigations of these processes, it can be concluded that in highly
supersaturated solutions containing Ca, Mg and P, DCPD and ACP are the phases that
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precipitates first, with DCPD precipitating at low pH (< 7.0) and ACP at higher pH
(Abbona er al., 1986; 1988). Precipitation follows Oswald’s rule of stages (when a
number of similar solids are highly supersaturated, the least stable solid will precipitate)
with the initially formed metastable precursor species ACP and DCPD converting with
time to the more thermodynamically stable species of DCP, HAP or TCP. The presence
of Mg in solution strongly affects the conversion process (Arvin, 1983). Conversion of
ACP to the thermodynamically stable species HAP does not take place in solutions with
high Mg/Ca molar ratios (> 4.0). O@er factors such as high pH, high ionic strength, high
HCO5/PO4” molar ratio, presence of pyrophosphates as well as certain proteins, and lack
of HAP seed material also stabilize ACP. Therefore, ACP can be expected to precipitate
in high nutrient low organic carbon (HNLC) wastewaters such as sewage effluents,
anaerobic digester liquor (ADL) and sludge dewatering liquors which have the
characteristics that suppress the precipitation of HAP, but promote and stabilize the
formation of ACP. Furthermore, in such wastewaters the transformation of ACP to HAP
will be retarded; thus within the timescale of typical treatment systems , significant HAP
is unlikely. For these reasons, Musvoto et al. (1998) included ACP in their model as the

calcium phosphate mineral most likely to precipitate.

Calcium carbonates

{‘»I__'Egree crystalline structure varieties of CaCOj; can precipitate namely calcite, aragonite -
degree of supersaturation, presence of foreign ions as well as the nucleation and growth
rates of crystals.@;om the literature, calcite is the thermodynamically stable form at
ambient temperature and atmospheric pressure (Roques and Girou, 1974). Accordingly,

precipitation of the CaCOs mineral calcite was included in the model.

2.4.2.3 Kinetic model for precipitants to be included

From the discussion above, mineral precipitants that should be included in the model are
struvite (MgNH,PO,), newbéiyite (MgHPOy), amorphous calcium phosphate
(Cas(POs)y), calcite (CaCO;) and magnesite (MgCOs), see Table 2.4. The matrix
reprcééntation of the kinetic model for precipitation of these minerals as extracted from
Musvoto et al. (2000) is shown in Table 2.3.



Table 2.4: Minerals that could possibly precipitate on aeration of ADS; values of solubility products at 25°C and infinite dilution obtained form databases in the

literature. The five compounds marked with an * were included in the kinetic model adapted from Musvoto ef ol (1998)

Solubility equilibria pR,at 25°C
Mineral Reaction Stumm and Nordstrom JESS(Murray Other Sources
Morgan (1981} | efal (1990} | and May, 1996)

*Calcite/Aragonite CaCO, & Ca®" + CO¥ 842:822 8.48,8.34 8.5,8.22 8.3%7.8%6.7"
Nesquehonite MgCO,.3H,0 & Mg? +CO¥ +3H,0 3.19 4.67,5.19
*Magnesite MgCO, & Mg +CO?- 746,32 746,32 59579
Dolomite (disordered) CaMg(CO,), & Ca® +Mg? +2C0% 16.7 16.54 16.5
Dolomite (ordered) | | CaMg(CO,), & Ca® +Mg? +2C0% 17.09 16.98 17
Huntite © | CaMg(CO,), &> Ca™ +Mg® +4CO% N/A
Calcium hydroxide Ca(OH),(s) & Ca® +20H" 5.2 52
Brucite Mg(OH),(s) <> Mg?* + 20H" 1116 1116 10.7° o
Dee CaHPO,(s) & Ca®* + HPOY 6.6 6.6:6.5 @
oce Cay(HPO,),(PO,),.5H,0 ¢ 8Ca + 2HPO?" +4PO}" + 5H,0 94.16%72.5
DCPD CaHPO,.2H,0 & Ca®* + HPOY +2H,0 6.6 6.6
HAP Cay(PO,)s(OH),(s) ¢ 10Ca?* + 6PO} +20H" 114 57.5:48.6
TCP Ca,(PO,), > 4Ca’* + 2P0} 32.63:327
*ACP Ca, (PO, ), xH,0 & 3Ca™ + 2P07 + xH,0 3145 260725465 25.0%, 24°
*Struvite MgNH,PO,.6H,0(s) & Mg? + NH} + PO} +611,0 12.6 13.16 1261272 32513
*Newberyite MgHPO,.3H,0(s) & Mg?* + 2P0} +3H,0 58 5.5155.8°
Bobierrite Mg,(PO,), 8H,0(s) & 3Mg®* + 2P0} +8H,0 252 25.2°
Trimagnesium phosphate | Mo (PO, ),.22H,0(s) & 3Mg** +2P0} +22H,0 23.1°
Note: 1. Temperature dependency of solubility products for some of the reactions has been given by Stumm and Morgan (1981) and Nordstrom et al. (1990).

2. Lettered references apply to the following: *Butler (1964);®Meyer and Eanes (1978) cited by Moutin et al. (1792); “Abbona et al. (1982); “Taylor et
al. (1963) cited by Scot ef al. (1991); “Mamais ef al. (1994); Ferguson and McCarty (1971). *Hoffmann and Marais (1977)-value from Butler (1964)
corrected for fonic strength, "Wiechers et al. (1980); Verbeek and Devenyns (1992).
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2.4.2.4 Data for solubility products

A database containing solubility products for the various precipitants from literature is
given in Table 2.4. The values as used by Musvoto ef al. (2000c) in application of the
kinetic model to aeration treatment of anaerobic digester superatant are given in Table
2.5. Also listed are the specific precipitation rate constants found by Musvoto ef al.
(2000c).

Table 2.5: The solubility product (pKg)and precipitation rate constant (K'w) values

found by Musvoto ef al. (2000c) on aeration treatment of supemnatant from sewage sludge
(SS) and upflow anaerobic sludge bed (UASB) anaerobic digesters.

Mineral pKsp Ko

SS UASB
Calcite — CaCO; 6.45 50 0.5
Magnesite — MgCOs 7.00 50 50
ACP — Caz(POy ). xH;0 26.0 150 350
Newberyite — MgHP04.3H;0 5.8 0.05 0.05
Struvite — MgNH4PO4.6H,0 1316 300 3000
Rate of aeration/gas stripping K,
NH; 09-12 1.92-25
CO; 204 - 545 610
2.4.2.5 Jon pairing effects

The most important equilibria in aqueous systems that affect the solubility of salts are ion
pairing. Ion pairs are either positively charged, negatively charged or neutral species that

are formed between ions of opposite charge. Ion pairs reduce the amount of free ions in
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solutions (thereby reducing the ions available to form precipitants) as well as the ionic
strength of the solution (thus changing the theoretical activity coefficients of free ions in
solution). This effectively increases the solubility of the salt. In order to accurately
predict the amount of free ions in solution (and hence the precipitation/dissolution
potential) ion pairing has to be taken into account.

Table 2.6: Common ion pairs formed in solutions containing calcium and magnesium

with carbonate, phosphate and ammonia weak acid/bases present and their stability

constants (pKsy) at 25°C (activity scale).

Reaction Stumnm and | Nordstrom | JESS(Murray | Other
Morgan et al. and May, Sources
(1981) (1990) 1996)
Ca® +OH™ < CaOH"~ -1.15 -1.22 -1.37¢
Ca* +CO} < CaCO0,(aq) -3.21 3.2°
Ca™ +HCO; < CaHCO; 2.71 -1.26*
Ca’ + PO, « CaPO; -6.5 -6.46°
Ca* +HPO] ¢ CaHPO,(aq) 2.7 2.73°
Ca®™ +H,PO; « CaH,PO} -14 -1.41°
Mg” +OH" @ MgOH" 256 2.56 272
Mg +CO} < MgC0,(aq) -2.98 3.4°
Mg* +HCOj; < MgHCO; , 4.9 -1.16*
Mg’ +HPO}™ < MgHPO, (aq) -2.5 2.5°
Mg™ + PO} < MgPO; -3.13°

Note:  Lettered references apply to the following:
* Sillen and Martell (1964) cited by Ferguson and McCarthy (1971)
® Chugtai et al. (1968) cited by Ferguson and McCarthy (1971)

The most common ion pairs formed in solution containing calcium and magnesium in the
presence of carbonate, phosphate and ammonia weak acid/base system species are listed
in Table 2.6 together with their stability constants. To include ion pairing in the kinetic




Table 2.7: Matrix representation of the ion pairing reactions of the most common Ca’" and Mg ion pairs in solutions containing

carbonate and phosphate species. lon pair stability constants and equilibrium equations are given in Tables 2.6 and 2.8 respectively.

Compound Number h 8 it 12 15 16 17 18 1190 i25 26 27
Process Number CO,y"| OH |HPO,”| PO, | Ca™ [Mg® | CaOH" |CaCO;’| A | BY |[AB™" [MgHPO, | MgPOy Process Rate
20 |Assoc. of Ca®', OH’ -1 -1 +1 K g1 [Ca®* JIOH"]
21 [Dissoc. of CaOH’ +1 +1 -1 K a1 [CaOH*]
72 lAssoc. of Ca™, COy™ -1 -1 +1 K gq2[Ca** 1[COI7]
23 Dissoc. of CaCOy’ +1 +1 -1 K 102 [CaCOY1
...... Assoc. of A*", BT -1 -l +1 KgrfA* 1B
.. [Dissoc. of ABM V- s B s B Y K [AB*Y7]
38 |Assoc. of Mg, HPO,” -1 -1 + K fng4[Mg " IHPOZ
39 |Dissoc. of MgHPO,’ +1 +1 -1 K tmg 4 [MgHPO , I(aq)
40  |Assoc. of Mg”', PO, -1 -1 +1 K g (Mg [P0 ]
41 |Dissoc. of MgPOy +1 +1 -1 K s [MgPO; |
Units mol/e| moVE| molE | molf | moll|moll| molld | moll |mol|{mol/| mol/ | mol/d mol/l

LET
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Table 2.8: Specific rate constants for ion pair reactions in Tables 2.6 and 2.7. See Loewenthal ef al. (1989) for calculation of activity
coefficients (fi) for the different ionic species. The stability constants pKgr values at infinite dilution are given in Table 2.6 (after
Musvoto ef al., 1998).

No Process Specific rate constants
Ton pair association Ton pair dissociation Stability constant pKsr
reaction reaction
Symbol Value Symbol Value Symbol Value

20.21 |Ca” +OH CaOH’ Kral | Krat Kcoore | K 10"(s) | K coonr 107/ B
22.23 | Ca™ +CO;” CaCOy’ K a2 K Kecos | K 107 (/s) K caco3 1OPRPf fy
24.37 | A™+BY AB™TT K st K st Kst Kt 10°(/s)  |Ksr 1075 fa ey Ty Aoy
38.39 | Mg*" +HPO,” MgHPO,’ |Kimgs |Komgt Kwmgiros [Kimgt [ 107¢5) | K mgrros 107 £y
40.41 | Mg"~ + PO, MgPOy K fmgs | Krmgs K mgros- | K rmes 107 (/s) K mgpos- 10PN £ £/
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model, it was noted by Musvoto ef al. (1998) that the equilibrium equations for ion pair

formation are similar to those representing the dissociation equilibria of weak acid/bases.

Accordingly, the ion pair equilibria were described in terms of the kinetics of the forward
and reverse reactions and included in the model in the same manner as outlined in
Section 2.3 above for weak acid//bases (Musvoto ef al., 2000). Matrix representation of

the ion pairs for inclusion in the model is shown in Table 2.7 and specific rate constants
in Table 2.8.

25 CLOSURE

In this research project, the principal aim is to develop a kinetic model to describe the
three phase (solid/gas/aqueous) processes operative in the anaerobic digestion of sewage

sludge. In such a model, processes of importance include:

o biological
¢ weak acid/base chemistry
o gas exchange

e mineral precipitation

In this Chapter these processes have been reviewed. From this review it can be
concluded:

For the biological processes;
e the kinetic model should include the steps of
o hydrolysis
o acidogenesis, both under high and low PH,
o acetogenesis '
- o acetoclastic methanogenesis

o hydrogenotrophic methanogenesis
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e no complete kinetic model of the above is available, and this will have to be

developed from information contained in the literature.

For the weak acid/base chemistry;

e the kinetic approach of Musvoto et af. (1998) to modelling mixed weak acid/base
systems offefs considerable advantages over the more traditional equilibrium
chemistry based approach, in particular;

o the use of kinetics allows ready integration with both biological and
precipitation models, and
o the parameter pH is explicitly included, an advantage, as this parameter is

of crucial importance in anaerobic systems.

For gas exchange;
o CO, loss/gain needs to be included in the model
e kinetic approach of modelling separately the rates of dissolution and expulsion of
CO, would appear the most suitable, as
o kinetics facilitates integration with the other kinetic processes
o the approach is effectively identical to that derived from gas transfer
theory.

For mineral precipitation;
e the general kinetic expression for precipitation of Koutsoukos er al. (1980) can be
followed, but with the two constants “k's replaced with a single precipitation

rate constant “K

¢ minerals to be included are struvite, newberyite, calcite, amorphous calcium

phosphate and magnesite

e solubility products for the above minerals are available in the literature.

Recognizing the above, the model] was built in stages:
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Chapter 3 describes application of the integrated weak acid/base chemistry, gas
exchange and mineral precipitation derived as above, to the aeration treatment of
anaerobic digester supernatant.

Chapter 4 describes the development of the kinetic model for the biological
processes, and its integration with the weak acid/base chemistry model.

Chapter 5 describes application of the above model to data sets in the literature.






CHAPTER 3

MINERAL PRECIPITATION FROM THE ANAEROBIC
DIGESTER SUPERNATANT AT THE CAPE FLATS

TREATMENT PLANT

3.1 INTRODUCTION

As described in Chapter 1, the first phase of this research investigation focussed on the
development and evaluation of a kinetic model that describes the three phase
(aqueous/gas/solid) chemical and physical processes likely to be operative in the anaerobic
digestion of sewage sludges. Musvoto et al. (1998; 2000, b) have developed such a kinetic
model, and this model has been reviewed in Chapter 2. Accordingly, it was decided to accept
the kinetic model of Musvoto ef al. for this phase of the investigation. However, the model
was to be extensively evaluated against experimental data, and modified if necessary. At the
time, the Cape Flats Wastewater Treatment Plant (Cape Town, South Africa) was
experiencing mineral precipitation problems in unit processes treating sludges from anaerobic
digesters. This presented an ideal opportunity to evaluate the Musvoto ef al. model, and to
use the model to gain greater insight into the mineral precipitation problem at the Cape Flats

Wastewater Treatment Plant. This Chapter describes this application.

3.2 BACKGROUND

At the Cape Flats (CF) Wastewater Treatment Plant, waste activated sludge (WAS) and
primary sludge (PS) are thickened separately, the WAS by dissolved air flotation and the PS
by gravity thickening. The two thickened sludge streams are blended and the blend is
anaerobically digested in a high rate anaerobic digester (sludge age = +10d). The
anaerobically digested sludge is degritted mechanically and then passes to a collection sump.
The sludge is drawn from the sump, thickened/dewatered in centrifuges and the

thickened/dewatered sludge passes to a thermal drying pelletization plant.
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In operation of this sludge treatment scheme, problems have been experienced with mineral
precipitation in the centrifuges, and in the pipework leading from the centrifuges to the
pelletization plant. Precipitation inside the centrifuges reduces the capacity of the centrifuges
to lower the moisture content of the output to the pelletization plant, which means that the
moisture content of the sludge to the pelletization plant exceeds the suppliers specifications,
and the thermal drying process is not optimal. Precipitation within the pipe network causes

pipe blockages and reduced maximum flow rates.

~ Mineral precipitation from anaerobic digester supernatant (ADS) usually is the result of an
increase in pH caused by the loss of CO, (Loewenthal et al., 1994): Within the digester,
anaerobic processes acting on the sludge cause evolution of CO; which results in an increase
in the partial pressure of CO,. When the ADS leaves the digester it comes into contact with
atmospheric conditions where the partial pressure of CO; is much lower than insicie the
digester. This causes CO; loss from the ADS to the air, until equilibrium between the CO,
concentration in the ADS and the air is reached. Loss of CO; can also be caused by pressure
drops at pipe bends, pumps, etc. The loss of CO; repre;:ems an decrease in acidity which
means that the pH of the ADS will increase. Inevitably the rise in pH causes some minerals
to become supersaturated, which triggers the precipitation of these minerals; minerals likely

to precipitate include struvite (MgNH4PO4-6H,0), calcium carbonate (calcite, CaCOs) and
amorphous calcium phosphate (Caz(PO4),- XH,0) (Musvoto et al., 2000a; b).

From the above, the precipitation of minerals from ADS is a multi-phase (solid/liquid/gas)
multi-mineral problem. From the experimental and theoretical framework developed by
Musvoto er al. (1998) it is possible to examine systems with this type of mineral
precipitation. This chapter details application of these methods to examine the precipitation
of minerals from the ADS at the Cape Flats Treatment Plaat, to evaluate the model itself and

to gain insight into the precipitation processes.

This part of the research project consisted of an experimental investigation to gather
appropriate data, and then the application of the Musvoto ef al. kinetic model to the
experimental data. In addition, a steady state model describing struvite precipitation was

developed, and applied to the experimental data.
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33 EXPERIMENTAL INVESTIGATION

Three types of experiments were undertaken; batch test, pH controlled experiments and.
extended pH controlled experiments.

33.1 Batch test

The aim of the batch test was to examine the effect of CO; loss on the ADS, in particular the

effect on pH and the resultant precipitation of minerals.

3.3.1.1 Test Method

Anaerobically digested sludge was drawn from the anaerobic digesters at the Cape Flats
Treatment Plant. The sludge was drawn directly from the digesters into a closed container in
a manner which limited loss of CO, to the atmosphere, thereby preserving the in siftu
conditions inside the digesters. The sludge was transported to the laboratory at the University
of Cape Town. Samples drawn from the container could not be filtered as the solids
concentrations of the sludge were high and caused immediate blinding of the filters.
Accordingly, the sludge in the sealed container was left to settle before samples were drawn
for the batch test; initially the settling period was 24h, but tests showed that separation was
not adequate after such a short settling period. Therefore, the settling period was increased to

5 days before samples were drawn for the batch experiment.

After 5 days settling, a 10¢ sample was drawn from the sealed container and placed in a
stirred batch reactor, maintained at a constant temperature of 20°C. To facilitate CO, loss to
the atmosphere, the contents of the batch reactor were acrated by low pressure air passing
through a “fish stone” diffuser placed at the bottom of the batch reactor. The pH in the
reactor was monitored continually. At regular intervals 50mé samples were drawn from the
reactor. The samples were immediately vacuum filtered through Whatman’s No 1 filter
papers; tests indicated that this filtration did not significantly influence the pH. The filtrate
was divided into three. One filtrate sample was acidified by adding 2-3 drops (=1méf) of

concentrated nitric acid (HNO3) to terminate the precipitation reactions; these acidified
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samples were then stored until the end of the batch test when they were further filtered
through 0.45um filters. The second filtrate sample was not acidified and was also stored until
the end of the batch test, when it was further filtered through 0.45um filters. The third filtrate
sample was acidified by adding 2-3 drops (=1mé) of concentrated hydrochloric acid to
preserve FSA. This sample was not filtered further, but stored for analysis at the end of the
batch test.

The HNO4 acidiﬁed 0.45um filtered samples were analysed by an external laboratory for:

» Ca, Mg and Fe by inductively coupled plasma (ICP) emission spectroscopy (Standard
Methods, 1985).

° Free (NH3;) and saline (NH;") ammonia (FSA) and orthophosphate (PO,) by

aufoanalyser.

The non-acidified 0.45um filtered samples were analysed in house for:

. H,CO;” alkalinity and short chain fatty acid concentrations using the 5 pH point
titration method (Moosbrugger et al., 1992). The total inorganic carbon species
concentrations (Cr = H:gCO:»,* + HCO; + C032') with time in the batch reactor were
calculated from the measured H,CO5 alkalinities and the pH’s measured in the batch

reactor at the time the specific sample was taken.

The HCI acidified samples were analysed in house for:
o FSA by steam distillation method (Standard Methods, 1985).

3.3.1.2 Resulis

Detailed results are tabulated in Appendix A. The batch test data are shown plotted in Fig.
3.1 (a b,c,d,eand f):

pH: From Fig. 3.1(a), the initial pH in the batch test is pH = 6.58. This pH is slightly lower
than expected and is probably the result of the digester not functioning correctly, causing that
short chain fatty (volatile) acids are still present in the ADS. With aeration, the pH of the
batch test increases with time, to reach a value of pH = 8.0 by the end of the test (121



3.5

minutes). The pH increases because aeration strips CO, from the ADS, decreasing acidity.
In the course of the batch test, after about 45 minutes the pH stabilises at pH = 7.6 for 20
minutes. This corresponds to the time where struvite starts precipitating (see below). Most
likely this stabilisation of pH is due to the struvite precipitation decreasing the pH (due to
removal of PO,” species), while aeration and CO, stripping increases the pH. When the rate

of struvite precipitation slows, the pH increases again.

Conductivity: From Fig. 3.1(b), conductivity which is a measure of the ionic sirength of the
solution, decreases slowly by a small amount as the test progresses. This decrease in
conductivity is due to the precipitation of minerals as the test progresses (see below).
However, the decrease in conductivity is not significant compared with the absolute value for

conductivity.

SCFA, H,CO;" alkalinity and Cr: From Fig. 3.1(c), the SCFA concentration at the start of
the batch test is high (= 4 000mg/€ as HAc) and remains approximately constant throughout
the test. The high SCFA concentrations confirm the conclusion above that the initial low pH
in the batch test is due to the presence of SCFA as a result of the digester not functioning
correctly. That this concentration does not decrease in the batch test with aeration indicates
the absence of biological activity in the batch test, probably due to the absence of aerobic
micro-organisms. The Cr decreases throughout the baich test due to loss of CO, by gas

stripping.

Na, K and Fe: From Fig. 3.1(d), the concentrations of Na, K and Fe do not change
appreciably. This indicates that these species did not participate significantly in the

precipitation reactions.

Mg and P: From Fig 3.1(e), Mg and P remain approximately constant at about 177mgP/£ and
65mgMg/t respectively for the first 40 minutes while pH increases. Thereafter, both Mg
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Fig 3.1: Measured soluble concentrations for pH (Fig 3.1a, top left); conductivity (Fig 3.1b,
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top right); total short chain fatty acids (SCFA), H,CO," alkalinity (Alk) and total inorganic

carbon species (Cr} (Fig 3.1c, middle left); potassium (K), sodium (Na) and iron (Fe) (Fig
3.1d, middle right); total phosphate species (Pr), calcium (Ca) and magnesium (Mg) (Fig 3.1e
bottom left); free and saline ammonia (FSA) from external (CMC) and internal (UCT)
analysis (Fig 3.1f, bottom right) for batch aeration of anaerobic digester liquor from Cape

Flats (Cape Town, South Africa) digester treating a blend of primary and waste activated

sludge.
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and P concentrations decrease with time, and then level off after 80 minutes at about 99
mgP/€ and 17 mgMg/€ respectively, and thereafier remain constant at these values for the rest
of the test. The molar decreases in P and Mg correspond to 2.5 mmol/ and 2.0 mmol/é
respectively, giving a P/Mg ratio of 1.26. This is close to the theoretical molar ratio for
struvite precipitation of 1. The slightly higher molar mass of P precipitating than Mg may be
due to a small amount of calcium phosphate precipitation. The precipitation of the various
minerals is dealt with more extensively in the theoretical analysis of the batch test (see

Section 3.4 below).

Ca: From Fig 3.1(e), Ca concentrations are quite variable and so it is not possible to
determine the exact amount of calcium precipitation. However, from the data it is evident
that only a small quantity of Ca precipitates, probably as calcium phosphate or calcite.
Determination of possible Ca precipitation is dealt with more extensively in the theoretical

analysis of the batch test results (see Section 3.4 below).

FS§A: Fig 3.1(f) shows the FSA determined by both the external (CMC) and internal (UCT)
laboratories; results correspond reasonably closely, with the CMC FSA being about 10%
greater than those from UCT, but following very similar trends. The FSA concentrations are
high, at about 1 000mgN/¢. Accepting the P and Mg concentration changes to be primarily
due to struvite precipitation, the expected decrease in FSA due to struvite precipitation is
about 2mmol/f = 28mgN/f. Compared to the absolute concentrations, this change is so small
that it can not be reliably detected with the analytical methods used. This observation is
supported in the theoretical analysis of the batch test (see Section 3.4 below).

Minerals precipitating: From the results above, the dominant mineral precipitating is
struvite, with possibly minor calcium phosphate. This was confirmed from theoretical
simulations with a kinetic multi-precipitation weak acid/base model (see Section 3.4 below).
For the state of the ADS drawn from the full-scale anaerobic digester at Cape Flats and used
in the batch test, a maximum of approximately 2 to 2.5mmol/€ of struvite can be expected to
precipitate. This corresponds to 274 to 343 mg/f as MgNH;PO,, and taking into account the
water of hydration 490 to 613 mg/f as MgNH;PO4-6H,O. With the large volumes of ADS
passing to the pelletization plant, this represents substantial precipitation potential. The exact
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amount of struvite that will precipitate as the ADS passes along the sludge treatment line, or
in a specialized reactor dedicated to struvite precipitation, will depend on the CO; loss and
pH established, and on the initial concentrations of the reactants in the precipitation -

principally Mg and P.

Critical pH for struvite precipitation: The critical pH for struvite precipitation is pH = 7.6.
Below this pH the solution is undersaturated with respect to struvite, and above the solution is
supersaturated. Also, when a pH = 7.8 is reached the struvite precipitation reaction is
essentially complete; further aeration does not Stimﬁla’te significant further struvite
precipitation compared to the mass precipitating when aeration increases the pH from pH 7.6
to 7.8. It is not possible to determine from the batch test whether struvite precipitation ceases
because of the pH reached, or whether it ceases because aeration cannot significantly increase
the pH further, or whether it ceases because initial Mg is limiting. However, from the

theoretical investigation (Section 3.4 below) it appears that the latter is true.

Time taken to reach critical pH for struvite precipitation: In the batch test conducted here,
the critical pH for struvite precipitation is reached after 45 minutes aeration, and the
precipitation is essentially complete after 80 minutes. However, these times will depend on a
number of factors, including aeration rate, initial ph, buffer capacity, initial species

concentrations, maximum pH reached with aeration, etc.

3.3.2 pH change tests

From the batch test above, aeration strips CO; from the ADS, causing the pH to increase.
The increase in pH results in the precipitation of struvite from the bulk solution.
Accordingly, it was decided to increase the pH by addition of NaOH to confirm that it is the
increase in pH that is the primary process causing struvite precipitation. These tests also

allow the struvite precipitation potential to be rapidly assessed.
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3321 TestSet 1

3.3.2.1.1 - Test Method

The ADS was again obtained from the anaerobic digesters at the Cape Flats Treatment Plant,
as described above for the batch tests. The ADS was allowed to settle in the sealed container
for a period of 5 days. One sample was drawn from the container and divided into three. The
pH in one sample was decreased to pH = 2 by addition of a few drops of concentrated
hydrochloric acid, to establish the baseline for mineral species concentrations before
precipitation occurs. The pH in the second sample was increased to pH = 9.2 by addition of a
few drops of concentrated NaOH, the batch test above indicated that this pH would exceed
the pH where struvite precipitation initiates (pH = 7.6) and the theoretical investigation
(Section 3.4 below) indicated that it would exceed the pH where no further significant
struvite precipitation occurs (pH = & 8.6) - accordingly increasing the pH to 9.2 would allow
quantification of the struvite precipitation potential. The pH in the third sample was not

adjusted.

The three samples above were then filtered through Whatman’s No 1 filter paper, and this
filtrate immediately filtered through 0.45um filters. These filtrate samples were then
acidified as for the batch test above, and analysed for ortho P (also called soluble reactive P,
SRP) using the molybdate vanadate colorimetric methoéi (Standard Methods, 1985). No

metals analyses were done, as the test was in the development stage.

In the test it was found that filtering the samples through O.45)an filters caused substantial
CO; loss which resulted in the pH of the filtrate increasing to pH = 8, which deviates
significantly from the sample pH = +7. To take account of this observation, the test should

be modified and the samples acidified prior to 0.45um filtration.

3.3.2.1.2 Results

Results from two paralle] tests on the same ADS obtainzd from the Cape Flats Treatment

Plant anaerobic digesters, but run on different days are shown plotted in Fig. 3.2. Results
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from the two tests correspond closely. In both tests, there is little difference in P
concentration between samples at pH = 8 and pH = 9.2; essentially the precipitation reaction
is complete at pH = 8. This is in agreement with the theoretical investigation results (see
Section 3.4) where it was found that by far the vast majority of struvite precipitated when the
pH increased to pH = 8, and only a small additional amount precipitated when pH increased
from 8 to 9. From the theoretical investigation (Section 3.4), it was found that, with respect
to mineral precipitation, the solution state at pH = 2 and pH = 7 (the initial pH of the ADS)
was the same, i.e. no significant precipitation of struvite and ACP occurred between pH 2 and
7. Accordingly, the solution state at pH 2 and 9 could be used to assess the precipitation
potential.

In Test 1, (92 - 74.5) = 17.5 mgP/€ = 0.56 mmolP/€ precipitated, and in test 2 (89 - 70} = 19
mgP/€ = 0.61 mmolP/f. These values are in close agreement, but are substantially less than
the precipitation in the batch test (2.5 mmol/f). This reduced precipitation is because the
initial P concentrations in these tests are significantly lower than those in the batch test, +90

mgP/ and £180 mgP/£ respectively, and more than likely the initial Mg concentrations were

100
90 1 2,89 AN Test 1 A Test 2
60 1
50 +
40 |
30 +
20 +
o]

Pt (mgP/t)

Low (2.0} Normal {8.0) High (9.2)
ph

Fig 3.2: Effect of pH on soluble orthophosphate concentrations in anaerobic digester liquor
from Cape Flats (Cape Town, South Africa) digester treating a blend of primary and waste
activated sludge; pH change effected by HCI or NaOH addition.
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similarly reduced (not measured for this test). This variation in initial conditions would
indicate that the conditions in the Cape Flats digesters vary considerably. This observation is

confirmed in subsequent experimental work (see below).

From the above, the pH change tests provide a simple rapid method to determine

precipitation potential in ADS.

33.2.2 Test Set 2

In Test Set 1 above; a simple rapid method to determine precipitation potential in ADS was

developed. In this set of tests the reproducibility of the method was examined.

33.2.241 Test Method

The ADS was obtained from the anaerobic digesters at Cape Flats Treatment Plant, as
described above for the batch test. The ADS was allowed to settle in the sealed container for
a period of 5 days. One sample was drawn from the container and divided into eight. In four
of these samples the pH was reduced to pH = 2.0, and in the remaining four samples the pH
was increased to pH = 9.0, as described above. The samples were filtered as described above
and analysed for ortho P as above. At the two extreme pHs, loss of CO; during filtration will
not alter the pH significantly, so no measures had to be taken to control pH on filtration.

33222 Resulis

Results from two parallel tests on two different ADSs obtained from Cape Flats anaerobic
digesters are shown in Figs. 3.3 and 3.4 respectively. It is evident that the results from the
test method are reproducible. Averaging the pH =2 and pH = 9 results from the two tests, for
the first test (Fig. 3) (156 - 106.3) = 49.7 mgP/ = 1.60mmolP/¢ precipitated and for the
second test (Fig. 4) (190 - 110.8) = 79.2 mgP/t = 2.55mmolP/f precipitated. Again these
values differ considerably due to the different initial P concentrations (and presumably Mg
concentrations) in the two tests, averages 156 and 190 mgP/€ respectively. This variation in

ADS initial state conforms to observations in previous tests above.
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For the first test (Fig. 3.3), analyses for Mg on one sample set from the same ADS batch were
available, and the measured concentrations gave Mg = 45 and 1.8 mgMg/f at pH = 2 and 9
respectively. This indicates that (45 - 1.8) = 43.2 mgMg/€ = 1.8 mmolMg/€ precipitated.

This gives a P/Mg ratio of 0.9 which is close to the theoretical molar ratio for struvite
precipitation of 1, which would indicate that struvite precipitation dominated with little
calcium phosphate precipitation. This was confirmed in the theoretical investigation (see

Section 3.4 below).

3323 TestSet3

Having demonstrated above that the test method is reproducible and having identified

possible problems with the test method, the method was applied with metals analysis.

33.23.1 Test Method

The ADS was obtained from the anaerobic digesters at Cape Flats Treatment Plant, as
described above for the batch test. The ADS was allowed to settle in the sealed container for
a period of 5 days. One sample was drawn from the container and divided into three. The pH
in one sample was decreased to pH = 2 by addition of a few drops of concentrated
hydrochloric acid, to determine whether precipitation had already occurred in the anaerobic
digesters. The pH in the second sample was increased to pH = 9.0 by addition of a few drops
of concentrated NaOH; the batch test above indicated that this pH would exceed the pH
where struvite precipitation mitiates (pH = 7.6) and the theoretical investigation (Section 3.4
below) indicated that it would exceed the pH where no further significant struvite
precipitation occurs (pH = + 8.6) - accordingly increasing the pH to 9.0 would allow
quantification of the struvite precipitation potential. The pH in the third sample was not
adjusted.
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The three samples above were then filtered through Whatman’s No 1 filter paper, and this
filtrate immediately filtered through 0.45um filters. These filtrate samples were then

acidified as for the batch test above, and analysed for:

o Ca, Mg and Fe by inductively coupled plasma (ICP) emission spectroscopy
{Standard Methods, 1985) at an external laboratory (CMC).

» Free (NH3) and saline (NH4") ammonia (FSA) and orthophosphate (PO4) by
autoanalyser at an external laboratory (CMC).
ortho P (also called soluble reactive P, SRP) using the molybdate vanadate
colorimetric method (Standard Methods, 1985) at internal laboratory (UCT).
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Fig 3.5: Effect of pH on soluble orthophosphate (P), magnesium (Mg), calcium (Ca),
potassium (K), sodium (Na), and iron (Fe) concentrations in anaerobic digester liquor
from Cape Flats (Cape Town, South Africa) digester treating a blend of primary and
waste activated sludge; pH change effected by HCI or NaOH addition.
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In the test it was found that filtering the samples through 0.45um filters caused
substantial CO; loss which resulted in the pH of the filtrate increasing to pH = 8, which
deviates significantly from the sample pH = +7. To take account of this observation, the
test method should be modified and the samples acidified prior to 0.45um filtration.

33232 Results

Detailed results are tabulated in Appendix A. The test data are shown plotted in Fig. 3.5.

Na, K and Fe: From Fig. 3.5, the concentrations of Na, K and Fe do not change
appreciably with change in pH. This indicated that, in agreement with the batch test
results (Section 3.3.1 above), these species did not participate significantly in the

precipitation reactions.

Mg: Mg concentrations are 45, 2.3 and 1.8 mgMg/f at pH 2, 8 and 9 respectively. This
gives a change from pH 2 to 9 of (45 - 1.8) = 43.2 mgMg/l = 1.8 mmolMg/l. Also, the
Mg concentration at pH 8 is close to the concentration at pH 9 , indicating little struvite
precipitation from pH 8 to 9.

P: P concentrations are 153, 122 and 91 mgP/€ at pH 2, 8 and 9 respectively. This gives a
change from pH 2 to 9 of (153 - 91) = 62 mgP/¢ = 2 mmolP/X. The P/Mg molar ratio for
this test is 1.1, which is close to the theoretical molar ratio for struvite precipitation of 1.
This would indicate that struvite is the dominant precipitating mineral; the slightly higher
measured P/Mg ratio than the theoretical value for struvite would indicate that some
calcium phosphate did precipitate, but in small amounts. This was confirmed in the

theoretical investigation (Section 3.4 below).

Ca: Ca concentrations are 77, 48 and 42 mgCa/f at pH 2, 8 and 9 respectively. This gives
a change from pH 2 to 9 of (77 - 42) = 35 mgCa/l = 0.88 mmolCa/X. This represents
significant Ca precipitation and does not agree with the other tests, and the theoretical



3.16

simulations (see Section 3.4 below). Possibly an error was made in measurement of Ca

at pH 2.

3.3.2.4 Discussion

From the results above for the pH change tests, it is evident that:

. Struvite is the dominant precipitating mineral.
. Increase in pH is the primary process causing struvite precipitation.
. The initial Mg and P concentrations determine to a large extent the mass of

struvite that will precipitate, when the pH is increased to pH=9.

. The pH change tests provide a method that :llows the struvite precipitation

potential to be rapidly assessed.

. In the pH change tests, filtering the original sample through 0.45um filters

caused substantial CO; loss which resulted in the pH of the filtrate increasing to
pH = 8, which deviates significantly from the sample pH = +7. To take account
of this observation, the test method should be modified and the samples acidified

prior to 0.450m filtration.

3.3.3 Extended pH change tests

The pH change tests above only provide information at the pH extremes so that an
assessment of precipitation potential can be obtained. No information is provided on the
state of the solution in moving from the existing pH to the higher pH. Accordingly it was
decided to do extended pH change tests in which the solution state at pHs between the

existing pH and the higher pH would be obtained.
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3.3.3.1 Test Method

The test method was a combination of the batch test and pH change tests above. The
objective was to measure the state of the solution at multiple pH values, from the initial
pH of the ADS to pH = 9. To achieve change in pH, the ADS was aerated as in the batch
test, but with samples being drawn from the test at specific pH values rather than at

specific time intervals.

The ADS was obtained from the anaerobic digesters at Cape Flats Treatment Plant, as
described above for the batch test. The ADS was allowed to settle in the sealed container
for a period of 5 days. A 10¢ supernatant sample was drawn from the sealed container
and placed in a stirred batch reactor, maintained at a constant temperature of 20°C. To
facilitate pH change via CO, loss to the atmosphere, the contents of the batch reactor
were aerated by low pressure air passing through a “fish stone” diffuser placed at the
bottom of the batch reactor. Conductivity was measured at the start of the test - the batch
test above indicated that this does not change significantly as the test progresses and thus
only the initial value is adequate. The pH in the reactor was monitored continually. At
specific pH values the aeration was stopped and 50mf samples were drawn from the
reactor. The samples were immediately vacuum filtered through Whatman’s No 1 filter
papers. These samples were then stored until the end of the test. Aeration of the test then
recommenced. At the end of the test, the pH in each stored sample was adjusted to the
pH in the batch test at the time the sample was taken by addition of HCI or NaOH. The
pH adjusted samples were then filtered through 0.45um filters, the filtrates acidified with
nitric acid and analysed as for the batch test. Due to problems in the analysis of Mg from
the external laboratory (CMC), additionally samples were sent to another external
laboratory (Department of Chemistry at UCT) for analysis of Mg via inductively coupled
plasma (ICP) emission spectroscopy (Standard Methods, 1985).

During the course of the test it was found that aeration did not increase the pH

adequately. Accordingly, prior to filtration the pH in samples 5 to 10 were increased by
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addition of NaOH, to the desired pH values. Thus, this test is not time dependent, but
rather related to pH.

3.3.3.2 Results

Detailed results are listed in Appendix A. From Appendix A, the one external laboratory
(CMC) analysis for Mg gave negligible concentrations, even in the original ADS sample
at time = 0, whereas the analysis by the other external laboratory (UCT) gave significant
Mg (29.1 mgMg/t ) at time = 0. Accordingly, the UCT Mg values were accepted. The
test data are shown plotted in Fig. 3.6 (a to d). The results are similar to those obtained in
the batch test (Section 3.3.1 above), but the pH towards the end of the test was much
higher than in the batch test due to artificially increasing this by NaOH addition.

pH: From Fig. 3.6(a), the initial pH in the batch test is pH = 7.1. This pH is higher than
the initial pH for the previous baich test, and is the value expected for digesters
functioning correctly. With aeration, the pH of the batch test increases with time, to
reach a value of pH = 7.6 after 70 min. The pH increases because aeration strips CO,
from the liquor, increasing acidity. Thereafter, the pH in the samples were increased by
addition of NaOH prior to filtration. This increases the pH above the values recorded in
the previous batch test (Section 3.3.1 above).

Due to the above artificial increase in pH, the rest of the data are shown plotted against

pH and not time.

Conductivity: Conductivity was not monitored throughout the test as the results from the
batch test (Section 3.3.1 above) indicated that, although conductivity decreases slowly by
a small amount as the test progresses (due to the precipitation of minerals), the decrease
in conductivity is not significant compared with the absolute value for conductivity.
Initial conductivity was measured at 720mS/m, which is similar to the batch test (Section
3.3.1 above).
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Na, K and Fe: From Fig. 3.6(b), the concentrations of Na, K and Fe do not change
appreciably as the pH increases. This indicates that these species did not participate
significantly in the precipitation reactions, in agreement with the observations in the

previous batch test (Section 3.3.1).

Mg and P: From Fig. 3.6(c), P remains approximately constant at about 116mgP/{ while
pH increases to about pH 7.4 (at about 70 minutes). Thereafter, P concentrations
decrease as the pH increases further, and then level off at about 95mgP/f when the pH
reaches about 8.7, and thereafier remain constant at this value when the pH is increased
to 9. Unfortunately, Mg values during the course of the fest are not available due to
analytical problems. However, values are available for the start and end of the test, at
29.1 and 2.3 mgMg/¢ for pH = 7.1 and 9 respectively. The molar decreases in P and Mg
correspond to 0.74mmol/ and 1.12mmol/¢ respectively, giving a P/Mg ratio of 0.7. This
deviates from the theoretical molar ratio for struvite precipitation of 1. The small
difference cannot be ascribed to calcium phosphate precipitation, since the Mg decrease
exceeds the P decrease. The precipitation of the various minerals is dealt with more

extensively in the theoretical analysis of the batch test (see Section 3.4 below).

Ca: From Fig. 3.6(c), Ca concentrations do not change significantly during the test,
indicating little or no calcium precipitation, as calcium phosphate or calcite.
Determination of possible Ca precipitation is dealt with more extensively in the

theoretical analysis of the batch test results (see Section 3.4 below).

FS§A4: From Fig. 3.6(d), the FSA concentrations are high, at about 730mgN/l. Accepting
the P and Mg concentration changes to be primarily due to struvite precipitation, the
expected decrease in FSA due to struvite precipitation is about Immol/€ = 14mgN/f. As
observed in the batch test above, compared to the absolute concentrations, this change is
so small it can not be reliably detected with the analytical methods used. This
observation is supported in the theoretical analysis of the batch test (see Section 3.4
below).
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Minerals precipitating: From the results above, the dominant mineral precipitating is
struvite, with possibly minor calcium phosphate. This was confirmed from theoretical
simulations with a kinetic multi-precipitation weak acid/base model (see Section 3.4
below). For the state of the ADS drawn from the full-scale anaerobic digester at Cape
Flats and used in the extended pH change test, a maximum of approximately 0.7 to
1.1mmol/€ of struvite can be expected to precipitate. This corresponds to 96 to 151 mg/t
as MgNH4PO,, and taking into account the water of hydration 172 to 270 mg/ as
MgNH4PO46H,O. With the large volumes of liquor passing to the pelletization plant,
this represents substantial precipitation potential. The exact amount that will precipitate
on treatment of the liquors will depend on the CO; loss and pH established, and on the

initial concentrations of the reactants in the precipitation - principally Mg and P.

Critical pH for struvite precipitation: In this test the critical pH for struvite precipitation
is pH = 74, which closely corresponds to the value of pH = 7.6 measured in the batch
test. Below this pH the solution is undersaturated with respect to struvite, and above the
solution is supersaturated. Also, when a pH = 8.7 is reached the struvite precipitation
reaction is essentially complete; further increase in pH does not stimulate further struvite
precipitation. This latter value of 8.7 for struvite precipitation completion is considerably
higher than the pH = 7.8 measured in the batch test (pH = 7.8, Section 3.3.1). However,
in the batch test the increase in pH is limited to that possible through aeration, whereas in
this extended pH change test the pH was adjusted by NaOH addition. In the theoretical
investigation (Section 3.4 below), it was found that in the previous batch test the
completion of struvite precipitation was primarily due to the inability of aeration to
increase pH much above 7.8 - in the model if the pH were increased further, additional
struvite precipitation would result, which is in agreement with this extended pH change
test. However, the additional struvite precipitation for pH > 7.8 would be limited by the
concentration of Mg available for precipitation, because Mg is the ultimate limit on the

concentration of struvite that can potentially precipitate.
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Fig 3.6: Measured soluble concentrations for pH with time (Fig 3.6a, top left) and
potassium (K), Sodium (Na) and iron (Fe) (Fig 3.6b, top right); total phosphates species
(PT), calcium (Ca) and magnesium (Mg) (Fig 3.6¢ bottom left); free and saline ammonia
(FSA) (Fig 3.6d, bottom right) with pH for extended pH change test on anaerobic digester
liguor form Cape Flats (Cape Town, South Africa) digester treating a blend of primary

and waste activated sludge; note that form sample 5 NaOH was added to increase the pH.

Time taken to reach critical pH for struvite precipitation: In the extended pH change
test conducted here, the critical pH for struvite precipitation is reached after 60 minutes
aeration. This value is longer than that measured in th- batch test (Section 3.3.1) of 45
minutes (Fig. 3.1e). However, this time will depend on a number of factors, including
aeration rate, initial pH, buffer capacity, etc. The time to reach complete precipitation in
the two tests can not be compared as the pH adjustment procedures differed between the

two tests.
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34  THEORETICAL INVESTIGATION

Based on the experimental results obtained, a theoretical investigation of the precipitation
in the Cape Flats ADS was also undertaken. This involved the application of kinetic and

steady state models,

3.4.1 Kinetic model application

From the experimental investigation above, the precipitation of minerals from ADS is a
multi-phase (solid/liquid/gas) multi-mineral problem. Musvoto ef al. (1998) has
developed a kinetic based modelling approach to simulate systems with this type of
mineral precipitation. Following this approach, a kinetic model was developed to
simulate the reactions that occur on ADS aeration (Musvoto et al., 2000a, b). This model

incorporates:

e Forward and reverse dissociation reactions for the weak acid/base systems water,
carbonate, phosphate, ammonium and short chain fatty acids.

o Precipitation of the minerals struvite (MgNH,PO4 6H,0), amorphous calcium
phosphate (ACP, Ca3(POy), xH,0), newberyite (MgHPO4 3H,O), calcite (CaCO3)
and magnesite (MgCOs); from the literature and experimental investigations,
these are the minerals most likely to precipitate on aeration of ADS.

e (as stripping of NH3 and gas exchange of CO,.

e Jon pairing reactions for CaOH", CaCOs(aq), CaHCO;", CaPOy, CaHPOq4(aq),
CaH-PO,", MgOH"L, MgCOs(aq), MgHCO{, MgHPOy(aq) and MgPOy; from the
literature, these are the ion pairs commonly found in systems dominated by the

various carbonate, Mg, Ca, P and N species at pHs typical of ADS.

The model has been reviewed in more detail in Chapter 2 and is presented in Tables 2.1,
2.3, and 2.7. The model was validated by means of aeration batch tests on upflow
anaerobic sludge bed (UASB) liquors and sewage sludge ADS (Musvoto ef al., 2000b).

The weak acid/base dissociation constants, ion pairing stability constants and mineral
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solubility products were kept constant at typical literature values. By curve fitting the
predicted to the measured experimental batch test results for inorganic carbon (Cy), Mg,
Ca, free and saline ammonia (FSA), orthoP and pH over 24h or longer, the mineral
precipitation and gas stripping rates were determined for the UASB and sewage sludge
ADS. From the simulations, a deeper understanding of the processes operating in the
batch tests could be developed, to identify inter alia the dominant precipitating minerals,
the conditions that cause these minerals to precipitate and the rates of precipitation of the

minerals.

Although the kinetic model was applied by Musvoto er al. (2000b) to batch aeration
experiments on ADS from the Cape Flats Treatment Plant, these experiments were not
applicable to the present problem at the plant. At the time (1996/1997) the Cape Flats
Treatment plant did not exhibit biological excess P removal (BEPR) and so the ADS had
Mg and P concentrations much lower (Mg = 20 - 30mg/¢; P = 15 - 30mgP/¢) than ADS
from plants that exhibit BEPR (P = 150 - 250 mgP/, Pitman, 1995). Since the objective
in the experiments was to examine ADS from BEPR plants, the initial Mg and P
concentrations were increased artificially by adding chemicals. The addition of
chemicals to the ADS from Cape Flats in predetermined molar ratios would cause that the
precipitation behaviour in the batch tests would deviate from the “usual” behaviour. From
the above, the kinetic model forms a useful analytical tool to evaluate multi-phase
(solid/liquid/gas) multi-mineral problems, and accordingly was applied to the ADS from
Cape Flats Treatment Plant. Three sets of simulation were undertaken. The kinetic model

was applied to:

1. the batch test described above (Section 3.3.1),
2. the extended pH change test described above (Section 3.3.3), and
3. theoretically examine the effect on mineral precipitation of changing initial

concentrations of Mg and P, and the aeration rate.

All simulations were using AQUASIM ver. 2.0 (Reichert, 1994).
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3.4.1.1 Batch test

The model as developed by Musvoto ef al. (2000a, b) and described in Chapter 2 (Tables
2.1, 2.3, and 2.7) was applied to the batch test described in Section 3.3.1 above.

Model preparation

The model was given as input the eight dissociation constants (pK) and their temperature
sensitivities for the 16 forward and reverse dissociation processes for the water,
carbonate, phosphate, SCFA and ammonia weak acid/base systems (Tables 2a and 2¢ in
Musvoto ef al., 1997; Tables 2.1 and 2.2 in Chapter 2} and the 11 stability constants
(pKst) for the 22 forward and reverse dissociation processes for the ion pairs (Tables la
and lc in Musvoto ef al., 2000c; Tables 2.6 and 2.8 in Chapter 2). Also given as input
were the solubility product (pKsp) values from the literature for the five minerals
identified to precipitate (Table 7, Musvoto et al., 2000; Table 2.5 in Chapter 2). These
pK, pKst and pKsp values were accepted o be model constants (not changed). With the
measured initial conductivity, also given as input and converted internally in the model to
an ionic strength value with the formulae given by Loewenthal er al. (1989) (ionic

strength p = conductivity.1 .68x10™), the input pK, pKgr and pKsp values were internally

corrected for ionic strength with the appropriate mono-, di- and trivalent ion activity
coefficients, as indicated in the above mentioned tablesj The input pK values were also
internally adjusted for temperature; the pKgr and pKgp values could not be adjusted as
information on temperature sensitivities for these is not available in the literature. Also
given as input were the specific rate constants for weak acid/bases (Table 2.2a in Chapter
2), precipitation (Table 2.5 in Chapter 2) and ion pairs (Table 2.8 in Chapter 2); the last
had to be changed from 107 (/s) to 10° (/s) for computational stability. However, the rates
remain effectively instantaneous. The initial total species concentrations (Cy, Py, N, Ca
and Mg) and pH values measured in the batch test were also given as input to the model,

as initial conditions.
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Model calibration - determination of mineral precipitation and gas stripping rates

In validating their model Musvoto ef al. (2000c) changed only the precipitation rate
constants (K pp) for the five minerals and the specific gas stripping rate constants (K, )
for CO, and NH; (the calibration constants); these seven rate constants were determined
by trial and error fitting of theoretical model predictions to the experimental data. Values
are listed in Table 2.5. In the initial simulations of the batch test reported here, the values
for these constants found by Musvoto er al. (2000c) were accepted. In the simulations it
was found that only one constant required adjustment - the gas stripping rate for CO». In
the model this rate is calculated from the specific rate for O,; the value for this rate had to
be changed from the range 225 - 600/d reported by Musvoto ef al. to 130/d. This change
is not unexpected since the specific gas stripping rates depend on the aeration conditions
(gas flow rates, mixing, solids, etc.) applied in the specific test, and this differed between
the test reported here and those reported by Musvoto ef al.  Also, in the simulations the
specific rate constant for struvite precipitation was changed to improve the fit between
predicted and measured Mg results; changing the value for this rate constant from the
“default” value of 300/d to 1 000/d improved the fit, see below.

Resulls

Predicted and measured batch test concentrations are shown plotted in Fig. 3.7(a to ).

For all concentrations reasonably close correlation was obtained.

Minerals precipitated: Accepting that the predictions are reasonable, the predicted
concentrations of the different minerals that precipitate can be determined, see Fig 3.8.
From Fig. 3.8, the dominant mineral that precipitates is struvite (516mg/f as MgNH,PO,
6H,O = 97% of mass of precipitant afler 2 hours), followed by ACP (16.5 mg/t as
Cas(POy4), = 3% of the mass of precipitant after 2 hours), and negligible newberyite,
calcite and magnesite precipitate. These observations are similar to those of Musvoto er
al., but with less ACP precipitation. The lower ACP precipitation is due to the short
duration of the test here with final pH reached about pH = 8, whereas in the Musvoto et
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al. tests the tests ran for > 48 hours with final pH = £ 8.8; significant ACP precipitation

only occurs at higher pHs, see below.

Critical pH for struvite precipitation: As noted in Section 3.3.1 above, precipitation of
struvite does not commence immediately on aeration. From the predictions (Fig. 3.7¢),
struvite precipitation only starts after approximately 30 minutes, becoming significant
after about 35 to 40 minutes (Fig. 3.8); this indicates that the solution is initially
undersaturated with respect to struvite, but as the pH increases the solution becomes
supersaturated causing struvite precipitation. This is illustrated in Fig. 3.9, where
minerals precipitated are plotted against pH; the pH at which the solution becomes
supersaturated is about f}H =72, but significant precipitation only occurs at pH > 7.3.
Comparing Figs. 3.8 and 3.9, it is evident that the struvite precipitation slows
significantly after about 60 minutes. This reduction in precipitation is not primarily due
to the higher pH, but is due to the rate of pH increase slowing (Fig. 3.7a) caused by the
reducing rate of CO; loss as the solution approacies CO, equilibrium with the
atmosphere. This becomes evident after about 90 minutes (Fig. 3.8) by which time 88%
of the struvite that precipitates in the test has already precipitated.

Critical pH for ACP precipitation: Similarly to struvite, ACP precipitation only starts
after about 60 minutes (pH = £ 7.7), but then, unlike struvite, increases monotonically
with time (Fig. 3.8) and exponentially with pH (Fig. 3.9). However, at the end of the test

with the maximum pH reached of about 8, ACP precipitation is not significant.

Effect of changing struvite specific precipitation rate constant: To provide a closer fit
between predicted and measured Mg, the specific struvife precipitation rate constant was
increased from the “default” value of 300/d to 1 000/d. This change influenced only Mg,
P and struvite precipitation. Predicted and measured concentration time profiles for these
parameters are shown in Fig. 3.10 (a to d). Comparing the predictions with the specific
struvite precipitation rate constant of 300/d (Figs 3.7e, 3.7f, 3.8 and 3.9) with those for
the specific struvite precipitation rate constant of 1 000/d, increasing the rate constant

improves the correlation between predicted and measured Mg and P. However, the effect
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Fig. 3.7: Predicted and measured soluble concentrations for pH (Fig 3.7a, top left); total
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anaerobic digester liquor from Cape Flats (Cape Town, South Africa) digester treating a
blend of primary and waste activated sludge; predictions using kinetic model of Musvoto

et al.
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3.30

on struvite precipitation is relatively small, with only an additional 5% struvite
precipitating after 2 hours aeration. This confirms the observation that the precipitation
of struvite with time is primarily linked to the rate of change of pH caused by aeration;
the kinetics of precipitation have a relatively small influence. This implies that the
solution is effectively continually at equilibrium as the pH changes. This indicated that

equilibrium chemistry could also be used to analyse the data (see below).

3.4.1.2 Extended pH change test

The model developedv by Musvoto er al. (2000) was applied to the extended pH change

test described in Section 3.3.3 above.

Model preparation

Model preparation was the same as for the batch test, as described in Section 3.4.1.1
above; the same values for the pK, pKsr and pKgp constants were used, and the same
corrections for ionic strength and temperature were applied. The initial total species
concentrations (Cy, Py, Ny, Ca and Mg) and pH values measured in the extended pH

change test were also given as input to the model, as initial conditions.

Model calibration

The same values for the specific precipitation rate constants adopted from Musvoto e al.
(2000) for the batch test above served as input for the extended pH change test. Again,
the specific rate constant for struvite precipitation was changed from the “default” value
of 300/d to 1 000/d, to assess whether this change implemented to improve the fit

between predicted and measured data in the batch test improved the fit here also.

The strategy to facilitate pH change for this test differed from that for the batch test, in
that aeration was implemented continually but additionally NaOH was added to the
sample numbers 5 to 10 to increase pH further. To accommodate the aeration it was
found that specific gas stripping rate for CO; had to be changed - in the model this rate is
calculated from the specific rate for O,; the value for this rate had to be changed from the
range 225 - 600/d reported by Musvoto er al. and the value of 130/d for the batch test
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above, to 50/d. This change is not unexpected since the specific gas stripping rates
depend on the aeration conditions (gas flow rates, mixing, solids, etc.) applied in the
specific test, and this differed between the test reported here and those reported by
Musvoto et al. To accommodate NaOH addition, in the simulations OH was dosed to the
test from sample number 5, at quantities that matched the predicted to the measured pHs;
the volume of OH dose was kept small so that dilution would not have a significant

influence on concentrations.

Results

Predicted and measured baich test concentrations are shown plotted in Fig. 3.11(a to ).
For all concentrations reasonably close correlation was obtained; predicted final Mg is
higher than the measured final value (Fig. 3.11d), but this is only one measurement and
the predicted and measured P concentrations match cloéely (Fig. 3.11e). Note that the
predicted pH time profile is obtained by continual aeration and theoretically dosing OH
from sample number 5 (1.3 hours) into the test such that a match with the measured pH
profile is obtained (Fig. 3.11a).

Minerals precipitated: Accepting that the predictions are reasonable, the predicted
concentrations of the different minerals that precipitate can be determined, see Fig. 3.12.
From Fig. 3.12, the dominant mineral that precipitates is struvite (217mg/¢ as MgNH4PO4
6H,0 = 99.8% of mass of precipitant), followed by very small amount of ACP (0.36 mg/€
as Cay(POy); = 0.2% of the mass of precipitant), and negligible newberyite, calcite and
magnesite precipitate. These observations conform to the batch test and are similar to
those of Musvoto ef al., but with less ACP precipitation. The lower ACP precipitation
compared to the batch test is due o the lower initial Ca concentration, 26 and 112 mgCa/f

respectively.

Critical pH for struvite precipitation: As noted in Section 3.3.1 above, precipitation of
struvite does not commence immediately on aeration. From the predictions (Fig. 3.11d),
struvite precipitation only starts after approximately 80 minutes, becoming significant

after about 90 minutes; this indicates that the solution is initially undersaturated with
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respect to struvite, but as the pH increases the solution becomes supersaturated causing
struvite precipitation., This is illustrated in Fig. 3.13, where minerals precipitated are
plotted against pH; the pH at which the solution becomes supersaturated is about pH =
7.7, but significant precipitation only occurs at pH > 7.8. These pH values are higher
than the values measured in the batch test, and this is due to the lower initial Mg
concentration measured in the extended pH change test compared with the batch test, 29
and 65 mgMg/€ respectively.

Critical pH for ACP precipitation: From Figs. 3.12 and 3.13, significant ACP

precipitation does not occur in this test, due to the low initial Ca concentration.

Effect of changing struvite specific precipitation rate constant: In the batch test
simulations above, to provide a closer fit between predicted and measured Mg, the
specific struvite precipitation rate constant was increased from the “default” value of
300/d (Fig. 7) to 1 000/ (Fig. 10). This change improved the cormrelation between
predicted and measured Mg and P. Accordingly, a similar change was implemented to
examine the effect on the extended pH change test. This change influenced only Mg, P
and struvite precipitation. Predicted and measured concentration time profiles for these
parameters are shown in Fig. 3.14 (a to d). Comparing the predictions with the specific
struvite precipitation rate constant of 300/d (Figs. 3.11d, 3.11e, 3.12 and 3.13) with those
for the specific struvite precipitation rate constant of 1 000/d, increasing the rate constant
improves the correlation between predicted and measured Mg, but the correlation
between predicted and measured P is slightly worse. However, the effect on struvite
precipitation is relatively small, with only an additional 4.5% struvite precipitating at the
end of the test. This confirms the observation that the rate of precipitation of struvite is
primarily linked to the rate of change of pH caused by aeration; the kinetics of
precipitation have a relatively small influence. This implies that the solution is
effectively continually at equilibrivun as the pH changes. This indicated that equilibrium
chemistry could also be used to analyse the data (see below).
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Experimental data in Fig 3.11; predictions with kinetic model of Musvoto et al. (2000a).
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Fig 3.14: Predicted and measured soluble concentrations for magnesium (Mg) (Fig 3.14a,
top left); total phosphate species (Pr) (Fig 3.14b, top right); struvite and amorphous
calcium phosphate (ACP) precipitation with time (Fig 3.14c, bottom left); struvite and
amorphous calcium phosphate (ACP) precipitation with pH (Fig 3.144, bottom right) for
extended pH change test on anaerobic digester liquor form Cape Flats (Cape Town, South
Africa) digester treating a blend of primary and waste activated sludge; predictions using
kinetic mode! of Musvoto er al, (2000a) with specific rate for struvite precipitation
increased form “default” 300/d (Figs. 3.11, 3.12 and 3.13) to 1000/d.
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3.4.1.3 Change in conditions

The kinetic model was applied to theoretically simulate the effect of changes of selected
parameters on the predictions for the batch test above. The following parameters were
changed:

¢ initial concentration of Mg
e initial concentration of P

e aeration rate, via the specific rate for oxygen exchange (Kya02)

The values for each of these parameters were changed to %2 X, 1x and 2x the values
measured in the batch test (Mg and P) or determined from the simulations (Kpao2)-
These changes influence only the predictions for pH, Mg, P and struvite, and the change
in (Kra02) also has a small influence on ACP. Accordingly, only these results will be

presented below.

34.13.1 Initial concentration of Mg

The effect of changing the initial Mg concentration from the measured value of 65
mgMg/ to Y2 x = 32 mgMg/ and 2x = 130 mgMg/t on pH, Mg, P and struvite
precipitated are shown in Figs. 3.15(a, b, ¢ and d) respectively. From Fig. 3.15(a), the
effect on pH is small, and is due to the change in precipitation of struvite. The effect on
Mg, P and struvite precipitated is large, with the quantity of struvite precipitating
increasing significantly with higher initial Mg concentrations. This indicates that the
mass of Mg initially present will significantly influence the mass of struvite that will
precipitate when the pH increases. This implies that Mg rather than P or NHy" is the
limiting species in the struvite precipitation. Also, the results indicate that if the initial
concentration of Mg can be reduced, the mass of struvite precipitating can be similarly
reduced. Of interest is that the simulations with initial Mg = 32 and 65 mgMg/{ predict

that the final Mg concentrations will approach similar values. This Mg concentration is
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the result of equilibrium between the soluble “free” Mg and the struvite precipitant and

various Mg ion pairs.

34.13.2 Initial concentration of P

The effect of changing the initial P concentration from the measured value of 170 mgP/¢
to Y2 x = 85 mgP/¢ and 2x = 340 mgP/¢ on pH, Mg, P and struvite precipitated are shown
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Fig 3.15: Predicted and measured soluble concentrations for pH (Fig 3.15a, top left);
magnesium (Mg) (Fig 3.15b, top right); total phosphate species (Pt} (Fig 3.15¢, bottom
left); struvite and amorphous calcium phosphate (ACP) precipitation with time (Fig
3.15d, bottom right) for batch aeration of anaerobic digester liquor form Cape Flats (Cape
Town, South Africa) digester treating a blend of raw sewage and waste activated sludge;
predictions using kinetic model of Musvoto er al, (2000) with varying initial Mg

concentrations (Mg;)
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Fig 3.16: Predicted and measured soluble concentrations for pH (Fig 3.16a, top left);
magnesium (Mg) (Fig 3.16b, top right); total phosphate species (Pr) (Fig 3.16c, bottom
left); struvite and amorphous calcium phosphate (ACP) precipitation with time (Fig
3.16d, bottom right) for batch aeration of anaerobic digester liquor form Cape Flats (Cape
Town, South Africa) digester treating a blend of raw sewage and waste activated sludge;
predictions using kinetic model of Musvoto ef al, (2000) with varying initial Py

concentrations (Prj).
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in Figs. 3.16(a, b, ¢ and d) respectively. From Fig. 3.16(a), the effect on pH is small, and
is due to the change in precipitation of struvite. The effect on Mg, P and struvite
precipitated is variable. When the initial P concentration is halved, the mass of struvite
precipitating reduces significantly; this indicates that for this condition the quantity of P
influences the struvite precipitation. However, when the initial concentration is doubled,
negligible additional struvite precipitates; for this condition the quantity of Mg dominates
the struvite precipitation. The results do indicate that if the initial concentration of P can

be reduced significantly, then the mass of struvite precipitating can be reduced.

3.4.1.3.3 Aeration rate, via the specific rate for oxygen exchange (Kp4,02)

In the kinetic model, the specific rate for CO, exchange is calculated from the specific
rate for oxygen exchange (Kpa2). The effect of changing the specific rate for oxygen
exchange (Kpaoz) from the value of 130/d (determined from fitting predicted to
measured data for the batch test), to Y2 x = 65/d and 2x = 260/d on pH, Mg, P and struvite
and ACP precipitated are shown in Figs. 3.17(a, b, ¢, d and e) respectively. Changing
the value for K oz has a significant influence on the pH (Fig. 3.172). As the value for
Kia,02 is increased, the rate of increase in pH is more rapid, and the final pH reached
after 2 hours similarly increases. This increase in the rate of pH increase is due to a more
rapid loss of CO;, with the higher aeration rates. When the pH increases more rapidly,
struvite starts precipitating earlier in the test (Fig. 3.17b and d), since the critical pH for
struvite precipitation is reached earlier. Similarly, the struvite precipitation reaction
reaches completion earlier in the test, because the pH increases faster. However, with
Kia02 =130 and 260/d, the same equilibrium condition is reached at the end of the test in
terms of Mg, P and struvite precipitated. This was not expected; since the final pH
reached with Ki 02 = 260 1s higher than that with Kpa 02 = 130/d, pH = 8.5 and 8.15
respectively, it was expected that more struvite would precipitate at the faster aer “ion
rate. That the same amount of struvite precipitates indicates that the total mass of
precipitation of struvite in this test is limited by the mass of Mg available for

precipitation, rather than the final pH reached. The final concentration of Mg is the result
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Fig 3.17: Predicted and measured soluble concentrations for pH (Fig 3.17a, top left);
magnesium (Mg) (Fig 3.17b, top right); total phosphate species (Pr) (Fig 3.17¢, middle
left); struvite precipitation with time (Fig 3.17e, middle right); and amorphous calcium
phosphate (ACP) precipitation with time (Fig 3.17e, bottom) for batch aeration of
anaerobic digester liquor form Cape Flats (Cape Town, South Africa) digester treating a

blend of primary and waste activated sludge; predictions using kinetic model of Musvoto

et al., (2000) with a varying aeration rate (Ki,0p).
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of equilibrium between the soluble “free” Mg and the struvite precipitant and various Mg

ion pairs.

The effect of changing the aeration rate on ACP precipitation is shown in Fig. 3.17e. As
the aeration rate increases, the mass of ACP precipitation increases. This is due to the
increased pH - ACP precipitation only occurs at higher pH. However, the mass of ACP

precipitation remains small compared to the mass of struvite precipitation.

3.4.2 Steadyv State Model Application

Accepting from the kinetic model simulations above that (i) the dominant mineral
precipitating was struvite and (ii) the rate of pH change governs the precipitation rate so
that effectively a solid/liquid species equilibrium is achieved at each time step, an
equilibrium chemistry based spreadsheet was developed to calculate the precipitation of
struvite from initial conditions and a determined final pH. The spreadsheet considers
only precipitation of struvite, takes account of Debye-Hiickel ionic effects, but does not

consider ion pairing effects.

For the predictions, the spreadsheet model requires as input the eight equilibrium
constants (pK) and their temperature sensitivities for the 16 forward and reverse
dissociation processes for the water, carbonate, phosphate, SCFA and ammonia weak
acid/base systems. Also required as input is the solubility product (pKsp) value for
struvite. Values for these constants were taken directly from the kinetic model above.
These pK and pKgp values were accepted to be model constants (not changed). With the
measured initial conductivity, also given as input and converted internally in the model to
an ionic strength value with the formulae given by Loewenthal et al. (1989) (ionic
strength p = conductivity.1.68 x 10™), the input pK and pKgp values were internally
corrected for ionic strength with the appropriate mono-, di- and tri-valent ion activity
coefficients. The input pK values were also internally adjusted for temperature; the pKsp

value for struvite could not be adjusted as information on temperature sensitivity for this
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is not available in the literature. The initial total species concentrations (Ct', Ar, Pt, Ny
and Mg) measured in the appropriate tests were also given as input to the model as initial
conditions; for the pH change tests these were the values measured at pH = 2. The
spreadsheet model then calculates the equilibrium weak acid/base species concentrations
for given pH values from the initial total species concentrations. From these
concentrations the ionic product for struvite is calculated and compared to the solubility
product. Struvite is then precipitated until the ionic and solubility products are equal,
taking due account to respeciate the weak acid/bases at the changed total species
concentrations. In this manner the amount of struvite precipitated can be calculated, as

well as the remaining total species concentrations.

The spreadsheet model was applied to predict struvite precipitation for four sets of

experimental data.

3.4.2.1 Prediction 1 - pH change test, Test Set 2

Predicted and measured P and Mg concentrations versus pH are shown in Fig. 3.18 for
the first test in this data set (see Fig. 3.3). Close correlation between measured and
predicted data was found. From the prediction, for this data set the struvite precipitation
was limited by the initial Mg concentration. The predicted critical pH for struvite
precipitation to initiate is pH = 7.4. This value is very similar to that observed in the
batch test (pH = 7.6, Section 3.3.1) and extended pH change test (pH = 7.4, Section 3.3.3)
and the values predicted with the kinetic model for the batch test (pH = 7.3, Section
3.4.1.1) and extended pH change tests (pH = 7.7, Section 3.4.1.2). It should be noted that
the pH of 9 would not be reached by aeration.

"Note that Cr and Ay are not required for the prediction of struvite precipitation.



200

343

180 1
160

140 -
120 -
100 -
80 -
60 -
40 -
20 -

Concentration {mg/l)

Phosphorus

g

Fig 3.18: Predicted and measured soluble concentrations of magnesium (Mg) and total phosphate

species (Pr) with pH for pH change test (Test Set 2, Section 3.3.2.2) on anacrobic digester

supernatant from Cape Flats (Cape Town, South Africa) digester treating a blend of primary and

waste activated sludge; predictions using spreadsheet equilibrium chemistry model.
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Fig 3.19: Predicted and measured soluble concentrations of magnesium (Mg) and total phosphate

species (Pp) with pH for pH change test (Test Set 3, Section 3.3.2.3) on anaercbic digester

supernatant from Cape Flats (Cape Town, South Africa) digester treating a blend of primary and

waste activated sludge; predictions using spreadsheet equilibrium chemistry model.
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waste activated sludge; predictions using spreadsheet equilibrium chemistry model.
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Fig 3.21: Predicted and measured soluble concentrations of magnesium (Mg) and total phosphate

species (Py) with pH for batch test (Section 3.3.1) on anaerobic digester supernatant from Cape

Flats (Cape Town, South Africa) digester treating a blend of primary and waste activated sludge;

predictions using spreadsheet equilibrium chemistry model.
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3.4.2.2 Prediction 2 - pH change test, Test Set 3

Predicted and measured P and Mg concentrations versus pH are shown in Fig. 3.19 for
the data from Fig. 3.5. Reasonably close correlation was obtained. Again struvite
precipitation is limited by initial Mg concentration, and again the critical pH for struvite

precipitation is pH = 7.4,

3.4.2.3 Prediction 3 - Extended pH change test

The spreadsheet was used to predict the data from the extended pH change test (Section
3.3.3 above, Fig. 3.6). Predicted and measured P and Mg concentrations are shown
plotted in Fig. 3.20. Mg concentrations correlate closely. Also, the spreadsheet correctly
predicts the pH where struvite precipitation is observed to start (pH = 7.6) and the pH
where it effectively stops (pH = 8.8 to 9). However, the mass of P precipitating is over
predicted. This over prediction is not due to calcium phosphate precipitation not being
included in the spreadsheet model - including this would result in additional P
precipitation being predicted. As for the predictions above, the precipitation of struvite is
limited by the initial Mg concentration.

3.4.2.4 Prediction 4 - Batch test

The spreadsheet model was also applied to predict fhe data in the batch test (steady state)
(Section 3.3.1 above, Fig. 3.1). Predicted and measured P and Mg concentrations are
shown plotted in Fig. 3.21. Mg concentrations correlate reasonably closely - pH at which
struvite precipitation starts is slightly under predicted (predicted pH = 7.2, measured pH
= 7.6, kinetic model predicted pH = 7.3). Also, mass of P precipitated tends to be under
predicted. Similar under prediction of P concentrations was observed with the kinetic
model simulations of this test. The predictions indicate in agreement with those above,
that should the pH be increased further, a small amount of additional struvite will
precipitate.
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CONCLUSIONS ON MINERAL PRECIPITATION FROM CAPE FLATS
ADS.

From the investigation the following conclusions can be drawn with regards to the Cape -
Flats ADS:

The dominant mineral that precipitates is struvite. For the batch test conducted,
struvite was dominant (516 mg/ as MgNHPO, 6H,O = 97% of mass of
precipitant), followed by ACP (16.8 mg/l as Ca;(POs) = 3% of the mass of
precipitant), and negligible newberyite, calcite and magnesite precipitate.
Similarly, for the extended pH change test, the dominant mineral that precipitates
is struvite (217mg/l as MgNH,PO, 6H,O = 99.8% of mass of precipitant),
followed by very small amount of ACP (0.36 mg/f as Ca;(PO4)2 = 0.2% of the
mass of precipitant), and negligible newberyite, calcite and magnesite precipitate.
These observations are similar to those of Musvoto et al. With the large volumes
of ADS passing to the pelletization plant, this represents substantial precipitation
potential.

It appears that the precipitation of struvite is stimulated by the increase in pH"
when CO; is lost from the ADS. Within the anaerobic digester, the partial
pressure of CO, is high due to anaerobic processes acting in the digester. When
the ADS leaves the digester it comes into contact with atmospheric conditions
where the partial pressure of CO, is much lower than inside the digester. This
causes CO; loss from the ADS to the air, until equilibrium between the CO;
concentration in the ADS and the air is reached. Loss of CO; can also be caused
by presstiré drops at pipe bends, pumps, etc. The loss of CO; represents an
increase in acidity which means that the pH of the ADS will increase. This

increase in pH causes struvite to become supersaturated, and hence it precipitates.

‘ w"Incmasing the pH by addition of NaOH also results in struvite precipitation and

confirms that the increase in pH is the primary process driving the struvite
precipitation.
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When the ADS leaves the digester, it is initially undersaturated with respect to
struvite. Depending on the initial conditions in the ADS, significant struvite only
starts precipitating when the pH increases above pH = 7.3 to 7.7. This indicates
that if the pH of the ADS can be maintained below about 7.3 along the sludge

treatment line, then significant struvite precipitation will not take place.

With aeration, the critical pH for struvite precipitation is reached after 40 to 60
minutes aeration. However, this time will depend on a number of factors,
including aeration rate, initial pH, buffer capacity, initial P and Mg

concentrations, etc.

With aeration, the loss of CO, from the ADS causes the pH to increase which
stimulates struvite precipitation. Initially, the rate of CO; loss is rapid. However,
as the partial pressure of CO; in the ADS approaches that in the atmosphere, the
rate of CO, loss and consequent pH increase slows, and this effectively slows the
rate of struvite precipitation with time. The maximum pH reached with aeration
was about pH = 8. However, from about pH = 7.8 the rate of pH increase with
time was very low, and consequently, the struvite precipitation effectively ceased.
The pH = 7.8 was reached after about 80 minutes. However, this time will /
depend on a number of factors, including aeration rate, initial pH, buffer capacity,

initial P and Mg concentrations, etc.

The rate of struvite precipitation is very fast, so that essentially, in the aeration of |
the ADS from Cape Flats, struvite is at equilibrium between the precipitant and
soluble specieé at all times. Thus, in this case the rate of struvite precipitation is
not limited by the precipitation kinetics, but rather by the rate in increase in pH

through aeration which in turn is limited by the gas liquid transfer rate for CO;.

" The amount of struvite that precipitates is limited by two factors: With aeration to
increase pH, the struvite precipitating is limited by the final pH reached and the
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more struvite precipitates. With addition of NaOH, the struvite precipitating is
limited by the initial Mg concentration present - after precipitation the Mg
concentration is very low, while significant concentrations of P and N are still

present.

The initial concentrations of P and Mg in the ADS were variable, with P ranging
from 89 to 190 mgP/¢, and Mg from 29 to 67 mgMg/¢. This is probably indicative
of the variable performance of the activated sludge system with regard to BEPR.
The higher P concentrations are in agreement with values measured for
anaerobically digested BEPR sludges in Johannesburg, at 150 to 250 mgP/
(Pitman, 1995). Should BEPR become more reliable in the activated sludge
system at Cape Flats, consistently higher P and Mg concentrations can be

expected, with the resultant larger masses of struvite precipitating.

The change in FSA due to struvite precipitation is insignificant compared with the
amount of FSA present. Thus, FSA does not provide a reliable assessment of
struvite precipitation, and will not limit the amount of struvite that potentially can
precipitate.

The increase in pH with aeration also stimulates precipitation of ACP. However, |
as noted above, the mass of ACP precipitating is relatively small compared with
struvite. The ADS is initially undersaturated with respect to ACP, and ACP

precipitation initiates only after the pH increases above 7.7.

In running experiments on the ADS, the solids concentrations were so high that
the ADS could not be effectively filtered. Accordingly, the ADS was allowed to
settle for 5 days and the supernatant used for the experimental investigations.
Accordingly, ‘the effect of solids concentration on mineral precipitation could not
be evaluated, e.g. factors such as surface area for nucleation of minerals,

" inhibition or poisoning of crystal growth. However, the effect of solids is not
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expected to be significant, because theoretical modelling of the precipitation gave

close correspondence with measured values.

In the experimental investigation it was found that filtering samples through
0.45um filters caused significant CO; loss, which resulted in increase in pH. To
counter this, the samples should be acidified prior to filtration with these filters.

The pH change tests provide a simple rapid method to assess struvite precipitation
potential.

RECOMMENDATIONS TO CONTROL PRECIPITATION AT CAPE
FLATS

Essentially there are four methods to control the struvite precipitation problem at the
Cape Flats Treatment Works:

3.6.1

Prevent BEPR in the activated sludge system.
Removing Mg or P from the ADS. V
Maintain the pH along the sludge treatment line at less than the critical pH for -
struvite precipitation, pH <= 7.3.

Increasing pH in a controlled fashion, in a speciﬁcaily designated area.

Prevent BEPR in the activated sludge system

The high concentrations of Mg and P released into the Cape Flats ADS are due to the
process of BEPR in the activated. sludge system. In BEPR, the P is taken up from

solution by phosphate accumulating organisms (PAO) and stored as polyphosphate

(polyP). Mg is taken up with K to serve as a counter ions to neutralize the charge on the

polyP molecule, and hence stabilise it. If BEPR were prevented from operating in the
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activated sludge system, the sludge would not accumulate significant P and Mg, and
these would not be released into solution at such high concentrations on anaerobic
digestion. The theoretical investigation (Section 3.4) clearly demonstrates that reduced
initial P and Mg concentrations in the ADS reduces the struvite precipitation on pH

increase due to CO; loss.

BEPR in activated sludge systems is stimulated by the presence of an anaerobic reactor
with the influent fed to the anaerobic reactor. Accordingly, if the activated sludge system
configuration is changed to eliminate the anaerobic reactor, BEPR can be prevented.
Changing the activated sludge system configuration from the present 5-stage Modified
Bardenpho to a Modified Ludzack Ettinger (MLE) would achieve this. The feasibilty of
this option will depend on the effluent quality required for the activated sludge system. If
P removal from the wastewater must be achieved, an option is to use simultaneous

chemical addition to the activated sludge system.

3.6.2 Removing Mg or P from the ADS

From the above, if the Mg and/or P concentrations in the ADS can be reduced, then
reduced struvite precipitation will occur on aeration (deliberate or inadvertent). One
method to reduce the Mg and P concentrations would be to precipitate these within the’
anaerobic digester. Of the two, precipitating P would be the more feasible. Precipitation
of P within the digester can be achieved by adding metal salts, probably iron or
aluminium. Addition of ferric chloride to anaerobic digesters to precipitate P, and hence
control struvite precipitation, has been successfully demonstrated at full-scale (Mamais et
al., 1994). They also found that, if the P were precipitated with iron, this did not
resolubilise when the pH increased with CO, loss and hence the P did not become
available for struvite precipitation. With aluminium addition, waste alum sludge from

water treatment plants is an option for addition.
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3.6.3 Maintain the pH along the sludge treatment line at less than the critical pH

for struvite precipitation, pH <=+ 7.3

The experimental and theoretical investigations indicate that the ADS from the Cape
Flats anaerobic digesters is undersaturated with respect to struvite when it leaves the
digester. For struvite precipitation to initiate, the pH has to increase to pH >+ 7.3, If the
pH can be maintained at values less than this critical pH, then struvite precipitation will
not occur. Possible strategies to prevent increase in pH (via controlling CO, loss) are to
limit exposure to atmospheric conditions, minimise ;Sressure drops, providé CO,
atmosphere at critical unit processes {e.g. centrifuges). A rapid assessment of whether
this proposal holds merit can be obtained by monitoring the pH along the line of flow of
the ADS in the treatment process, to identify where significant CO; loss occurs.

3.6.4 Increasing pH in a controlled fashion

From the experimental and theoretical investigations, the primary cause for struvite
precipitation is the increase in pH resulting from CO; loss. If the pH is increased under
controlled conditions, this will allow struvite precipitation in designated places rather
than in undesirable places. The pH can be increased by addition of chemicals (such as-
caustic) or by aeration. The latter option (aeration) is probably preferable as this would
eliminate the expense (and danger) associated with caustic addition. If aeration is
considered, a more detailed theoretical investigation of the effect of aeration rate on CO;

loss can be undertaken.

37 CLOSURE

In this Chapter, the three phase (aqueous/gas/solid) chemical and physical pfocesses
kinetic model of Musvoto ef al. {1998; 2000a, b) has been applied to simulate the
behaviour on aeration of anaerobic digester supernatant (ADS) from the Cape Flats

Wastewater Treatment Plant anaerobic digesters. The theoretical predictions from the
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model were compared with data collected in an extensive experimental investigation on
this ADS. Keeping default values for the model suggested by Musvoto et al., except for
the struvite specific precipitation constant (which was increased form the default value of
300/d to 1000/d), close agreement was obtained between theoretically predicted and
experimentally measured data. This would indicate that the kinetic model of Musvoto et
al. adequately describes integrated three phase chemical and physical processes. The
inherent value of such a model has clearly been demonstrated in this Chapter, by
- providing insight into the precipitation of minerals from ADS at the Cape Flats
Wastewater Treatment Plant. From this deeper understanding, recommendations on
controlling mineral precipitation (principally struvite) at this treatment plant could be
identified. |

Accordingly, for this research project the kinetic model of Musvoto et al. can be accepted
for the three phase chemical and physical processes. What is still required is a kinetic
model describing the biological processes — the development of this model is described in

the following chapter.



CHAPTER 4

DEVELOPMENT OF A TWO PHASE BIOLOGICAL,
CHEMICAL AND PHYSCIAL PROCESSES KINETIC
MODEL FOR ANAEROBIC DIGESTION OF SEWAGE
SLUDGES: MODEL DEVELOPMENT

41 INTRODUCTION

As described in Chapter 1, the primary objective in this research project was to
develop a kinetic model that describes the behaviour of the processes in the anaerobic
digestion of sewage sludges. In such a system, three phase behaviour
(gas/liquid/solid) can be expected and the processes operative will include chemical,
physical and biological reactions. In Chapter 3, the kinetic model of Musvoto et al.
(1998; 20002, b and c) has been successfully applied to describe the three phase
chemical and physical processes that occur in %éér'a'tiof.x of anaerobic digester
supernatant from the Cape Flats Wastewater Treatment Plant anaerobic digesters.
What remains is to develop a kinetic model that describes the biological processes that
are operative within the anaerobic digester itself. This Chapter describes the

development of such a model.

Since the biological processes in anaerobic systems produce and consume significant
weak acid/base species (e.g. acetic acid), these will have a significant impact on the
background weak acid/base chemistry matrix of the solution. In turn, the background
weak acid/base chemistry matrix has a significant impact on the biological processes,
by determining the relevant concentrations of specific weak acid/base species required
for utilization and the pH (i.e. water weak acid/base relative species concentrations) to

which the anaerobic organisms and the processes they mediate are relatively sensitive.

Accordingly, any substantive kinetic model describing the biological processes in
anaerobic systems should include the background weak acid/base chemistry.

Furthermore, in anaerobic systems significant CO, is produced (and consumed), and
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the possibility exists for NH; loss via gas stripping. Since these two species form part
of the carbonate and ammonia weak acid/base systems respectively, the physical
processes of gas exchange between air/liquid of CO, and NH; should also be
considered for inclusion. Also, the possibility does exist that mineral precipitation
reactions will take place in the anaerobic digester, particularly if the digester is
treating waste activated sludges from a biological phosphorus removal system. In
Chapter 3, the successful application of a two phase chemical and physical processes
kinetic model to aeration of ADS has been detailed. To completely describe anaerobic
digester behaviour for all sewage sludges as influent, this kinetic model should be
incorporated also. However, in initial development of the biological processes kinetic
model, it was decided to restrict application to anaerobic digesters treating primary
sludge. In such systems, mineral precipitation reactions are unlikely to be of major
importance and accordingly these were excluded from the kinetic model formulated
here. Since both the model developed here and that described in Chapter 3 are based
on kinetics, and would include the weak acid/base chemistry as common, integration

of the two sets of models at a later date was not expected to present any difficulty.

Thus, required for inclusion in the two phase (aqueous/gas) kinetic model for

anaerobic digesters are:

e Dbiological processes
e chemical processes — weak acid/base chemistry

e physical processes — CO; and NH; gas exchange

These diverse processes need to be integrated m a consistent and seamless manner. In
Chapter 2, the approach of Musvoto ef al. (1998; 2000a, b and ¢) to kinetic modelling
of such integrated s&stems has been reviewed. In Chapter 3 the kinetic model based
on this approach for two phase chemical and physical processes and its successful
application have been described. Accordingly, this approach will be followed here

also.
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BIOLOGICAL PROCESSES

To formulate a kinetic model describing the biological processes operative in

anaerobic digestion, a number of tasks needed to be completed:

Describe conditions within which the model is to operate.

Conceptualize a mechanistic model that qualitatively describes the behaviour

of the biological processes.

From the mechanistic model, identify the essential compounds utilized and

formed, and the processes acting on these compounds.

Formulate mathematically the process rates, stoichiometry and transport

relationships.

Calibrate the model and test its response against that observed experimentally.

These tasks can not be completed sequentially, but are interactive, with the resultant

model evolving through successive formulation and application.

4.2.1

Model conditions

The kinetic model was limited to the following conditions:

Anaerobic digestion of sewage sludges; in the model development it was
further decided to restrict application to anaerobic digestion of primary sewage

sludges, due primarily to the availability of data.

The anaerobic digester is completely mixed; should plugflow reactors be used,
partial phase separation of the anaerobic process may occur leading to a
change in behavioural patterns, e.g. pelletization in UASB type systems (Sam
—~8Soon et al., 1991).
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Oxidising agents (e.g. sulphate) are not present in significant concentrations in

the influent, i.e. sulphate reduction and similar processes are not considered.

Conceptual model

From Chapter 2, in reviewing various literature sources available, a considerable

variation in conceptual schemes was found for describing the biological processes of

anaerobic digestion with sewage sludge as influent, from simple 2 stage reaction

schemes including only hydrolysis/acidogenesis and acetoclastic methanogenesis

(Kiely er al., 1997), to the most commonly used 6 step reaction scheme as proposed
by Gujer and Zehnder (1983) (See Fig 2.1).

In this research project, the conceptual model is based on the Gujer and Zehnder

(1983) reaction scheme, but with a number of modifications:

In the reaction scheme of Gujer and Zehnder, the hydrolysis process acts
separately on the three main groupings of organic material, namely proteins,
carbohydrates and lipids. Recognising that such detailed measurements on
primary sludges are unlikely to be routinely available, this was modified to a
single hydrolysis process acting on a generic organic material representing .
primary sludge. This simplification is not unreasonable since the end products
of hydrolysis (and subsequent acidogenesis) of the three organic material

groups are essentially the same, namely short chain fatty acids (SCFA).

In the reaction scheme of Gujer and Zehnder, as a consequence of the separate
hydrolysis processes above, the end products of hydrolysis are amino acids,
sugars and fatty acids respectively. With the proposed single hydrolysis

process, including three separate hydrolysis products was not feasible, or in

-fact desirable. Accordingly, it was proposed to include a single hydrolysis end

- product. The end product was chosen to be glucose for a number of reasons:

o The subsequent biological processes on glucose are well established.
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o The subsequent acidogenic/fermentation process acting on glucose to
convert it to short chain fatty acids (SCFA) is extremely unlikely ever
to be rate limiting. Accordingly, in model application accumulation of
glucose will not occur, even under digester failure conditions. This
implies that the glucose merely acts as an intermediate compound,
which is acidified to SCFA as soon as it is produced. Since in the more
detailed scheme of Gujer and Zehnder, the end products of hydrolysis
and acidogenesis are the same as in the proposed simplified scheme,
namely H,, CO; and SCFA, the net result will be the same in both

schemes.

s As a consequence of the single hydrolysis process, the anaerobic oxidation of

fatty acids does not need to be included.

e In the reaction scheme of Gujer and Zehnder (1983), a fixed proportion of
hydrolysis end products go to the intermediate SCFA (propionate, butyrate,
etc) and the balance directly to acetate. As an alternative, the influence of
hydrogen partial pressure (PH,) on acidogenesis of glucose to SCFA as
proposed by Sam -~ Soon et al. (1991) was included (see Chapter 2). This
scheme appears to provide a better description of the acidogenesis process,
and would be more suitable to predict behaviour under failure conditions. To ~
include the proposals of Sam — Soon ef al. (1991), the acidogenesis was
divided into two processes:

o Under high pH, conditions, acetic and propionic acids are generated
together with H; and CO,.
o Under low pH, conditions, the SCFA acetic acid only is generated
together with H, and CO.
In this scheme, generation of butyrate and higher SCFA were not considered, as these

usually are only found in minor concentrations, even under digester failure conditions.

Accepting the modifications above, the general proposed reaction scheme is shown in
Fig 4.1. From Fig 4.1, the following general biological processes need to be

considered for inclusion in the model:
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PRIMARY SEWAGE SLUDGE

l 1. HYDROLYSIS

GLUCOSE

2. ACIDOGENESIS
(LOW pH,)

2. ACIDOGENESIS
(HIGH FH,)

ACETIC AND
PROPIONIC ACID

3. ACETOGENESIS

ACETATE HYDROGEN
CARBON DIOXIDE

6. ACETOCLASTIC
METHANOGENES

S. HYDROGENOTROPHIC
THANOGENESIS

METHANE
CARBON DIOXIDE

Fig 4.1: Proposed reaction scheme for the conceptual model developed as modified
from Gujer and Zehnder (1983)
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s Hydrolysis of particulate primary sludge to “glucosé”
e Acidogenesis of glucose under,

o high pH,

o low pH,

e Acetogenesis
¢ Acetoclastic methanogenesis

e Hydrogenotrophic methanogenesis
From the literature, the above processes are mediated by four groups of organisms:

s acidogens — hydrolysis and acidogenesis
e acetogens — acetogenesis
e acetoclastic methanogens — acetoclastic methanogenesis

e hydrogenotrophic methanogens — hydrogenotrophic methanogenesis

Accordingly, the above organism groups need to be included in the model. It was
recognized that the organism groups are not representative of a single organism
species, but rather are “surrogates” representing all organism species performing a
particular relevant function of interest; this is similar to the approach followed for

modelling of activated sludge systems (e.g. Dold et al., 1980, 1991).

With the exception of the hydrolysis process, as noted by Gujer and Zehnder (1983),
in the processes growth of the relevant surrogate organism will occur from energy
derived in the process. Accordingly, the model needs to include an associated growth
of the surrogate organism mediating the specific process. Since growth of the different

organism biomass are included, their deaths needs to be included also.

4,2.3 Processes

From the conceptual model above, the following essential biological processes were

identified for inclusion in the model:
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Hydrolyis:
o Hydrolysis of particulate sewage sludge to soluble “glucose”, mediated by

acidogens.

Growth:
o Acidogens on glucose gunder high pH,

e Acidogens on glucose under low PH,

e Acetogens on propionic acid
e Acetoclastic methanogens on acetic acid

e Hydrogenotrophic methanogens on H

Death/endogenous decay:
e Acidogens
e Acetogens
e Acetoclastic methanogens

e Hydrogenotrophic methanogens

4.2.4 Compounds

The processes above act on the compounds, to cause changes in the concentrations of
these. The changes in some concentrations may be directly observable, but with others
the compounds and their changes in concentrations are inferred from the
understanding of the processes or from mass balance requirements. For inclusion in

the model, the following compounds were identified:

e Sewage sludge biodegradable organics (CODy)

s Sewage sludge unbiodegradable organics (CODyy)

e Soluble glucose (CODy)

e Acidogen active biomass (X,)

® Acetogen active biomass (X;)

e Acetoclastic methanogen active biomass (Xam)

¢ Hydrogenotrophic methanogen active biomass (Xuu)

¢ Methane (CHy)
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e Molecular hydrogen (Hy)
e Protons (H)

¢ Carbonic acid (H,CO3")
e Acetic acid (HAc)

e Propionic acid (HPr)

e Ammonia (NH3)

e Ammonium (NH;")

For the compounds, with the exception of sewage sludge biodegradable and
unbiodegradable organics, all concentration units were mol/f; sewage sludge organics

units were accepted as gCOD/E since this measurement would be the one available.

Furthermore, since weak acid/base chemistry and associated pH would be
incorporated in the model (see Section 4.3 below), all weak acid/base system species
would have to be included, i.e. water (H', OH’), carbonate G{QCO:«;*, HCO4, COg?"),
acetic acid (HAc, Ac’), propionic acid (HPr, Pr), ammonia (NH;, NH,") and
phosphate (H;PO4, HoPO4', HPO,%, PO43'). Accordingly, the specific weak acid/base
species influenced by the biological processes were included as compounds here. The
other corresponding weak acid/base species will be included when the weak acid/base

chemistry processes model is developed.

4.2.5 Stoichiometry

The stoichiometry in the model was deduced directly from the biochemical
stoichiometric equations for the process reactions taking place. The metabolic
pathways used by fermentative bacteria to convert proteins and lipids to short chain
fatty acids (SCFA) and micro organisms are not very well known. Only the metabolic
pathways for the degradation of carbohydrate to SCFA are well understood. As noted
above, for this reason amongst others, the biodegradable particulate COD entering the
system was directly transformed to glucose from which the rest of the products were

formed.
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4.2.5.1 Hydrolysis

: In the hydrolysis process, the biodegradable particulate organics (COD,) in the

,

!

¢
i

sewage sludge are transformed to the intermediate, organic glucose (COD;). This

.. process is crucial in anaerobic digestion modelling, as the amount of glucose formed

will determine the amount of end products (CH4, COs, biomass) in a stable digester.
To develop the stoichiometry for the process, the stoichiometric reaction was
separated into two half reactions, which are effectively the redox half reactions, which
then were added based on an electron balance. In setting up the half reactions, a

chemical formulation for the primary sludge is required. No such formulation was

‘available in the literature. Accordingly, initially it was accepted that the formulation

- would be the same as for activated sludge biomass, namely CsH,O,;N. However, in

application of the model this gave model predictions that deviated significantly from
observed results (see Chapter 5). Accordingly, by tracing C and N in observed and
predicted results, the chemical formulation for the primary sludge was changed to

correctly reflect observed behaviour (this is described in detail in Chapter 5). This

. gave the chemical formulation for primary sludge of CssH70:No106. Accepting the

formulation, the stoichiometry for hydrolysis is as follows:

For the oxidation half reaction:

C, H,0,N, .. = 3.5C0, +0.196NH, +16.412H" +16.412¢" (4.1)

The corresponding reduction half reaction is:

6CO, +24H* +24e” = C H,,0, +6H,0 (4.2)

Changing the stoichiometry of the reduction half reaction to give the same number of

electrons as the oxidation half reaction, yields:

4.103CO, +16.412H" +16.412¢™ = 0.68383C,H,,0, +4.103H,0 (4.3)
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Adding the two half reactions, the final equation then is:

C,sH,0,N, o6 +0.603CO, = 0.196NH, + 0.68383C,H,,0, +4.103H,0 (4.4)

From this equation, the stoichiometric relationship for the hydrolysis reaction can be

summarised as follows:

Table 4.1: Stoichiometric relationship for hydrolysis

CODp CeHi206 NH; CO, H
gCOD moles moles moles moles
-1 0.00521 0.00149281 -(0.00459268 0.00055

Note that in the stoichiometric reaction, the N is released as NH;. This is possible in
the model because the weak acid/base chemistry would be included, i.e at operating

pH’s the NH; released would automatically combine with a proton to form NHy"

The resultant glucose enters the biological processes following,

4.2.5.2 Acidogenesis

The acidogenic reaction converts glucose (CODs) to SCFA (Chapter 2), and can be

described by the following stoichiometric equations:

Under conditions of low pH, the SCFA formed is acetic acid (HAc):

C.H,,0, +2H,0 = 2CH,COOH + 2CO, +4H, (4.5)

Under conditions of high pH,, from Chapter 2 the SCFA formed are acetic (HAc)

and propionic acids (HPr):

C,H,,0, = CH,COOH + CH,CH,COOH + CO, +H, (4.6)
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For simplicity in modelling the reaction in Eq (4.6) can be separated into two

reactions:
1CH,,0, +H,0 = CH,COOH +CO, +2H, 4.7
+CH,,0, +H, = CH,CH,COOH +H,0 (4.8)

The first reaction above is identical to that for low pH,. Accordingly, Eq (4.5) for
low pH, can apply for both high and low pH, and additionally under high pH, Eq

(4.8) will be operative.

In the acidogenesis process, growth of the acidogens (X,) will take place. Accepting
the formulation for biomass as CsH;O,N, the synthesis of acidogenic bacteria is

described as follows:

5C,H,,0, +6NH; = 6C,H,0,N+18H,0 +6H" (4.9)

Note that in the acidogen growth above (Eq. (4.9)), NH4  is utilized instead of NHj,
This was done because in the pH range of anaerobic digesters (6.5 < pH < 7.5) the
concentration of NHj species is very low and its use in the model may lead to
instability during computer simulations. In the model being developed here, since
weak acid/base chemistry is to be included, the exact weak acid/base species utilized
is of minor importance as the weak acid/base reactions will rapidly (effectively
instantaneously) re-establish the correct equilibrium weak acid/base species

distribution.

Accepting that the yield of acidogens in the process above is Ya., then Eq. (4.9) can
be modified to give:

$Y, C,H,0, +Y, NH! =Y, C,H,0,N+3Y, H,0+Y, H' (4.10)

Adding Eqs (4.5) or (4.6) and (4.10) and dividing by Y4, gives the relevant resultant

net equation in terms of acidogen growth; for example, under low pH, adding Eqgs

(4.5) and (4.10) and dividing by Y. gives:
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1+2Y
-(MCGHUO(, +NH; = C;H,0,N +§?"CH3COOH
e Ac
+—E—H2+'—2—C02+H+ 4.11)
YAC Ac

In the equation above, it can be accepted that the CO, is released as carbonic acid
(H;CO;); again, due to the inclusion of the weak acid/base chemistry in the model,
this will be automatically dissociated into the carbonate weak acid/base system

species relevant to the pH.

Following the procedure above, equations can be derived for both high and low pH,

and the stoichiometry extracted. The stoichiometric relationships for acidogenesis can

be summarised as follows:

Table 4.2: Stoichiometric relationship for acidogenesis under conditions of both low
and high pH,

CeHi205 HAc H, H,COs NH," H* Xa
moles moles moles moles moles moles moles
5 2 4 2
(427 | o= =
e ————-——-—6 YAC Y Ac Y Ac -1 1 1
Y Ac

Table 4.3: Stoichiometric relationship for acidogenesis under conditions of high pH,

only
C5H1 206 HAc Hg HPr N}L: I‘F Xa
moles moles moles moles moles moles moles
5 1 1 1
(1+-Y,) —
— ___,6____,_ Y Ae Y Ae YAC -1 1 1
Yf?c
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4.2.5.3 Acetogenesis

In acetogenesis, the acetogens convert propionic acid (I?Pr) generated in acidogenesis
above to acetic acid (HAc). From Chapter 2, the stoichiometric equation for the

acetogenesis reaction is given by:

CH,CH,COOH +2H,0 = CH,COOH +CO0, +3H, (4.12)

Similar to acidogenesis, during acetogenesis growth of acetogens (Xp) wili occur,

with the synthesis of acetogenic bacteria given by:

3CH,CH,COOH +CO, +2NH, = 2C,H,0,N +4H,0+ H, (4.13)

Following the procedures detailed above for the acidogens, the combined equation for
acetogenesis and acetogen growth can be developed and the stoichiometry extracted,

to give:

Table 4.4: Stoichiometry for Acetogenesis

HPr HAc H, NH," Xp H H,CO,
moies moles moles moles moles moles maoles
3 1 1 3 11
1+ -7 B e o e — s
ST G | , 1 G
)

4.2.5.4 Hydrogenotrophic methanogenesis

From Chapter 2, the stoichiometric equation is given by:

CO,+4H, > CH,+2H,0 (4.14)
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Similar to the above, the hydrogenotrophic methanogenic bacteria (X)) synthesis

equation is given by:

5CO, +10H, +NH, = C,H,0,N +8H .0 (4.15)
Applying the principles developed for the acidogenesis, the combined equations for
hydrogenotrophic methanogenesis and associated growth can be developed and the

stoichiometry extracted, to give:

Table 4.5: Stoichiometry for hydrogenotrophic methanogenesis

H, H,CO5 NH,* H Xos CH,

moles moles moles molcs moles moles

(4107, | (45, L 1 ] ]
Yins Vs -

4.2.5.5 Acetoclastic methanogenesis

From Chapter 2, the stoichiometric equation for acetoclastic methanogenesis is as

follows:

CH,COOH = CH , +CO, (4.16)
Similar to the above, the acetoclastic bacteria synthesis equation is given by:
5CH,COOH +2NH, = 2C,H,0,N +6H,0 417

Applying the principles developed for the acidogenesis, the combined equations for
acetoclastic methanogenesis and associated growth can be developed and the

stoichiometry extracted, to give:
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Table 4.6: Stoichiometry for acetoclastic methanogenesis

HAc H,COx NH," H X CH,
moles moles moles moles moles moles
5 1 1
1+>-Y — e
- E_,_Z_._:A.M_)_ Y i -1 1 1 You
Y e
4.2.5.6 Organism decay

In the model, growth of the four organism groups has been included. Accordingly,
death/organism decay for each of the organism groups must be included also. In the
death process, it is accepted that the organisms die releasing biodegradable particulate
organics (COD,) which are assumed to have the same formulation as the primary
sludge. Also, the difference in N content between the biomass and primary sludge is
released as ammonia (NH3z). Accordingly, the general stoichiometric relationship for

the general biomass (Xy) is summarised as follows:

Table 4.7: Stoichiometry for the decay of biomass

X, H,CO; NH3 CODp
moles moles moles g COD
-1 0.5 0.762 160

The stoichiometry above applies to each organism group.

4.2.6 Process kinetics

Where possible, the different rate equations used were adapted from various literature
sources to describe the reactions as accurately as possible. The rate equations chosen
for each of the biological processes identified for inclusion above are described

below.



417

4.2.6.1 Hydrolysis

With the exception of Hill and Bart (1977), up to now the rate of hydrolysis of
particulate organic material has been modelled using first order kinetics. A number of
researchers {e.g. Eastman and Ferguson, 1981; Gujer and Zehnder, 1983; Henze and
Harremogs, 1983; Bryers, 1985; Pavlostathis and Giraldo-Gomez, 1991) used a

simple first order equation dependent only on the available substrate concentration,

namely:
=Tcop, = k41COD, ] . (4.18)
where:

kp = first order kinetic rate constant

[COD,] = biodegradable particulate COD concentration

However, the rate of hydrolysis is affected by temperature, pH, bacterial population,
particle size, type of organic and soluble product concentration. Among these, at least
the bacterial population plays a major role in regulating the rate of hydrolysis and
should be included in some fashion in the rate of hydrolysis. Furthermore, application
of the first order rate formulation has been found to give values for the first order rate
constant that are situation specific, with the value varying with hydraulic retention
time. Since the objective in this research project was to develop a kinetic model that “
would be applicable over a range of retention times, the first order approach was

rejected.

In the modelling of activated sludge systems, Dold et al. (1980) used Levenspiel
(1972) planar surface mediated reaction kinetics (also called Contois kinetics, Vavilin
et al., 1996) to model the hydrolysis/utilization of particulate slowly biodegradable
COD. In application these kinetics gave reasonable predictions over a wide range of
activated sludge system conditions with a single set of constants. Accordingly, this
apprng)a;:'h was followed here also for the anaerobic hydrolysis process. This gave the

following process rate equation:
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[COD, ]
= X,]
- rCOD;) - [COD ] [Xa] (4'19)
K, + p
[X,]
where:
Knax = maximum specific kinetic rate constant
K, = half saturation constant
[Xa] = acidogenic biomass concentration
[COD,] = biodegradable particulate COD concentration
4.2.6.2 Acidogenesis

As noted in Section 4.2.5.2 above, two equations for the degradation of glucose to
propionic acid, acetic acid and hydrogen by acidogenic bacteria were employed.
Firstly, under conditions of both low and high hydrogen partial pressure (pH,), a
normal acidogenic reaction takes place, with products acetic acid, hydrogen and
carbon dioxide. Noting that the process was to be formulated in terms of the growth of
acidogens, the specific growth rate is a basic Monod equation (Gujer and Zehnder,

1983; Pavlostathis and Giraldo Gomez, 1991), and is given as follows:

_ Haw[COD,] [1... [H,] ][X]

* K, +[COD,] ky +[H,] (420)
where:
T = maximum specific acidogen growth rate constant
K = half saturation constant
[Xa] = acidogenic biomass concentration
[COD;] = biodegradable soluble COD concentration
“[Hz] = hydrogen concentration

[Kuo] = hydrogen inhibition constant
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In the case of high hydrogen partial pressure conditions, in addition to the products
acetic acid, hydrogen and carbon dioxide, propionate is also produced. For the
propionate production process, the specific growth rate of the acidogens is also based
on Monod kinetics:

'COD
e o {k%{fﬁ{z]}[xa] @21)
where:

H = maximum specific acidogen growth rate constant

Ks = half saturation constant

[Xal = acidogenic biomass concentration

[COD,] = biodegradable soluble COD concentration

[H:] = hydrogen concentration

[kuz] = hydrogen inhibition constant

To ensure that the above process only operates when the partial pressure of hydrogen
is high, a switching function (non - competitive inhibition) is included in the
formulation depended on the pH,. Further, to ensure that the rate of glucose
utilization does not increase, the rate of acetate production (Eq. 4.20) must be

reduced; this is done via a switching function dependent on PH, .
4.2.6.3 Acetogenesis
The propionate produced under high hydrogen partial pressure conditions, is degraded

by acetogenic bacteria to produce acetate in a process called acetogenesis. The

specific growth rate for acetogens is a simple Monod equation:

— P‘m*[Pr]{l__ [H,]

I‘Xp - Ks +[_PI’] ng +[H2]}[XP] (422)

where:

T = maximum specific acetogen growth rate constant



420

K = half saturation constant

[Xe] = acetogenic biomass concentration
[Pr] = propionate concentration

Since the process only operates under low pH, (Chapter 2) a switching function (non

~ competitive inhibition) is incorporated depending on the pH, .

4.2.6.4 Acetoclastic methanogenesis

Acetoclastic methanogenesis or acetate cleavage is the reaction where acetate is
converted to methane and carbon dioxide. In the process, growth of acetoclastic
methanogens occurs and the process is modelled in terms of this growth. The specific

growth rate of the acetoclastic methanogens is as follows:

o =%.mm] 4.23)
where:
T = maximum‘speciﬁc acetoclastic methanogen growth
rate constant
K = half saturation constant
(X am] = acetoclastic methanogen biomass concentration
[HAc] = acetic acid concentration

4.2.6.5 Hydrogenotrophic methanogenesis

Hydrogenotrophic methanogenic bacteria use hydrogen and carbon dioxide to form
methane, The specific growth rate of this group methanogens is similar to that of the

acetoclastic methanogens, and is as follows:

. Au‘m'[H2] T
S = L] +[H2].[Xm] (4.24)

where:

i

e maximum specific hydrogenotrophic methanogen
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growth rate constant
Ks = half saturation constant
[Xem] = hydrogenotrophic methanogen biomass concentration
[H;] = molecular hydrogen concentration

None of the rate equations above include any terms for the inhibition of organisms by
inhibitory substances, except for H,. This was done separately and will be discussed
in Chapter 5. | |

4.2.7 Model presentation

In the mathematical model, the process rates and the stoichiometric relationships
between the processes and the compounds are formulated mathematically, see above.
However, the large number of complex interactions between compounds and
processes makes visualization difficult. To aid understanding, the biological processes
are presented in matrix format in Table 4.8. This format facilitates clear and
unambiguous presentation of the compounds and processes and their interactions
(Henze et al. 1987).

43 WEAK ACID/BASE CHEMISTRY

In anaerobic digesters weak acids and bases play an important role in establishing the ,
pH and damping pH changes. The reaction scheme for the weak/acid base part of the
model was taken from Musvoto er al. (1997), see Chapter 2, Table 2.1. The approach
consists of a series of forward and reverse reactions describing all the weak acid/base
components included in the model. A forward reaction for the dissociation and a
reverse reaction for the reformation of products describe the interaction between each

of the different weak acid/base species.

4.3.1 Weak acid/base chemistry rate equations

The rate equations used for the weak acid base chemistry were taken directly from

Musvoto et al. (1997) (see Chapter 2 for a review), and are all first order rate

equations of the form:



Table 4.8: Matrix representation of biological processes contained in conceptual model

Compound —» CObp CODs HAc H, HPr H,CO, NH," | NI, CH, HY | X, | Ko | X | Xe | Rate
Process | ,
Hydrolysis -1 0.00521 -0.0046 0.0015 {con,}
B " 5807
il
Ks 4 <001
{1
Acidogenesis e % Yao 2 4 2 Hm{CODs][Xa]
{low pH;) - Yo Yac Yac Yo -1 i { Ks +{COD]
Acxfiogcnesas 1+ % Yac i i ! Py [CODG [Ha] [Xq]
(high pH,) Ve Yae Yac Yae -t P Ks +{CODg] | kg, +[Ha} | °
Endogenous
decay 160 0.5 0.762 -1 B.X,
Acget i 3
cetogenesis 1 1,3 43V LI pmax (Pr]) [Ho] [Xp]
Yap 2 Yar Yap Yap 2| 4 ! P kselrg|| Ky, +[Hy)
Endogenous
decay 160 6.3 0.762 - boX,
Acetoclastic s | i il HAc
methanogenesis Ty Yam -1 Y am H i Ks + [HAc]
Abd
Endogenous
decay 160 0.3 0.762 -1 B X
Hydrogensirophic 4+ 10Y1p4 1 3Yy i
methanogenesis Y Yim -1 Yira ! ! e (H21 s ]
Ks+[Hy] M
Endogenous
decay 160 0.5 0.762 -1 by Xt
}
sCODE mole/d

Unlis —»

wy
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r = K.[ products] ' (4.24)

The weak/acid base species included were the water, ammonia, inorganic carbon,
acetate and propionate systems (the phosphate weak acid/base system was not
included as its influence in the digester is small). For each interaction between the
species of the system, two processes are used. One process is used to describe the
kinetics of the forward weak acid/base dissociation, and another for the kinetics of the
reverse reaction. In total 12 processes describe the weak/acid base system, see Table
4.9 below.

Table 4.9: Rate equations for weak/acid base chemistry (See Chapter 2, Table 2.1 for

stoichiometry)

Process Rate equation
Forward dissociation of NH," K’ u[NH,4 ]
Reverse dissociation of NH," K’ o[NH;][H']
Forward dissociation of H,COs K’ [H2CO5 ]
Reverse dissociation of H,CO3' K’ 1[HCO5 1[H]
Forward dissociation of HCOy K’ 52[HCO;57]
Reverse dissociation of HCOy K’ [ COs“][H']
Forward dissociation of HAc K’ u[HAC]
Reverse dissociation of HAc K’a[AcTH']
Forward dissociation of water K’

Reverse dissociation of water K W[H'][OH]
Forward dissociation of HPr K’a[HPr]
Reverse dissociation of HPr K’o[Pr][H]

As stated before, the principle requirement for the weak/acid base systems is the
establishment of an accurate pH. Al weak acid/base species that significantly
influence the pH are included as compounds in the model including H' and OH, and
hence the pH can be calculated directly via pH = -log(H") = -log f».[H'], see Chapter
2.
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44  PHYSICAL PROCESSES - GAS EXCHANGE

In the anaerobic digester significant CO, is produced. This production has been
modelled as H,CO;" species. The weak acid/base chemistry part of the model wiil
distribute this species automatically depending on the prevailing pH. However, the
" carbonate weak acid/base spcciés will tend to equilibrium also with CO; in the
atmosphere, through gas exchange. Musvoto et al. (1997; 1998) also included CO,
exchange in the model they developed. Their approach has been detailed in Chapter 2

and was followed here also.

Musvoto et al. included NH; gas exchange/stripping in their model also, and this was
also included in the model application described in Chapter 3. However, in the model
here NH; gas exchange was excluded as the prevailing pH (pH < 7.5) would cause the

process to be insignificant. If required, its inclusion will not present undue difficulties.

Accepting the above, dissolution and expulsion of CO, are shown in Table 4.10; for
stoichiometry, see Chapter 2, Table 2.1.

Table 4.10: The kinetics of dissolution/expulsion of CO,.

Process Rate equation
Dissolution of CO, ‘ Koz [CO2 (g)]
Expulsion of CO, from solution K’ cop[H:CO5 ]

In the model of Musvoto et al. generation and loss of CH, and H; were not included,
since anaerobic biologically mediated processes did not form part of their model. In
the model developed here, the anaerobic biological processes are an integral part of
the model, and hence CH4 and H; production and gas loss need to be included. This
was done by including CH; and H; as gasses essentially dissolved in the bulk liquid.

In application of the model to steady state, pCO, was calculated from the molar
ratios of the gasses CO, and CH, produced (H; was not considered as its production is
very much less than CO2 and CH4). Also, it was assumed that the gasses (CHy, CO,

and H,) are dissolved species and leave with the effluent flow; in reality, the gasses
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should leave via a separate flow. For the steady state situation, this
assumption/simplification does not influence the simulated results, since the gas
composition does not vary and is essentially the same in the separate gas flow or as

“dissolved” gasses leaving via the effluent.

To check that this is true, as separate headspace reactor was included with a diffusive
link to the main reactor, with gas (CO,, CHy and H,) loss to the headspace, and gas
flow from the headspace. These simulated results were identical to those obtained

with gasses leaving via the effluent.

4.5 COMBINED ANAEROBIC DIGESTION MODEL

In the section above, separate models gave been presented for:

» Biological processes (Table 4.8)
o Weak acid/base chemistry (Tables 4.9 and 2.1)
e (CO; gas exchange (Tables 4.10 and 2.1)

Since these three models are kinetically based, they can be readily integrated to
provide a single kinetic model for anaerobic digestion of sewage sludge. As noted
earlier, this initial model is restricted to anaerobic digestion of primary sewage sludge. -
The interactions between the submodels take place through the common compounds
in the model, in particular the various weak acid/base system species. Since H is
included explicitly as a compound in the model, the effect of the biological processes
on pH (via — log.f.[H']) can be directly determined. However, the direct influence of
the pH on the biological processes was not included at this stage of model

development; this will be addresses in Chapter 5 where digester failure is examined.

4.6 MODEL CONSTANTS

For the biological processes, values for stoichiometric constants have been derived
- above based on the reactions of the processes with the exception of organism yields.
For the weak acid/base chemistry and CO, exchange processes, values for

stoichiometric constants were taken unmodified from Musvoto et al. (1997) who
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derived these from the appropriate chemical equations. What remains is to derive
estimates for the appropriate kinetic constants and the organism yield stoichiometric
constants. This will be done in the sections that follow. In deriving values for the

constants, where possible these were obtained from the literature.

4.6.1 Constants for biological processes

The selection of biological processes constants from the literature is crucial in order to
simulate the correct interaction between the various groups of organisms in the
system. Ristow et al. (1999) did a thorough literature survey of constants used and the
associated conditions. They concluded that the various parameters are dependent on
organic substrate, the temperature of the system under investigation, the type of
bioreactor used in the system, the pH, and that even constants measured under these

identical conditions varied from one researcher to the next.

Sam-Soon et al. (1991) reported a similar variation from a similar survey. Variations
of up to an order of magnitude were found. For example, the maximum specific
growth rate for the acetogens (propionate utilisers) ranges from 0.155/d (Hill and
Barth, 1977) to 1.4/d (Heyes and Hall, 1983).

In order to establish some sort of consistency, the values from one study were taken
and adaptations made where necessary. The initial values were taken from the study
by Sam-Soon et al. (1991) and adaptations made according to the survey of Ristow ef
al. (1999).

Table 4.11 lists the kinetic and stoichiometric yield constants for each of the

biological reactions according to the different processes included.

Table 4.11 does not include kinetic constants for the hydrolysis process. Since a new
formulation for this process rate was followed, appropriate values for kinetic
constants could not be determined from the literature. These had to be determined
through model application, see Chapter 5.
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Table 4.11: Kinetic parameters used in the model

Bacteria Hemax Y K b
d’ mole mole substrate/] d*
organism/mole
substrate
Acidogens 0.8 0.1179 0.000781 0.041
Acetogens 1.15 0.028958 0.0026786 0.015
Acetoclastic 0.3 0.01635 le-006 0.037
methanogens
Hydrogenotrophic | 0.86 (.004088 2e-006 0.01
methanogens

4.6.2 Kinetic constants for weak/acid base processes

Since the forward and reverse dissociation reactions are very rapid, the rates of these
reactions cannot be measured. However, from a practical point of view, the exact
value of the reaction rate is of little importance; the only requirement is that the
reaction is effectively instantaneous. To ensure the reactions are virtually
instantaneous , one of the rate constants (K ) was given a very high theoretical value
(new “equilibrium” reached in less than 10 s). To ensure that the kinetically
established equilibrium corresponds to true equilibrium chemistry, the value for the
other rate constant (K, ) was calculated through the relationship with the equilibrium
constant (see Chapter 2). Taking the ammonia weak acid/base as an example, at

equilibrium the rate of the forward and reverse reactions are equal:
I =TI, (4.25)

Substituting for the rate formulation gives:

K [NH}]=K, .[NH,].[H]

K, _[NH L]

K, [NH] ’




428

where:

K, = apparent equilibrium constant for the ammonia system.
The values for the reverse reaction rate constants were determined as above by
Musvoto ef al. (1997), and are listed in Table 4.12. The appropriate equilibrium

constants are listed in Chapter 2, Tables 2.2 (a) and (b).

Table 4.12: Kinetic constants used in weak acid/base processes

Reverse dissociation reaction

Symbol Value
K, 10"(/s)
i} 10'(/s)
K., 107°(/s)
K. 10°(/s)
K, 107(/s)
K, 107(/s)
K co, 10%(/s)

47 CLOSURE

In this Chapter, an integrated two phase (aqueous/gas) biological, chemical and
physical processes kinetic model has been developed. As noted earlier, even though
the model essentially consists of three separate models (biological, weak acid/base
chemistry and CO, 'gas exchange) integrated together, these models could not be
developed as separate entities and the model evolved interactively through successful

formulation and application.

What remains is to test the model formulated in this Chapter not only for the purpose

of validation, but also to calibrate values for kinetic constants not available in the
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literature, particularly those related to the hydrolysis process. This will be dealt with
in Chapter 5.



CHAPTERS
TWQO PHASE BIOLOGICAL, CHEMICAL AND
PHYSICAL PROCESSES KINETIC MODEL FOR
ANAEROBIC DIGESTION OF SEWAGE SLUDGE:

MODEL CALIBRATION AND VALIDATION
51 INTRODUCTION

In Chapter 4, based on a conceptual understanding of the anaerobic digestion of
primary sludges drawn from the literature, a kinetic model has been developed that
describes the two phase (aqueous/gas) biological, chemical and physical processes
operative in the anaerobic digester. Where possible, values for constants in the model
were extracted from literature. However, values for a number of constants were not
available in the literature, particularly those associated with the hydrolysis process for
which a new formulation has been developed. Furthermore, the developed model

requires validation through application to experimental data.

In this Chapter, the proposed kinetic model will be applied to experimental data
available in the literature, to calibrate those constants for which values are outstanding
and to provide some evidence validating the model itself. Further, to enhance the
usefulness of the model, it will be appropriately modified and applied to demonstrate

digester failure.

5.2  DATA SET USED FOR MODELLING

In any calibration and validation exercise, the biggest obstacle is usually the quality of
data available for application of the model. Not only is the accuracy of the
measurements important, but also the specific parameters measured. The measured
parameters must be sufficient to describe the influent as well as the effluent

adequately.
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Izzet et al. (1992) conducted a series of experiments aimed at identifying the effects
of thermophilic heat pre-treatment on the anaerobic digestibility of primary sludge. In
this investigation four lab — scale anaerobic digesters were operated. Two digesters
were fed heat treated sludge, while the other two were fed untreated primary sludge.
The digesters were run in parallel. By progressively reducing the retention times of
the digesters, the difference in digestibility between heat treated and non-treated
(primary) sludge was demonstrated. One of the digesters fed with primary sludge, was
operated for a period of 211 days, during which the retention time were reduced as
soon as stability of the digester was achieved, from 20 to 15, 12, 10 and finaliy 7 days.
Digester stability was monitored by measuring pH, H,COs* alkalinity, short chain
fatty acids (SCFA) and gas production. As these parameters are all interlinked, a

change in one would affect the others to a greater or lesser degree.

The averages of the data collected from the digester fed primary sludge, and the
averages of the calculated parameters, are given in Table 5.1. These averages represent
the behavioural characteristics of the digester operating under stable conditions for the
relevant retention times. The data set and the number of parameters measured that
could be used as input in the model included unusual, but useful measurements such as
conductivity and H,CO;" alkalinity using the 5 point titration method of Moosbrugger
etal (1992).

5.3 MODEL CALIBRATION

In the development of the model in Chapter 4, a number of the constants could be
found from the literature. However, since a new formulation was introduced for the -
hydrolysis process, values for appropriate constants could not be found in the

literature. In particular, three aspects of the hydrolysis required calibration:

® Primary sludge stoichiometric formula
o Values for the maximum specific hydrolysis rate and half saturation constants

e Unbiodegradable particulate fraction of the primary sludge

This section describes quantification of these three aspects.



Table 5.1: Averages of data calculated form digesters fed with primary sludge

Retention Total Solids Volatile Solids

Time influent Efftuent influent added effluent removed removed
(days) (g/h (g/h g/ (g/day) 4y} (g/day) (%)

7 31.308 19.405 25971 51.942 14.601 22741 434

10 31.161 17.936 25.768 36.076 13.386 17335 47.7

12 29.977 17.453 24.727 28.684 12.264 14457 50.1

i3 31.301 17.801 25.863 24.053 12.619 12317 50.9

20 31.554 16.922 25.690 17.983 12.131 9491 52.8
Retention Non-volatile Solids TEN Free & Saline Ammonia
Time mfluent Effluent removed influent effluent influent effluent
(days) (64) &/ (%) (mg/l) (mg/h) (mg/l) (mg/h)
7 5.337 4,805 9.0 1105 1041 196 371

10 5.392 4,550 14.5 1100 1039 203 409

12 5.250 5.188 1.4 1028 962 235 430

15 5.437 4.461 17.1 1075 976 221 404

20 5.865 4,791 17.6 1171 1157 244 511
Retention CoD Condugctivity

Time influent Added effluent removed removed influent effluent
(days) (g/h (g/day) (&/h (g/day) (%) (mS/m) (mS/m)
7 42.906 85.811 23.530 38.818 449 208 284

10 42354 59.295 20.852 30.453 50.6 216 299

12 39,714 46.068 19.148 23.994 51.6 252 354

15 42.367 39.401 19.969 20.663 52.3 224 323

20 42,570 29.799 18.741 16.680 554 271 407

£s
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Table 5.1(cont.): Averages of data calculated from digesters fed with primary sludge

Retention SCFA (as HAc) pH Alkalinity (as CaCOy)

Time influent Effluent nfluent effluent influent effluent
(days) (mg/h) (mg/l) (mg/) (mg/l)
7 1770 51 5.38 7.11 79 1853
10 1831 50 5.38 7.12 82 1903
12 2197 33 5.36 7.16 85 2068
i3 1824 27 542 7.14 82 1994
20 2244 25 5.29 717 59 2110
Retention Gas Carbon Methane

Time production Dioxide

(days) (1/day) (%) (%)

7 27.741 36.8 63.2

10 20.670 379 62.1

12 17.215 36.7 63.3

15 13,958 364 63.6

20 11.173 36.7 63.3

145
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5.3.1 Influent primary sludge stoichiometric formulation

In the kinetic model, it is proposed that the primary sludge is hydrolysed to the
intermediate compound glucose, see Chapter 4, Section 4.2. Since the stoichiometry of
the subsequent products from complete anaerobic digestion of the glucose is well
established and essentially fixed, the stoichiometric transformation of the primary sludge

to the intermediate glucose is crucial. Accordingly, attention was focussed on this aspect.

As a starting point, the primary feed composition was assumed to be the same as
generally accepted for activated sludge, namely CsH7O.N (WRC, 1984). However, since
the output from the digester is a direct consequence of the input and the formulation
CsH70,N could not correctly reflect the output measured by Izzet ef of., this formulation

was changed as described below.

Since measurements for TKN and free and saline ammonia (FSA) were done on the
influent by Izzet et al., (1992) (see Table 5.1), the organic nitrogen content of the primary
sludge feed could be determined. This was done by calculating the organic nitrogen in the
feed for the different retention times, from TKN — FSA. The resultant value expressed as
a ratio of the measured COD remained fairly constant with decreasing retention time, and
ranged from 0.00144 mole N/g COD to 0.00155 mole N/g COD. Accordingly, the
average of 0.00149 mole N/g COD was taken as the organic nitrogen content of the feed
sludge. However, changing the nitrogen content of the original formulation (CsH,0,N),
changes the molecular mass and thus also the COD value of the feed which was also
available from direct measurement (Table 5.1). Through a process of iteration, the N
value of the formula was changed and the new molecular mass and COD value
calculated; these new values were then used to recalculate the N value of the formula
from the measured N/COD ratio, and the calculation procedure repeated until
convergence. In this manner, the formula for the primary sludge with the correct nitrogen
content was established to be CsH70;Np 2¢s.
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However, although the N and COD of this formulation above corresponded to measured
values, in application of the model it was found that the C content (i.e. C/COD ratio) was
inconsistent with measured results. Essentially, the C content of the influent primary
sludge appears in the outputs CO, gas, CH, gas, dissolved carbonate weak acid/base
species, and effluent organic C. Hence, there should be a balance between input and
output C. Further, the carbonate weak acid/base species also plays a very important role
in establishing a number of parameters such as pH, H,CO;" alkalinity, CO, gas produced
in the process, etc. Therefore, in the proposed model it is vitally important to establish the
C content of the influent as closely as possible. It was hoped that by means of ensuring a
C mass balance as measured by Izzet ef al, i.e. tracking all the C leaving the system and
equating this to the influent C, the carbon content of the original influent could be
determined. In this process an inconsistency in the data measured by Izzet ef al was
found. Three measurements relating to the carbonate weak acid/base species were not in

agreement, ie. the HyCO;™ alkalinity, partial pressure of CO, (5CO,) and pH. These

three parameters are all linked through the carbonate species equilibrium chemistry
(Loewenthal et al., 1989) as follows:

H,COjAlk =5CO, K, TOPHFR (25107 ¢ 1) 10 P -—l%ﬁ (5.1
Where:
Keo, = Henry’s law constant
pK,. pK, = negative logarithm of carbonate weak acid/base species
apparent equilibrium constants
pK., = negative logarithm of the apparent equilibrium constant
for the water subsystem
fim = monovalent activity coefficient

Accepting any 2 of the measurements by Izzet ef al on their systems and calculating the

third parameter via Eq (5.1) above, the calculated value did not agree with the measured
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value for that particular parameter. In examining the three parameters and their
measurements, it was noted that the pH was not measured 7z sifu. When a sample was
taken to measure pH, it would have been supersaturated with respect to CO; and
therefore a loss of CO, before measurement of the pH would have taken place. This
would have resulted in an elevated pH reading, rendering the pH measurement unreliable.

Accordingly, the H,CO; alkalinity and pCO,were taken as the more reliable
measurements. However, initially it was accepted that only the pCO, measurement was

accurate.

The pCO,for each retention time was taken as reasonable and the H,CO;' alkalinity

calculated via Eq (5.1) for a range of pH values, from pH 6.5 to 7.5. From the calculated
H,CO;" alkalinity, for each specific pH the total carbonate weak acid/base species

concentration (Cr) was calculated as follows:

H,CO}Alk — [OH ]+[H"]

[CO,]= - (5.2)
2+[H ]
K.,
[HCO3“]:M (5.3)
_[co AP
[H.CO,]= K. K, (5.4)
C, =[H,CO;1+[HCO; 1+[CO;"] (5.5)

The Cr above gave the inorganic carbon leaving the system as dissolved in the effluent
flow. Together with the other carbon related measurements (i.e. CO; leaving as gas, CH,,
organic carbon in the effluent) the total carbon leaving the system could be calculated.

From a mass balance, this must equal the carbon entering the system with the influent.
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Hence, the carbon in the influent could be calculated. This is expressed as the influent

C/COD ratio for the various pHs and retention times in Fig. 5.1.

From Fig. 5.1, the C/COD values correlated closely over the whole spectrum of pH
values for all the different retention times. Accepting the C/COD ratios in Fig. 5.1, these
were used to calculate the moles of C in the formulation for primary sludge of
CxH70:No26s. The values of X are shown plotted against pH for the different retention

times in Fig 5.2, as the “exponential” type curves.

The curves relate the moles of C in the general formulation for primary sludge (X in
CxH70:No2s5) to a range of pH values in the reactor for the different retention times. To
determine X, a true value for the reactor pH is required. As noted above, it was apparent
the measured reactor pH values were in error and could not be used. However, the
measured H,CO; " alkalinity is independent of the error in measured reactor pH, because

H,CO;" alkalinity is not affected by CO, loss on sampling. Accordingly, the measured
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H,CO5 alkalinity was accepted as reliable. Together with the measured pCO,, a

calculated pH can be determined via Eq (5.1). For the different retention times these
calculated pH values are shown plotted in Fig. 5.2 also, as the vertical lines. Where a
vertical line (representing the true pH for a particular retention time) intersects the
exponential line for the corresponding retention time, this represents the true state of the

reactor, i.e. accepting pCO, and H,CO;" alkalinity as correct and calculating the

- corresponding pH. The v — value at the intersection is the number of moles of C in the
influent primary sludge formulation needed to achieve a C mass balance, i.e. the value for
X in the formulation CxH70;Npz6s. The values of X, so derived, are plotted against
retention time in Fig. 5.3; from Fig. 5.3, the value for X was accepted as 3.5. Substituting
this into the general formulation for primary sludge, then the molecular weight and COD
value of the sludge molecule will change. Accordingly, to retain the correct N/COD ratio
in the primary sludge determined above, the N value in the formulation had to be changed
also. This calculation gave the general formulation for the primary sludge used in the
Izzet et al. (1992) experiments as Cs sHyO2Ng 196, This formulation for primary sludge
was accepted for all subsequent simulations of the Izzet ef al. experiments. It is not
certain whether the formulation will apply to primary sludges in general or not; this will
have to be established through experimentation on a wider variety of primary sludges, by

measuring COD, VSS, organic N and C content.

5.3.2 Hyvdrolysis rate constant

As noted in Chapter 4, to model sludge hydrolysis, a number of researchers (e.g. Eastman
and Ferguson, 1981; Gujer and Zehnder, 1983; Henze and Harremoés, 1983, Bryers,
1985; Pavlostathis and Giraldo-Gomez, 1991) used a simple first order equation

dependent only on the available substrate concentration, namely:

“Teop, = k,[COD,] (5.6)

where:

ky, = first order rate constant
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[CODy] = concentration of particulate biodegradable organics

However, the rate of hydrolysis is affected by temperature, pH, bacterial population,
particle size, type of organic and soluble product concentration. Among these,
particularly the bacterial population should play a major role in regulating the rate of

hydrolysis.

Recognising this, in Chapter 4 it was proposed to use Levenspiel (1972) planar surface
saturation kinetics to model the hydrolysis rate, similar to that used to model the rate of
SBCOD hydrolysis in activated sludge systems (Dold ef al., 1980; 1991; Henze ef al.,
1987). This gave the hydrolysis rate formulation as:

[COD, ]

_ max [Xa]
- rCODp - [COD ] '[Xa]
K

(5.7)

In the equation above, values are required for the maximum specific hydrolysis rate
constant (kmay) and the half saturation constant (K,). The data of Izzet ef al. (1992) was
used to derive values for these constants. It was decided to do this derivation in terms of
the simple first order rate equation (Eq. (5.6)) above, so that the interrelationship between
the first order and surface saturation reaction kinetics could be illustrated, and so that the
conversion of data used to derive the first order rate constants to the new proposal could

be demonstrated.

Initially the first order rate equation was accepted for hydrolysis. Setting up a mass

balance for the system in terms of this equation gives:

dCoD,
V———"=Q(COD,, ~COD,,,)~k; COD, .V (5.8)
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where:

\Y% = volume of reactor
Q = flow through reactor
in, out = concentrations in the influent and effluent respectively

dCOD ) _
At steady state L =0 and rearranging Eq (5.8) gives:
cob,, -COD, ,
k, = : : (5.9)
R, COD,,,
where:
Ru = retention time in reactor

From the experimental data of Izzet er al (1992), the influent and effluent total COD
concentrations (CODpin and CODyp, o respectively) are available from measurement for
each retention time. By accepting an unbiodegradable particulate COD fraction for the
influent (CODy;, Section 5.3.3 below), then the biodegradable COD in the influent can
be calculated (CODp;n = CODpjn — CODgow). Now, the measured effluent COD
(CODupow) is made up of the unbiodegraded biodegradable particulates (CODyou), the
unbiodegradable particulates (COD, ) and the organism biomass generated in the
reactor. Since the unbiodegradable particulate COD remains unchanged in the system, its
concentration in the effluent will equal its concentration in the influent, known from
above. For the organism biomass COD in the effluent, the acidogen biomass dominates to
the extent that with little error, the other biomass fractions can be neglected. This arises
from the relatively high yield of the acidogens compared with the other organism groups
(Yac=0.1179 mol/mol compared with < 0.03 mol/mol, Table 4.11). Accordingly, for the
calculations here, only the acidogen biomass needs to be taken into account. A reasonable

estimate for the concentration of acidogens in the effluent can be obtained by noting that:

[Xa ] = YAc (COD pin CODp,out ) (5 10)
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where:
Yac = acidogenic organism yield (mgCOD/mgCOD)
Xa

i

acidogen biomass concentration (mg COD/{)

In Eq. (5.10), CODyjj, is known but COD, o is not. However, CODypoun can be estimated
by noting that:

CODp.out = CODm.om —Xa - CODu,oiu ' (511)
where:
CODxout = measured effluent COD
COD,y out = unbiodegradable particulate COD concentration in
the effluent

= concentration in the influent, CODy jn

Thus, solving Eqs. (5.10) and (5.11) simultaneously, the CODpou and [X,] can be
calculated for each retention time. Accordingly, ks can be calculated for each retention
time via Eq (5.9); values are listed in Table 5.2. The values for k, were found to vary
considerably for the different retention times ( 0.064/d to 0.12/d), and this illustrated the

shortcoming in using a simple first order rate expression for hydrolysis.

Tai:le 8.2: Values for the first order kinetic rate constant ks

Retention Ky
time @h
7 0.117637
10 0103117
12 0.089505
15 0.074776
20 0.063575
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To derive estimates for kmax and K in Eq (5.7) above, this can be done in terms of the
estimate derived for k, above. Noting that the hydrolysis rate in terms of the two different

rate expressions must be equal:

[COD,]
| ] [X.]
~Teon, = k,{COD, 1= [[CODP]} A (5.12)
LA
Rearranging Eq (5.12) gives:
([CODPJJ
[COD,] = IX,]

ky—>—-= = 5.13

X1 . {{conp]] g G139

: X.]
where:
M = specific hydrolysis rate

In Eq (5.13) above, ky , COD,ou (= COD,) and [X,] are known from the calculations set”

out earlier, and kmax and X; are unknown.

In order to determine values for the kinetic constants kp.x and K, Eq (5.7) can be
linearised in three different imays. These plots all yield a straight-line fit and the accuracy

of estimation of k. and K; varies according to the fit.

Method 1

Eq (S.l?x)h_can be inverted and simplified according to the Lineweaver-Burk (double

- reciprocal) plot (Lehninger, 1973), resulting in:
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K] KX)o

= (5.14)
k,[COD,] k.. [COD,] k.,
Therefore, by plotting E[%%-],i—]— versus EC%E% and fitting a linear line to the data, the

&

slope of the line =

and the y-intercept = -f;}-— Fig. 5.4 shows the resulting plot for

the data of Izzet er al (1992) with the best fit straight line, which gives an estimated kpax
of 526.3 g CODy/mole X, and K, of 657.1 g CODy/mole X,. Excluding the outliers
identified in method 3 and again fitting a straight line (dashed line in Figure 5.4) through
the data, changes the constants slightly t0 kmax = 526.3 g CODp/mole X, and K. =644.2 g
CODp/mole X,. With the exclusion of the outliers, the R? value for the linear fit improved
from 0.9212 (lower right hand corner) to 0.9968 (upper left hand corner).

Method 2
[COD ]

a

The second method involves dividing Eq (5.13) by

and then inverting, resuiting

in:

coD
S :[ o |1 + X, (5.15)
kh [Xa] kmax k

max

z

By plotting % Versus , and fitting a straight line through the data, the slope

h a

would give the value of

and the y-intercept would give the value of : ~— Fig. 5.5

shows the plot of the data of Izzet et ¢l (1992) with the best fit linear line give the value
for Kmax of 625 g CODy/mole X, and for K; of 839.9 g COD,/mole X, However, the R’
value obtained for the linear fit (lower right hand corner) is fairly poor (0.6785). By
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Figure 5.4: Plotting the data using the equation described in method 1.

Method 2
25
y = 0.0017x + 1.2664
2 - R? = (3. 9851 M/-’_‘.

= 15

x.l:

- 14

05 + y =0.0018x +1,3438
0 R?=0.6785
o 100 200 300 400 500 800
COD,/X, (g/mol)
Figure 5.5: Plotting the data using the equation described in method 2.
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Figure 5.6: Plotting the data using the equation described in method 3.
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excluding the outliers identified in method 3 and determining the best fit linear line
(dashed line in Figure 5.5), the R® value can be improved considerably to a value of
0.9851. This yields the constants kms = 588.2 g CODy/mole X, and Ks = 7449 g
COD/mole X,.

Method 3

The Eadie-Hofstee linearization apparently magnifies departure from linearity that might
not be apparent from a double-reciprocal plot (Lehninger, 1970). This plot is obtained
from Eq (5.13) by multiplying both sides of the equation by kmay, and then simplifying to
give Eq (5.16). '

[COD, ]
"X,

a

k

=-K k,+k_ (5.16)

}9]

Co
By plotting k&.[ against ky, the best-fit linear line would give values for the slope

a

k
= -K, the y-intercept = kmay, and the x-intercept =-—§i"—. Fig. 5.6 shows the plot for the

£

data of Tzzet et al. (1992) with the best fit linear line. The values for kyax and K; are 414.2
g CODy/mol X, and 450 g CODy/mol X, respectively. From this plot, the 10 and 15 day
retention time data points can be identified as outliers. Fitting a linear line using all 5 data
points, yielded an R* value of only 0.4487. Excluding the two outlier points improved the
R? value considerably, to a value of 0.9663. The associated constants also compare much
better with those obtained using methods 1 and 2 above. The constants are kyn.x = 554.03
g CODy/mole X; and K, = 689.5 g CODy/mole X,

For the three methods above, the value for kmax and K, without and with excluding the
two outlier points, are listed in Table 5.3. With the different constants obtained, the

specific hydrolysis rate () can be calculated from:
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ﬂ’-ﬁw (517)
R

Eq. (5.17) above is effectively a Monod type expression linking specific rate to substrate

P P

concentration ( here). Accordingly, plotting u versus

£ a

yields a Monod -

type graph. Us}ng the various constants calculated above with the three different
methods, the Monod - type plots are shown in Fig. 5.7. Also shown plotted are the data
of 1zzet ef al. (1992), appropriately calculated via Eq. (5.7). From the plot it is evident

that the constants derived via the three methods above yield virtually identical plots for

p

low values of . It is in this region that most of the Izzet ef al. data lies. As the

a

[COD_] . . .
X ]" increases beyond about 500 g COD/mol X, the plots do diverge. Excluding the
8
Monod-type hydrolysis plot
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500 +—| Method 2a&b e e Method 1a
T L s s e Method 2a
400 4R

— Method 3a

T 300 e ? — -« = Method 1b

R Method 3a ~ =~ - Method 2b

------- Method 3b

100 ®  Data Foints

0 : . ; : ; ;
0 500 1000 1500 2000 2500 3000 3500 4000
CODplXa {(g/mole)

Figure 5.7: Monod — type plot of the constants obtained using 3 methods of linearization,

(a) with all data points, (b) excluding the two outlier points.
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outliers identified in method 3, the plots are much closer ({(b) graphs in Fig. 5.7). In
particular, the plot for the constants derived from method 3 is much closer to those from
the other two methods (3 (a) to 3 (b) in Fig. 5.7).

Examining the fit of the curve to the actual experimental data of Izzet ef al, it is evident
that, with the exception of method 3 (a) (i.e. with all data points), it is difficult to select
which set of constants is superior. Accordingly, for simulating the Izzet ef g/ data, the
average values for the data in Table 5.3 were calculated. However, in application, these
values had to be changed slightly to improve the fit, t0 kmax = 650/d and K, = 630
gCOD,y/mol X,. This small change probably arises because the contribution of the non
acidogen biomass to the effluent was not taken into account in the calculations above. To
| OD,]
X

3

establish the values for the constants more precisely, data are required at higher

1.e. lower retention times.

Table 5.3: Summary of calculated constants for Hydrolysis

All data points Excluding outliers
K Kmax K Kimax
(g CODy/mole X,) dh (g CODy/mole X,) dh
Method 1 657.1 526.3 644.2 526.3
Method 2 839.9 625 ‘ 744.9 588.2
Method 3 450 4142 689.5 554.03

5.3.3 Primary sludge unbiodegradable particulate fraction

In deriving values for the hydrolysis rate constants above, the data of 1zzet ef al. (1992)

was used. This data includes the global COD measurements on the influent and effluent.
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Initially, it was accepted that all the influent primary sludge was biodegradable. In

plotting the experimental data on the Monod —type plot (Fig. 5.7 above), this caused that

Rate of hydrolysis
600
1 [ 6a%biodegradable |
400 -
=, 300 100% biodegradable
200 E
100 -
0 . \ — , :
0 500 1000 1500 2000 2500 3000 3500 4000 4500
r COD,/X,

Figure 5.8: Monod - type curve fitted through the data of Izzet ef al. (1992), accepting
100% biodegradable influent COD.

the curve fitting the data did not pass through the origin on the plot, but gave a p =0 at
[COD, ]

P

some positive value, for example see Fig. 5.8, This implied as expected, that the

primary sludge contained unbiodegradable particulate organics. This was quantified by
successfully changing the unbiodegradable particulate organic fraction of the primary
sludge (CODy i, = measured COD — unbiodegradable COD) and replotting the data. In
this fashion the unbiodegradable particulate fraction of the primary sludge was
established, at 36% of the total COD. This value is the same as determined by O’ Rourke

et al. (1968) in their experimental investigation, which lends validity to the estimate.

54  MODEL VALIDATION

The model was validated through application to the data set of Izzet er al (1992).

Although the data were not collected specifically for the purpose of modelling, it is



5.21

sufficiently well defined for model validation. The data collected by Izzet ez al. stretched
over a period of 211 days. As noted earlier, the data were statistically processed and the
average steady state data calculated, as given in Table 5.1. All simulations were done
using AQUASIM ver. 2.0 (Reichert, 1994).

54.1 Inputdata
The input data to the model consisted of values for:
e System operational parameters — feed rate, reactorvolume, temperature

e Influent compound concentrations

» Model kinetic and stoichiometric constants

5.4.1.1 System operational parameters

The systems operated by Izzet ef al. (1992) were well controlled and defined. The system
operational parameters are listed in Table 5.4.
Table 5.4: Operational parameters employed by Izzet et al. (1992).

Operational Parameter Unit Value

Temperature °C 37

Volume £ 14

Retention times days 7,10, 12, 15 and 20

5.4.1.2 Influent compound concentrations

Required as input are the concentrations of all the compounds included in the model, see
Chapter 4, Tables 4.8 and 4.9. Available from direct measurement by Izzet er al. (1992)
are the data listed in Tables 5.1.
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The parameter serving as a main input value to the model is the measured COD entering
the reactor. As described in Section 5.3.3 above, the unbiodegradable fraction for the
primary sludge in the Izzet ef al experiments was determined to be 36% of the total
measured COD, with the balance (64%) being biodegradable. In the model, the
biodegradable fraction of the primary sludge in terms of COD units is hydrolysed to the
intermediate glucose in terms of molar units. For this hydrolysis process, a stoichiometric
formulation for the primary sludges is required. As noted in Section 53.1, the
stoichiometric formula for primary sludge could not be obtained from the literature.
Accordingly, a representative formula for the influent had to be deduced from influent
organic N measurements and a C mass balance on the systems of Izzet ef al., as explained
in Section 5.3.1 above. The formula established for the feed material was Cs sH70;Ng 196,

and this was used for simulating the Izzet ef a/. systems.

For the simulations, available from direct measurements on the influent were HyCO5
alkalinity, pH anc the short chain fatty acids and free and saline ammonia total weak
acid/base species concentration. These values were accepted for simulations. However, as
input to the model the specific weak acid/base species concentrations are required. As the
conductivity of the feed had been measured and the temperature was known, the weak
acid/base equilibrium constants could be determined (Loewenthal ef al., 1989; Musvoto
et al., 1998). The calculated equilibrium constants together with the influent pH and total
weak acid/base species concentrations were used to speciate the weak acid/bases in the
influent into their species concentrations. The pH and H,COs' alkalinity was used to
calculate the different carbonate weak acid/base species in the influent via Eqgs (5.2) to
(5.4) above.

It was assumed that no anaerobic organism biomass was present in the influent.

5.4.1.3 Model kinetic and stoichiometric constants

Required as input to the model are a large variety of stoichiometric and kinetic constants.

These were determined as follows:
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Weak acid/base aqueous chemistry:

Values for “true” equilibrium constants were obtained from Musvoto et al
(1998), as listed in Chapter 4, Table 4.9 and Chapter 2, Table 2.2(a).

With the measured conductivity (Table 5.1), converted intemally in the model to
an ionic strength value with the formula given by Loewenthal er al. (1989), the
equilibrium constants above were corrected for ionic strength effects with the
appropriate mono — , di — and tri — valent ion activity coefficients, as indicated in
Chapter 2, Table 2.2(a), to give apparent equilibrium constants at 20°C.

The apparent equilibrium constants were adjusted for temperature, as described in
Chapter 2, Table 2.2(b).

The specific rate constants for the reverse dissociation reactions of the weak
acid/base (K;) were taken from Musvoto et al. (1998; 2000c), Chapter 4, Table
4.12., but in times units /d due to instability in AQUASIM with time units /s. This
change in time units does not influence the predictions as these rates are several
orders of magnitude faster than the biological process rates.

The specific rate constant for the forward dissociation reactions of the weak
acid/bases (K¢ were calculated from the values for K, above and the relationship
with the apparent equilibrium constants, Chapter 2, Table 2.2(a).

Gas exchange:

Although included in the model, NH; gas exchange was negligible due to
prevailing pH. Accordingly, the value for the specific rate of NH; stripping

(K;,NH3 , Table 2.3) was not of importance and the value from Musvoto et al.
(1998, 2000(:) was accepted unmodified, Chapter 2, Table 2.5.
The value for the specific gas stripping rate constant for CO, (K;‘CO2 , Table 4.10)

had to be determined by calibration in the simulations. This is not unexpected,

- since this value will be influenced by the conditions prevailing in the reactor, e.g.
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mixing. The rate of CO, gas dissolution (K, , Table 4.10) was calculated from

K o, via the relationship with Henry’s law (Chapter 2, Section 2.4.2.1).

Biological processes:

Stoichiometric constants

For the hydrolysis process, the stoichiometric formulation for the primary sludge
developed in Section 5.3.1 above was adopted (the effect of changes in this
formulation is demonstrated in the simulations), as well as the stoichiometric
conversion to the intermediate glucose as developed in Chapter 4, Section 4.2.5.1.
For the other biological processes, the stoichiometry as developed in Chapter 4
was accepted, with values for the organism yields (Acidogens — Yac; acetogens
Yap; acetoclastic methanogens — Yam; hydrogenotrophic methanogens ~ YY)
obtained from the literature, Chapter 4, Table 4.11.

Kinetic constanis

For the hydrolysis process, as noted in Section 5.3.2 above initially values for the
kinetic constants (kmax and K} were the averages of the values derived from the
data of Izzet er al. (1992) using three different linear curve fitting methods, ie. -
kmax = 556/d and K = 693 gCODy/mol X.. However, in application these values
had to be changed slightly to improve the correlation between the predicted and
measured data 10 Kmax = 650/d and K = 630 gCODy/mol X,; these changes are
relatively minor.

For the other biological processes, the values for the kinetic constants in the
Monod fénnulations for growth/substrate utilization were obtained from the
literature, Chapter 4, Table 4.11.

For the biological processes-describing death of the four organism groups, the
vglués for the specific death rate constants were obtained from the literature,

-Chapter 4, Table 4.11.
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Thus, effectively the only values for the kinetic and stoichiometric constants “calibrated”

in the simulations were:

® K;CO: - specific CO; gas stripping rate

e primary sludge stoichiometric formulation

¢ hydrolysis rate constants

In the simulations, values for the above constants were kept the same for all the retention

times,

5.4.2 Qutput data

Several measurements were recorded that could serve as output to validate the model, see
Table 5.1. The important measurements were gas production, H,COs  alkalinity, acetic
acid and pH, which were of particular importance to the inclusion of the weak acid/base
systems. Other measurements used to validate the model included FSA and the partial
pressure of carbon dioxide gas produced. The outputs from the model were compared to

the measured data over the whole spectrum of retention times (7 days ~ 20 days).

5.4.2.1 Effluent COD

Since hydrolysis is in essence the starting process of the whole digestion process, great
care was taken to ensure that the hydrolysis rate was correctly calibrated, see Section
5.3.2 above. This was to ensure that the correct quantity of organics enter the subsequent
processes. In establishing the hydrolysis rate constants the unbiodegradable portion of the
primary sludge was fixed at 36% (Section 5.3.3). The same inert fraction was also
observed for the experimental investigation by O’Rourke et al. (1968). The inert material
was taken as completely unbiodegradable and simply passed through the system
unchanged. The effluent COD in the model was calculated as the sum of the inert
material, the unutilized biodegradable COD and the biomass concentration grown in the

system. These were compared to the measured effluent COD (Fig. 5.10); close agreement
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was obtained. This close agreement demonstrates the superiority of the proposed
hydrolysis kinetics over the simple first order kinetics used traditionally — with the
proposed kinetics a single set of hydrolysis rate constants can accurately simulate the
observed results over the range of retention times; with the simple first order kinetics a

different constant is required for each retention time (Table 5.2).

To illustrate the various components making up the predicted effluent COD

concentration, these are shown in Fig. 5.9.

From Fig. 5.9, the increase in unutilized biodegradable COD can be seen as the retention
time decrease. This increase can be ascribed to the relative slow hydrolysis rate. Further,
as noted in Chapter 2, under normal steady state operating conditions, conditions of low

pH, prevail causing low concentrations of acetogen organisms (X;) to be present

Effluent COD composition
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Figure 5.9: Compounds making up the effluent COD concentrations. For better
representation of the other fractions, the unbiodegradable COD is not included. Also,

Xyum and Xp are too small to show on the plot.

indicated by negligible acetogen growth due to the non — availability of propionate

substrate. Of the biomass present, the acidogens dominate due to their relatively high
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yield. This justifies neglecting the non — acidogen biomass fraction in the effluent in

initially determining the hydrolysis rate constants (Section 5.3.2 above).

Effluent COD
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Figure 5.10: Predicted and measured effluent COD versus retention time for anaerobic

digestion of primary sludge.

5.4.2.2 Free and Saline Ammonia (FSA)

For the initial model, the primary sludge formula CsH,0,N was accepted as a valid
approximation of the organic material entering the system. However, in simulations with
this formulation the concentration of FSA in the effluent was greatly overpredicted (Fig.
5.11); the simulated effluent FSA concentration, were almost 5 times higher than those
measured. Clearly a major adjustment was needed and the decision was made to calculate
the exact nitrogen content of the influent from the measured influent organic N
concentration as detailed in Section 5.3.1 above. Together with the required C adjustment
for a C mass balance, this gave the formulation for primary sludge of C3 sH70:Ng 196. The
formula CsH;,0,N was retained as representing the various active biomasses formed in
the system. Incorporating the new primary sludge formula in the model improved the
simulated results considerably (Fig. 5.12). However, the modelled output was still

overpredicting the measured FSA. The experimental measurements on N were examined,
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Figure 5.11: Comparison of FSA measurements in the effluent assuming initial sludge
formula of CsH,O,N.
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Figure 5.12: Comparison of FSA after adjusting the nitrogen content of the influent
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Figure 5.13: Comparison between simulated and corrected measurements
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and it was established that a nitrogen mass balance had not been achieved across the
system for all the different retention times. The N mass balances obtained ranged from
90-98%. Since the model is by necessity based on the mass balance principle, including
N, closer correlation in the effluent FSA could only be achieved at the expense of organic
N in the effluent. Accordingly, it was decided to correct the measured effluent FSA
values by the amount of nitrogen missing from the nitrogen mass balance; this gave close

correlation (Fig. 5.13).

5.4.2.3 Short Chain Fatty Acids (SCFA)

The SCFA included in the model are propionic and acetic acids. In the model, propionic

acid is only generated significantly through acidogenesis under conditions of high pH,,
and is converted to acetic acid through acetogenesis at low pH,. In all simulations the

propionic acid concentrations were negligible, as is to be expected for completely mixed

stable anaerobic digesters where low pH, conditions prevail.

Acetic acid is generated through acidogenesis under low pH, and serves as substrate
subsequently for the acetoclastic methanogens. The measured effluent SCFA (accepted as
acetic acid) in the experimental system were very low, typically less than 107 moles/e. In
the simulations it was not impossible to attain values quite as low for the SCFA. This
arises because the SCFA are generated and utilized simultaneously; only with unrealistic
high acetoclastic methanogenesis rates or low half saturation constant values can low
acetic acid concentrations be achieved. However, the concentrations calculated in the
model are acceptably close considering the very low % of the influent carbon that leaves
via the effluent SCFA, and the same general trend seen in the measured values with

change in retention time could be simulated (Fig. 5.14).
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Figure 5.14: Comparison between modelled and measured SCFA output

5.4.2.4 Carbonate system and pH

Accepting the initial primary sludge formula of CsH,0,N during simulations,
measurements relating to the carbonate weak acid/base system could not be accurately
predicted. Initial simulations predicted the H,CO;" alkalinity too low, the partial pressure
of CO; too high and the pH too low (Fig. 5.15). The carbon dioxide gas (CO;) produced
could be matched by changing the gas stripping rate used (obtained from Musvoto et al,
1997).

As the model is based on a mass balance across the system, it was decided to calculate
the true carbon content of the influent primary sludge and compare it with the
formulation (CsH,0,N) used. At closer inspection it was discovered that the experimental
data of Izzet ef al (1992) showed an inconsistency in measurements relating to the
carbonate weak acid/base system. As noted in Section 5.3.1 above, the Cr calculated
using the pH and H,CO;  alkalinity, did not match the Cr calculated using for example

the pCO, and pH measurements. As a result of this inconsistency in the data a mass
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Figure 5.15: Comparison of carbonate output before changes to

the influent sludge formula was made.
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Figure 5.16(a): Comparison of output for the carbonate system after adjusting the sludge

formula to C3 sH20,No.19s.
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Figure 5.16(b): Comparison of output for the carbonate system after adding a small

charge to the adjusted formula for the influent primary sludge.
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balance across the system could not achieved. As described in Section 5.3.1 above, the

BCO, was taken as a true measurement and the H,CO; ' alkalinity calculated for a range
of pH values. A pH value was then calculated accepting the PCO, and the H,COs

alkalinity measurements; this indicated the influent primary sludge formula as
C3.sH70,No 196.

Accepting the new sludge formula, simulated results closely matched experimental
values (Fig. 5.16(a)). However, in the comparison there is a small deviation between
measured and predicted H,COs alkalinity values. To improve this correlation a small
negative charge can be added to the stoichiometric formulation for the primary sludge, to

ive C, . Hy 400 O, NI~ Since this will cause H' to be taken up in the hydrolysis
g 3511609945~ 2 Y 0.196 yaroly

process, the predicted pH will decrease slightly as well as H,COs alkalinity while CO,
gas evolution will increase, see Fig 5.16(b). No other parameters are affected by this
change. In examining the data of Izzet ef ol it was noted above (Section 5.3.1) that an

inconsistency exists in the pCO,, H,CO;" alkalinity and pH measurements. It was
concluded that the H,CO;3  alkalinity and PCO, were reliable, and these were used to

calculate the corresponding pH (see Fig.5.16(a) and(b)). The small charge added to the
primary sludge formulation improves the correlation between the predicted and the
measured H,CO;' alkalinity, but the correlation between the calculated pH and the
measured pH poorer. Therefore, it is not possible to make a definitive judgement as to

whether the simulations with or without this small charge are superior.

5.4.2.5 Methane

With the adjustment above, the methane predicted by the model was consistently close to
the experimental values measured by Izzet ef al (1992), see Fig 5.17. The methane
production as predicted by the model accounts for about 60 to 65% of the total amount of
gas produced, which is consistent with values found by other researchers in the literature

for anaerobic digestion of primary sludge (e.g. Kiely ez al., 1996).
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Figure 5.17: Comparison between measured and predicted values for methane output

5.4.3 Discussion

In this section, the proposed model has been applied to the data of Izzet er al. (1992)
measured for anaerobic digestion of primary sludge for a range of retention times. Close
correlation between measured and simulated results were obtained for all the measured
data. In this model application it became evident that the stoichiometrical chemical
formulation used for the primary shudge is crucial.

For the N, this could be determined from measurements on the influent TKN and FSA, as
the organic N content of the primary sludge (TKN —~ FSA). However, for the C this had to
be determined from a C mass balance on the experimental data. Accepting these, the
formulation for the primary sludge was found to be C;sH70:No 106. However, it is not
certain whether this formulation is general or restricted to the Izzet er al. (1992) data.
Recognising the importance of the formulation in the modelling efforts, clearly this is an
area that requires further investigation. Further, it is recognised that the same data set was
used to calibrate some constants in the model and to validate. Thus more extensive
validation is necessary. Also, the application has been restricted to constant flow and load

and steady state conditions; dynamic application also requires attention.
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55 DIGESTER FAILURE

Having established above that the two phase biological, chemical and physical processes
kinetic model provides a good description of the anaerobic digestion of primary sludge
under stable conditions, the model could be used to explore the events that lead to
digester failure. This was facilitated by the fact that the developed kinetic model
integrates weak acid/base chemistry (and explicitly includes pH) with the biological

processes.

From the literature review (Chapter 2), it is clear that a number of anaercbic digestion
processes are very pH sensitive. Furthermore, since most of the influent substrate is
converted to intermediate short chain fatty acids (SCFA) before conversion to methane,
fatlure (even temporary) of one of the processes can readily lead to an accumulation of
SCFA in the system. The accumulation of SCFA would cause the pH to decrease which
in turn would severely impact the biological processes, and may lead to overall system

failure.

In this section a brief look at the induction of failure in anaerobic digestion through

modelling was taken, to illustrate potential usefitlness of the kinetic model.

5.5.1 System of failure

Failure in anaerobic digesters can occur in a number of ways, but the main cause of

failure in anaerobic digesters is described below.

Acetoclastic methanogens are probably the most sensitive organisms in the anaerobic
process {Gujer and Zehnder, 1983) and are thus greatly influenced by the surrounding
environment. It is believed that failure in anaerobic digestion usually starts with the
inhibition of the acetoclastic methanogens. This can happen either by toxin or inhibitors
in the feed material, a sudden shock load on the system or a drop in temperature as

Methanothrix soehngenii has been reported to show extreme temperature sensitivity
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in the feed material, a sudden shock load on the system or a drop in temperature as
Methanothrix soehngenii has been reported to show extreme temperature sensitivity
(Zehnder et al., 1980). Any of these factors will slow down or inhibit the growth rate of
the acetoclastic methanogens and cause acetic acid to accumulate in the digester. This
accumulation will cause a decrease in pH. Both the acetoclastic methanogens and the
hydrogenotrophic methanogens (e.g. Methanobrevibacter arborphilus) are pH sensitive,
the latter also showing some sensitivity towards temperature changes. Accordingly, the
drop in pH will slow down the acetoclastic and hydrogenotrophic methanogen growth,

the latter of which will cause an increase in the hydrogen partial pressure (pH, ) in the

system.

An increase in pH, will impact on the acidogenic process as described in Chapter 2,
Section 2.2.2. Instead of producing acetic acid, the increase in pH,will cause the
acidogens to start producing propionic acid. As the acetogens (organisms responsible for
the conversion of propionic acid to acetic acid) are inhibited by a rise in the pH,, the

propionate will not be converted to acetate, causing the propionate concentration to
increase causing a further build up of SCFA and resultant drop in pH, which will further

influence the processes.

As can be gathered from the above description, the failure of anaerobic digesters has a
“snowball effect” with various processes being influenced at the same time, with a build

up of SCFA and the associated drop in pH being the primary features.

5.5.2 Modelling of failure in anaerobic digesters

Process inhibitions

Modelling of digester failure was mainly achieved by introducing a general non —

competitive inhibition term of the form:
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I
(I + %} (5.18)
where:
{1 = concentration of the inhibitory compound
Ky = inhibition constant

This inhibition term (Eq. 5.18) was introduced into the general Monod kinetics describing
the growth rate of the organism group inhibited by the particular compound as follows:

i S Zoi (5.19)

I
(Kgy +Ss {1 + —K—J

Inhibition of acetoclastic methanogens: The acetoclastic methanogens are inhibited by
pH, and hence the inhibitory term in terms of pH (via [H']) was included in the growth

rate formulation for this organism group:

p’max.M H{AC] X
(K, +[HLAc]{1+ [;;]]

MI

(5.20)

Inhibition of hydrogenotrophic methanogens: The hydrogenotrophic methanogens are
responsible for keeping the PpH,low, by utilizing H, as substrate. If they are also
inhibited, this will inevitably slow down the conversion of H; to methane causing a rise
in pH, . The hydrogenotrophic methanogens are pH neutrophiles and are inhibited at pH
< 6.6 (Gujer and Zehnder 1983; Zehnder and Wuhrmann, 1977). Accordingly, the

inhibitory term in terms of pH (via [H']) was also included in the growth rate formulation
for this organism group:
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\umax H [HZ ]
: X 5.21
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(K, +[H, ]{1 e

HI

Inhibition of acetogens: Due to thermodynamics (Chapter 2), the acetogenic organism
group is inhibited by a rise in the pH, . This will slow down the conversion of propionic
acid to acetic acid, causing an accumulation of propionic acid in the digester. The effect

of pH, on acetogens has been included in the original formulation (Chapter 4):

P«max,Ap{Pr] ( _ [H,]
Ko+ Ky, +[H2J[X"] G2

Table 5.5: Values of inhibition constants

Inhibition constant Value

Km 1.15x10°
Ku 0.00053
K 45% 107
Gas loss

For the steady state simulations, with minimal error the gasses produced (CO,, CHq and
Hz) could be assumed to be “dissolved” and leave with the effluent. This was possible
because the gas molar compositions remains constant. For simulation of the failure
condition, the gas composition will change with time, and hence the assumption above
may no longer be valid. Accordingly, the gas loss mechanism in the model were changed
to more accurately reflect the real los of gasses to a separate gas flow stream. This was
done as recommended by the IWA Task Group on anaerobic modelling with
implementation in the computer programme Aquasim (Reichert, 1994):

A separate “headspace” reactor with volume 1 € (as in the experimental system of Izzet et
al., 1992) was included, with a diffusive link to the main bioreactor. The compounds
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COx(g), CHa(g) and Hy(g) were allowed to diffuse from the reactor to the headspace
modelled using the Aquasim formulation:

Ty = K g gas (Kbt gas Pss — (S 1) (5.23)
where:
Tgas = rate of gas diffusion across headspace/bioreactor link
Kiags = specific gas exchange coefficient
= 1000 /d for the 3 gasses
Kigs = Henry’s law constant for the gas
Paas = partial pressure of the gas
= soluble gas concentration x RT
[Sgas] = concentration of gas in the bioreactor (mol/€)

The partial pressure for the three gasses were calculated from the soluble concentrations
in the headspace, using Daltons law of partial pressure (see above, and Chapter 2). The
total pressure in the headspace is given by the sum of the partial pressures. The gas flow

rate was calculated from proportional control loop with respect to atmospheric pressure,

ie.
A =K, —-———-(P“"P_ &) Vieadspace (5.24)
aom
where:
Qgas = gas flow rate (¢/d)
Pt = sum of partial pressures
Pam = atmospheric pressure
= 1.013 bar
Vheadspace = volume of headspace reactor

= 1¢
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Accepting the more complex formulations for gas loss above, it was found that the
predicted results were virtually identical to those wit the much simpler formulations
where the gasses remains dissolved in solution and leave with the effluent flow.
However, there might be digester failure conditions where the two approaches give
divergent results. Accordingly, the more complex realistic formulation above was

retained.

5.5.3 Modelling results

To simulate failure, the system of Izzet ef al. at 15 days retention time was accepted. For
this system, the model was run under stable digestion conditions to get steady state.
Failure was then artificially induced by temporarily slowing down the growth rate of the
acetoclastic methanogens for a short time interval of 3 days. Thereafter, the growth rate
of the acetoclastic methanogens was increased to the original “steady state” value, and

the simulation continued. Simulated results are shown in Figs. 5.18 to 5.21.

The short period of decreasing the acetoclastic methanogens maximum specific growth
rate, had a very large effect due to non — utilization of acetic acid by acetoclastic
methanogens: acetic acid concentration immediately increased sharply causing a
concomitant drop in the pH (Fig 5.18). This drop in pH in tumn inhibited the
hydrogenotrophic methanogens causing pH, to increase (Fig 5.20). This PH, increase
inhibited the acetogens and caused production of propionate in acidogenesis resulting in a

delayed increase in propionate concentration (Fig. 5.18).

The decrease in concentration of both the acetoclastic and hydrogenotrophic
methanogenic organism mass fractions can be seen from Fig. 5.19, coupled with an

immediate increase in pH, (Fig. 5.20). From Fig. 5.21, the decrease in gas production

with the onset of failure is clearly illustrated.
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These results indicate that the anaerobic digestion system is highly poised. Even a short
duration inhibition of the acetoclastic methanogens causes the system to progress towards
a state of failure. Furthermore, once the system starts towards failure it cannot recover by
itself. For recovery, as widely reported in the literature (e.g. Moosbrugger ef al., 1993)
pH control of the digester must be introduced. However, this will have to happen shortly
after the onset of failure, for the process to be effective. As detection method for the onset
of failure, effluent SCFA and gas production would seem appropriate parameters — these

are widely applied in practise for monitoring digester performance.

56 CLOSURE

In this Chapter the two phase (aqueous/gas) integrated biological and physical processes
kinetic model describing anaerobic digestion of primary siudge developed in Chapter 4
has been:

e calibrated, to determine constants not available from the literature
¢ validated, through application to the data set of Izzet er al. (1992) in the literature

e appropriately modified and applied to demonstrate the onset of anaerobic digester

failure.

In the model calibration, values for most of the constants were found from the literature.
However, since a new formulation was introduced for the hydrolysis process, three

aspects of this required calibration:

e primary sludge stoichiometric formula
¢ values for the maximum specific hydrolysis rate and half saturation constants

¢ unbiodegradable particulate fraction of the primary sludge

To calibrate the above, the data of [zzet et al. (1992) was used. From a C mass balance on
the Izzet et al. system, and from the measured influent organic N, the formulation for the

primary sludge was determined to be Cs5H70,Np106. In model application, it became
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evident that this stoichiometric formulation is crucial. It in effect determines the amount
N and C contained in the influent per measured COD, and hence determines (i) the total
N and C that leaves the system, (ii) the production of NH; in the hydrolysis and therefore
H" consumption (alkalinity generation), (iii) the relative amounts of CH, and CO; in the

gas, and (iv) the amount of inorganic C dissolved in the effluent.

1t is not certain whether the formulation for primary sludge found in this investigation is
general, or restricted to the Izzet er al. (1992) data. Clearly this is an area that requires

further investigation.

Since a new kinetic formulation for hydrolysis based on Monod — type saturation kinetics
(also termed planar surface saturation kinetics) was proposed to replace the more
conventional first order kinetic equation, the rate constants had to be determined. This
was done by calibrating the hydrolysis to the data set of Izzet ef al (1992). In this
calibration, the advantages of the proposed kinetics over the first order type kinetics was
clearly demonstrated. A single set of hydrolysis rate constants could be used for all
retention times, compared to the first order approach where a different kinetic constant

needed to be used for each retention time.

Interactively with the calibrations above, the unbiodegradable particulate fraction of the
primary sludge in the Izzet er al. experiments was determined to be 36%. This value is
the same as that determined by O’Rourke er al (1968) for primary sludge in their

investigation, which lends validity to the value.

Having calibrated the model, it was validated by application 1o the Izzet ef al. (1992) data
set. With a single set of model constants, close correlation between predicted and
measured results was obtained for all retention times (7, 10, 12, 15 and 20 days), for

e effluent COD
e effluent free and saline ammonia (FSA)

o effluent short chain fatty acids (SCFA)
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e effluent H,CO;" alkalinity
e effluent pH

e (CO; gas production

e CHj gas production

e pCO,

These results lend substantive support to the validity of the model. However, it is
recognized that partial calibration of the model was done using the same data set as for
model validation. The model now requires application to a variety of literature data; this

is an area for future attention,

Having shown that the model can accurately predict stable anaerobic digester behaviour,
the model was modified to incorporate literature reported sensitivities of acetoclastic and
hydrogenotrophic methanogens to pH. This proved possible since weak acid/base
chemistry, particularly pH, were explicitly included in the model. The resultant model
was then used to simulate digester failure, caused by temporary inhibition of the
acetoclastic methanogens. The resultant failure process correlates well with observations
reported in the literature. This demonstrates the usefulness of the developed kinetic

model.

In closure, the two phase anaerobic digestion model, and the approach on which it is
based, is a useful tool for research into, and design and operation of, anaerobic digestion
systems, in which weak acid/bases significantly influence the behaviour. For research, the
model can be used to focus attention on issues not obvious from direct experimentation.
For design and operation, the model will allow identification of critical design and

control parameters.

In future applications, the model needs to be extended to incorporate anaerobic digestion
of waste activated sludges. This will require integration of three phase chemical
processes (precipitation, ion pairing), i.e. integration of the model applied in Chapter 3
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with that developed in this Chapter. Since both models are kinetically based and have

weak acid/base chemistry in common, this should not present undue difficulty.






CHAPTER 6

CONCLUSIONS AND RECOMENDATIONS

6.1 RESEARCH OBJECTIVES

Application of anaerobic digestion to the stabilization of sewage sludges is widespread
worldwide. However, the design, operation and control of anaerobic digesters treating
sewage sludges still is largely based on experience, or empirical guidelines. To aid the
design, operation and control of (and research into) anaerobic digestion, a mathematical
model of the system would be an invaluable process evaluation tool. Recognising the

potential usefulness of such a model, in this research project the principal aim was to:

e Develop a three phase (aqueous/gas/solid) kinetic model describing the anaerobic
digestion of sewage sludges, which integrates the biological, chemical and

physical processes.
To achieve the aim above, the research project was divided into two main phases:

® Development and evaluation of a kinetic model that describes the three phase

chemical and physical processes possibly operative in the anaerobic digestion of

sewage sludges, and

¢ Develop an integrated two phase {(aqueous/gas) biological, chemica!l and physical

processes model aimed at describing the anaerobic digestion system.

If the above two phases could be completed, then the two kinetic models could be readily
integrated, to form a complete three phase model describing anaerobic digestion of

sewage sludges. However, due to the lack of available comprehensive data in the
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literature, and the constraints of time the integration of the two models falls beyond the

scope of this research project.

6.2 PHASE I: THREE PHASE CHEMICAL AND PHYSICAL PROCESSES
KINETIC MODEL

6.2.1 Phage I tasks

Musvoto ef al. (1998; 2000a, b) have developed a kinetic mode! describing the aeration
treatment of anaerobic digester supernatant (ADS). This model includes the three phase
chemical and physical processes operative in such a treatment scheme. Since the model is
based on kinetics, it can be readily integrated with a kinetic model describing the
biological processes. Accordingly, it was decided to accept this mode! for this phase of
the research project. However, the model was extensively evaluated against experimental
data, and modified if necessary. The Cape Flats Wastewater Treatment Plant (Cape
Town, South Africa) was experiencing mineral precipitation difficulties in unit processes
treating sludges from the anaerobic digesters, e.g. in the centrifuges and pipelines. This
presented an ideal opportunity to evaluate the Musvoto ef al (1998; 2000a, b) model, and
to use the model to gain greater insight into the mineral precipitation problem at the Cape

Flats Wastewater Treatment Plant. Thus, specific tasks identified for this phase were:
¢ Evaluating the kinetic model of Musvoto et al. (1998; 2000a,b), and

e Gaining insight into the mineral precipitation problem at the Cape Flats
Wastewater Treatment Plant and providing possible solutions to resolving the

problem.

6.2.2 Research approach

A series of experimental investigations were carried out on ADS drawn from the
anaerobic digesters at the Cape Flats Wastewater Treatment Plant. These included batch

aeration tests, pH controlled experiments and extended pH controlled experiments. The
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kinetic model of Musvoto ef al. (1998; 2000a, b) was then applied to the experimental
results to address the tasks above.

6.2.3 Mineral precipitation at Cape Flais

From the results of this investigation the following conclusions on the mineral

precipitation at Cape Flats Wastewater Treatment Plant could be made:

&

The dominant mineral that precipitates is struvite. For the batch test conducted,
struvite was dominant (516 mg/l as MgNHPO, 6H,O0 = 97% of mass of
precipitant), followed by ACP (16.8 mg/ as Ca;(POs) = 3% of the mass of
precipitant), and negligible newberyite, calcite and magnesite precipitate.
Similarly, for the extended pH change test, the dominant mineral that precipitates
is struvite (217mg/¢ as MgNHPO; 6H:0 = 99.8% of mass of precipitant),
followed by very small amount of amorphous calcium phosphate (ACP) (0.36
mg/€ as Cas(PO4), = 0.2% of the mass of precipitant), and negligible newberyite,
calcite and magnesite precipitate. These observations are similar to those of
Musvoto er al. With the large volumes of ADS passing to the pelletization plant,
this represents substantial precipitation potential. '

The precipitation of struvite is stimulated by the increase in pH when CO; is lost
from the ADS. Within the anaerobic digester, the partial pressure of CO; is high
due to anaerobic processes acting in the digester. When the ADS leaves the
digester it comes into contact with atmospheric conditions where the partial
pressure of CO; is much lower than inside the digester. This causes CO; loss
from the ADS to the air, until equilibrium between the CO; concentration in the
ADS and the air is reached. Loss of CO; can also be caused by pressure drops at
pipe bends, pumps, etc. The loss of CO; represents an increase in acidity which
means that the pH of the ADS will increase. This increase in pH causes struvite

to become supersaturated, and hence it precipitates. Increasing the pH by addition
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of NaOH also results in struvite precipitation and confirms that the increase in pH

is the primary process driving the struvite precipitation.

e When the ADS leaves the digester, it is initially undersaturated with respect to
struvite. Depending on the initial conditions in the ADS, significant struvite only
starts precipitating when the pH increases above pH = 7.3 to 7.7. This indicates
that if the pH of the ADS can be maintained below about 7.3 along the sludge

treatment line, then significant struvite precipitation will not take place.

o With aeration, the critical pH for struvite precipitation is reached after 40 to 60
“minutes aeration. However, this time will depend on a number of factors,
including aeration rate, initial pH, buffer capacity, initial P and Mg

concentrations, etc.

¢ With aeration, the loss of CO; from the ADS causes the pH to inczeése which
stimulates struvite precipitation. Initially, the rate of CO; loss is rap/i_ci{ However,
as the partial pressure of CO; in the ADS approaches that in the atmosphere, the
rate of CO; loss and consequent pH increase slows, and this effectively slows the
rate of struvite precipitation with time. The maximum pH reached with aeration
was about pH = 8. However, from about pH = 7.8 the rate of pH increase with
time was very low, and consequently, the struvite precipitation effectively ceased.
The pH = 7.8 was reached after about 80 minutes. However, this time will
depend on a number of factors, including aeration rate, initial pH, buffer capacity,

initial P and Mg concentrations, etc.

. a‘;}'\he rate of struvite precipitation is very fast, so that essentially, in the aeration of
the ADS from Cape Flats, struvite is at equilibrium between the precipitant and
soluble species at all times. Thus, in this case the rate of struvite precipitation is

not limited by the precipitation kinetics, but rather by the rate in increase in pH

through aeration. The increase in pH is limited by the rate of CO; s.txippingj1

el

e
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The amount of struvite that precipitates is limited by two factors: With aeration to
increase pH, the struvite precipitating is limited by the final pH reached and the
initial Mg concentration present - if the initial Mg concentration is increased, then
more struvite precipitates. With addition of NaOH, the struvite precipitating is
limited by the initial Mg concentration present - after precipitation the Mg
concentration is very low, while significant concentrations of P and N are still

present.

The initial concentrations of P and Mg in the ADS were variable, with P ranging
from 89 to 190 mgP/€ , and Mg from 29 to 67 mgMg/t . This is probably
indicative of the variable performance of the activated sludge system with regard
to BEPR. The higher P concentrations are in agreement with values measured for
anaerobically digesteci BEPR sludges in Johannesburg, at 150 to 250 mgP/
(Pitman, 1995). Should BEPR become more reliable in the activated sludge
system at Cape Flats, consistently higher P and Mg concentrations can be

expected, with the resultant larger masses of struvite precipitating.

The change in FSA due fo struvite precipitation is insignificant compared with the
amount of FSA present. Thus, FSA does not prdvide a reliable assessment of
struvite precipitation, and will not limit the amount of struvite that potentially can
precipitate.

‘The increase in pH with aeration also stimulates precipitation of ACP. However,
as noted above, the mass of ACP precipitating is relatively small compared with
struvite. The ADS is initially undersaturated with respect to ACP, and ACP

precipitation initiates only after the pH increases above 7.7.

In running experiments on the ADS, the solids concentrations were so high that
the ADS could not be effectively filtered. Accordingly, the ADS was allowed to
settle for 5 days and the supernatant used for the experimental investigations,

Accordingly, the effect of solids concentration on mineral precipitation could not
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be evaluated, e.g. factors such as surface area for nucleation of minerals,
inhibition or poisoning of crystal growth. However, the effect of solids is not
expected to be significant, because theoretical modelling of the precipitation gave

close correspondence with measured values.

¢ In the experimental investigation it was found that filtering samples through
0.45um filters caused significant CO, loss, which resulted in increase in pH. To

counter this, the samples should be acidified prior to filtration with these filters.

o The pH change tests provide a simple rapid method to assess struvite precipitation

potential.

6.2.4 Model evaluation

To evaluate the kinetic model, the theoretical predictions from the model were compared
with data collected in the extensive experimental investigation on this ADS. Keeping
default values for the model constants suggested by Musvoto et al., except for the struvite
specific precipitation constant (which was increased form the default value of 300/d to
1000/d), close agreement was obtained between theoretically predicted and
experimentally measured data. This would indicate that the kinetic model of Musvoto ef
al. adequately describes integfated three phase chemical and physical processes. The
inherent value of such a model was clearly been demonstrated, by providing insight into
the precipitation of minerals from ADS at the Cape Flats Wastewater Treatment Plant.
From this deeper understanding, recommendations on controlling mineral precipitation

(principally struvite) at this treatment plant could be identified.

6.3 PHASE II: TWO PHASE BIOLOGICAL, CHEMICAL AND PHYSICAL
PROCESSES MODEL

6.3.1 Phase Il tasks

Due to the availability of comprehensive data in the literature, it was decided to restrict

the model to be developed to anaerobic digestion of primary sludge. From an
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understanding of the processes operative in the anaerobic digester treating primary
sludge, drawn from literature, required for inclusion in the two phase (aqueous/gas)

kinetic model for anaerobic digesters are:

e biological processes
¢ chemical processes — weak acid/base chemistry

» physical processes — CO,, CHy, Hy and NH; gas exchange
Accordingly in this phase the following specific tasks were identified:

¢ Develop a kinetic mode! for describing the biological processes operative in the
anaerobic digestion of primary sewage sludges.

o Integrate the physical processes for CH, and H; gas exchange in the above model

e Integrate the weak acid/base chemistry and CO; gas exchange model developed
by Musvoto et al., (1997; 1998; 2000a, b) with the biological model above, for a
complete description of the two phases in the anaerobic digestion of primary
sewage sludges.

e (Calibrate and validate the model using experimental data available in the
literature.

6.3.2 Research approach

The proposed model was developed in stages. First, the biological processes kinetic
model was set up. Then the weak acid/base chemistry kinetic model as developed by
Musvoto ef al. (2000) was integrated with the biological reactions. The complete model
was then calibrated and validated against the experimental data set of Izzet et al. (1992).

Finally, the model was modified and applied to examine anaerobic digester failure.
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6.3.3 Biological processes kinetic model

The biological processes kinetic model was based on a modification and simplification of
the Gujer and Zehnder (1983) reaction scheme. In setting up the biological processes

kinetic model, of note were:

e The primary sludge was formulated as a generic organic representing the

combined carbohydrates, lipids and proteins.

o The primary sludge was hydrolysed to the intermediate organic glucose, since the

anaerobic pathways with glucose are well established.

» The effect of hydrogen partial pressure (PH,) on the anaerobic pathways was

incorporated.

o With the exception of the hydrolysis process, formulations for the kinetic rates of

the processes were in terms of the appropriate organism group growth rates.
¢ Where possible, formulations for the kinetic rates were drawn from literature.

e For the hydrolysis processes, the conventional first order rate formulation was
rejected, and replaced by planar surface saturation kinetics, similar to that used for
the hydrolysis of slowly biodegradable COD in activated sludge systems (Dold et
al. 1980). This was to eliminate the shortcoming of the first order expression, of

varying specific rate constants for different systems.

e The stoichiometry for the processes was developed from the established

biochemical reactions.
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6.3.4 Weak acid/base chemistry kinetic model

This section of the model was taken directly from that developed by Musvoto et al
(1998;. 2000¢c). However, since propionic acid is a key intermediate in the anaerobic
digestion process, this weak acid/base was added to the model, by following the approach
of Musvoto et al. Also, the additional gasses CH, and Ha and their gas loss were included

(Musvoto et al. do not consider these gasses).

6.3.5 Model calibration

Where possible, values for model constants were drawn from the literature. However, due

to the novel formulation of the hydrolysis process, three aspects required calibration:

o Stoichiometric formulation of the primary sludge
e Hydrolysis process maximum specific rate and half saturation constant.

¢ Unbiodegradable fraction of the primary sludge.

Values for these were determined from the experimental data set of Izzet er al. (1992). In

this calibration exercise, it became evident that:

¢ The empirical stoichiometrical chemical formulation used for the primary sludge
is crucial. This formulation in effect determines the amount N and C contained in
the influent per measured COD, and hence determines (i) the total N and C that
leaves the system, (ii) the production of NH; in the hydrolysis and therefore H”
consumption (alkalinity generation), (iii) the relative amounts of CHy and CO, in
the gas, and (iv) the amount of inorganic C dissolved in the effluent. For the N,
this could be determined from measurements on the influent TKN and FSA, as the
organic N content of the primary sludge (TKN —~ FSA). However, for the C this
had to be determined from a C mass balance on the experimental data. Accepting
these, the formulation for the primary sludge was found to be C;s5H70:Ng 19.

However, it is not certain whether this formulation is general or restricted to the
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Izzet ef al. (1992) data. Recognising the importance of the formulation in the
modelling efforts, clearly this is an area that requires further investigation.

e A singlé pair of hydrolysis rate constants could adequately describe the data of
Izzet ef al. (1992), see Section 6.3.6 below.

e The unbiodegradable fraction of the primary sludge in the Izzet et c}t‘. (1992)
experiments was 36%. This corresponds to the value determined by O’Rourke ef

al. (1968) in an independent investigation.

6.3.6 Model validation

The model was validate by application to the data set of Izzet ef al (1992). From this

application:

o With a single set of constants, close correlation could be achieved between
predicted and measured results for:
o effluent COD
o effluent free and saline ammonia (FSA)
o effluent short chain fatty acids (SCFA)
effluent H,CO; alkalinity
effluent pH
CO, gas production

o o o 0O

CH; gas production
o pCoO,

This lends substantive support to validating the model.

o The advantage of the proposed planar surface saturation kinetics for the
hydrolysis rate over the conventional first order kinetics was clearly demonstrated
— with a single pair of hydrolysis rate constants the observed behaviour could be
correctly predicted for all retention times (7 to 20 days), whereas the first order
kinetics requires different rate constants fof each retention time. This indicates

that the proposed hydrolysis kinetics are more general.
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e The interactions between the biological processes and weak acid/base chemistry
could be correctly predicted for stable steady state operation of anaerobic
digesters.

e It was recognized that the same data set was used for calibrating the hydrolysis
process (Section 6.3.5 above) and validating the model. Accordingly it was
proposed that future work should examine application of the model to other data
sets in the literature. However, sufficiently comprehensive data sets are not

readily available.

6.3.7 Digester failure

Having shown that the model can accurately predict stable anaerobic digester behaviour,
the mode! was modified to incorporate literature reported sensitivities of acetoclastic and
hydrogenotrophic methanogens to pH. This proved possible since weak acid/base
chemistry, particularly pH, were explicitly included in the model. The resultant model
was then used to simulate digester failure, caused by temporary inhibition of the
acetoclastic methanogens. The resultant failure process correlates well with observations
reported in the literature. This demonstrates the usefulness of the developed kinetic

model.

6.4 FUTURE RESEARCH

From this investigation, the following areas can be identified for further research:

1. The principle aim in this research project was the development of an integrated
three phase (aqueous/gas/solid) biological, chemical and physical processes
kinetic model describing the anaerobic digestion of sewage sludges. The two main

sections of this model were developed and evaluated separately:

e Three phase chemical and physical processes model
e Two phase (aqueous/gas) biological, chemical and physical processes

model
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What remains is to integrate these two sections and evaluate the resultant model
against experimental data. Due to the constraints of time this integration of the
two models was not undertaken in this research project. However, since both
models are kinetically based and have the weak acid/base chemistry in common,
the integration is not expected to present undue difficulty. The non - availability
of sufficiently comprehensive data in literature may require the appropriate data

to be gathered in an experimental investigation.

As the stoichiometric composition of the influent sewage sludge has a major
influence on the products formed and is a major factor in the modelling of the
anaerobic digestion process, further research should be conducted to establish
whether the formulation derived for primary sludge (Cs sH-0,;Ng 196) is general, or
restricted to the primary sludge used in the Izzet er al (1992) experiments.

* Further, in extending application of the model to waste activated sludge a similar
formulation for the sludge will have to be developed. However, more than likely
the generally accepted formulation for waste activated sludge of CsH;0;N (WRC,
1984) will prove adequate. o

. With the aid of the model, the failure of anaerobic digesters was investigated
theoretically. Digester failure should be investigated experimentally to confirm
the failure mechanisms and to refine the model further in order to accurately

predict failure and the conditions associated with failure.



APPENDIX A

EXPERIMENTAL RESULTS OBTAINED DURING
EXPERIMENTS ON ANAEROBIC DIGESTER
SUPERNATANT (ADS) FROM CAPE FLATS

WASTEWATER TREATMENT PLANT

During the experimental investigation, the following tests were carried out:
()  Batch aeration of (ADS)
(i)  pH change tests on ADS

(i)  Extended pH change tests on ADS



Table A.1: Detailed results for batch aeration of ADS from Cape Flats Wastewater Treatment Plant

Sample | Time | Conduct. | pH FSA- FSA- P Ca Mg K Na Fe H,CO5 Cy SCFA
No. {min} {mSm) CMC ucT {mgP/ty | (mgCa/f) | (mgMghl) | (mgKA) | (mgNel) | (mgFel) | Alkalinity | (mg#as | (mgt
(mgN/&) | (mgN/A) (mg/f as CaCOs) as

CaCO3) HAC)

1 0 721 6.58 993 932 171 118 60.5 140 130 1.18 416 681 4468
p 5 773 6.58 1034 938 182 127 67.3 154 144 1.19 729 1193 3328
3 10 717 6.63 1069 879 186 125 66.4 156 146 1.1 464 727 3790
4 i3 766 6.83 887 672 157 109 55.8 130 123 1.16 487 661 3772
5 20 766 7.05 995 890 172 120 63.3 149 153 I 365 444 3646
6 25 769 7.21 1037 932 178 119 66 156 146 NA 384 441 3763
7 30 754 7.37 1030 918 178 112 63.6 153 147 1.08 470 518 3716
8 35 750 7.48 1053 932 174 112 63 157 150 0.91 S18 559 3578
9 38 753 7.55 1046 944 177 110 63.5 155 154 11 34 548 3813
10 45 740 7.6 1016 932 144 101 453 149 142 0.68 583 386 3540
11 50 743 7.5% 1027 930 i32 102 374 152 146 0.6% 577 612 3378
12 58 700 7.59 965 784 114 105 30 152 164 NA 346 579 3192
13 63 710 7.61 1058 902 116 102 25 157 154 0.88 78 82 3096
14 71 716 7.67 1018 927 117 07 27 154 152 0.96 381 356 3726
15 81 720 7.76 1021 859 100 115 17 159 160 0.84 381 393 3821
6 90 718 7.84 1010 930 101 115 16.7 134 164 NA 665 686 3103
17 101 654 79 963 837 99 113 18.5 147 152 0.86 401 412 3483
18 i1l 704 7.96 971 916 a7 104 169 146 145 2.3 468 479 3280
19 121 710 8 930 876 98 100 20.6 142 146 0,93 334 341 3591

v
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APPENDIX B

THE INTEGRATED PHYSICAL, CHEMICAL AND
BIOLOGICAL MODEL PROGRAMMED

INTO AQUASIM

In this appendix the integrated physical, chemical and biological model is listed as it was
programmed into the computer simulation program AQUASIM (Reichert, 1994). A
simulation of anaerobic digestion at 20 days sludge age is given as an example.
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***é*k*******'k***************‘k**************1\-***************************

AQUASIM Version 2.0 [win/mfc} - Listing of System Definition

hhdhkhkk kb b kbbb kbt hhkhdhbhhhbhddbbhbbbbhkhbhbhhdhrhbbbhbhdhdbbhhhbbodhihddhhhhdhhdhd

hhkdhkhhhdhhhbdbhdhhbhdhbihdhdhhbbdhbhhhdhdrbdbdbhhddbdhbddddbhdbbddbdbbbdhdhdbbtdrn

Variables
R R R R T R R e e R R L R R R E R 2 R e e R R e e R R SR RS

A Description: Acetate species concentration
Type: Dyn. Volume State Var.
Unit: mol/l
Relative Accuracy: le-006
Absolute Accuracy: le-006
Al Description: Initial A~ concentration
Type: Formula Variable
Unit: mol/l
Expression: Ka*ATi/ (Hi+Ka)
Ain: Description: Acetate in the influent.
Type: Formula Variable
Unit: mol/1
Expression: 0.06308578
Alkalinity: Description: H2CO03* Alkalinity
Type: Formula Variable
Unit: mol/L
Expression: 2*CO3+HCO3+0H-H
AT: Description: Total acetate species concentration
Type: Formula Variable
Unit: mol/l
Expression; HAC+HA
At: Description: Temperature constant for activity
coefficients
Type: Formula Variable
Unit:
Expression: 1.825e+006% (78.3*Tk} "~ (~1.5)
ATi: Description: Initial total acetate species
concentration,.
Type: Constant Variable
Unit: mol/L
Value: 0.01
Standard Deviation: 1
Minimum: 0
Maximum: 10

Sensitivity Analysis: inactive
Parameter Estimation: inactive

ba: Description: Decay constant for acidogens
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Type:

Unit:

Value:

Standard Deviation:
Minimum:

Maximum:

Sensitivity Analysis:
Parameter Estimation:

Constant Variable
d~-1

0,041

0.01

0

1

inactive

inactive

Description:

Type:

Unit:

Value:

Standard Deviation:
Minimum:

Maximum:

Sensitivity Analysis:
Parameter Estimatlion:

Decay constant for acetogens
Constant Variable

d”-1

0.015

0.001

o

1

inactive

inactive

Description:

Type:

Unit:

Value:

Standard Deviation:
Minimum:

Maximums:

Sensitivity Analysis:
Parameter Estimation:

Decay constant for hydrogenotrophic
methanogens

Constant Variable-

dr-1

0.01

0.001

0.002

0.015

inactive

inactive

Description:

Type:

Unit:

Values

Standard Deviation:
Mindimum:

Maximum:

Sensitivity Analysis:
Parameter Estimation:

Decay constant for acetoclastic
methanogens

Constant Variable

dr-1

6.037

0.001

0.03

0.04

inactive

inactive

Description:

Type:

Unit:

Relative Accuracy:
Absolute Accuracy:

Methane produced

Dyn. Volume State Var.
mol CH4/1

ie-006

le~006

Description:

Type:

Unit:

Value:

Standard Deviation:
Minimum:

Maximum:

Sensitivity Analysis:
Parameter Estimation:

Initial CH4 wvalue
Constant Variable
mol /1

0.4

0.001

0

2

inactive

inactive
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co2: Description: Carbon dioxide concentration
Type: Dyn. Volume State Var.
Unit: mol C02/1
Relative Accuracy: ie~-008
Absolute Accuracy: le—-008
Co2i: Description: Initial COZ value
Type: Constant Variable
Unit: mol Co2/1
Value: 0.2333
Standard Deviation: 0.001
Minimum: 0
Maxdimum: 2
Sensitivity Analysis: inactive
Parameter Estimation: inactive
CO3: Description: C03 species concentration.
Type: Dyn. Volume State Var.
Unit: mol/1
Relative Accuracy: le—-006
Absolute Accuracy: le~006
Co3i Description: Initial CO3 species
concentration
Type: Formula Variable
Unit: mol/l
Expression: CTi*Kel*Ke2/ (Hi”2+Kcl*Hi+Kcl*Kc2)
CO03in: Description: CC3 species concentraticn in the
influent
Type: Constant Variakle
Unit: mol/l
Value: 2.73222e~008
Standard Deviation: 1
Mindmum: 0
Maximum: 10
Sensitivity Analysis: inactive
Parameter Estimation: inactive
CQDp: Description: Particulate biodegradable COD
concentration
Type: Dyn. Volume State Var.
Unit: g CoOD/1
Relative Accuracy: le-0086
Absolute Accuracy: le-006
CODpi: Description: Initial particulate COD
concentration (Feed)
Type: Formula Variable
Unit: g COD/1
Expression: {l-Inert)*Feed COD
CODpr: Description: Matched CODp output (+ Biomass)
Type: Formula Variable
Unit: g COD/1

Expression: CODp+ {Xa+XH+Xm+XAP) *83.74*1.5678



Description:
Type:

Unit:
Expression:

B.S

Prediction of the measured CODp
Formula Variable

g CoD/1

3.4158~ (Xa+XH+Xm) *83.744*1.5678

CODp_tot:

Description:

Type:
Unit:
Expression:

Total parxrticulate COD concentration
of feed material

Formula Variable

g con/1

CODp+CODp_unbio+ (Xa+XAP+XH+Xm} *83.7
44*1.5678

Description:

Type:
Unit:
Expression:

Unbiodegradable particulate COD
concentration of feed material
Formula Variable

g COD/1

Inert*Feed COD

Description:

Type:

Unit:

Relative Accuracy:
Absoclute Accuracy:

Soluble COD concentration - glucose
Dyn. Volume State Var,

mol glucose/l

1e~006

le~006

Description:
Type:

Unit:

Value:

Standard Deviation:

Mindimum:
Maximum:

Sensitivity Analysis:
Parameter Estimation:

Initial socluble COD walue
Constant Variable

mol glucose/l

0.0001108

0.001

0

2

inactive

inactive

Description:

Type:
Unit:
Expression:

Total carbonate species
concentration

Formula Variable

mol/l

H2CO3+HCO3+C03

Description:
Type:

Unit:

Value:

Standard Deviation:

Minimum:
Maximum:

Sensitivity Analysis:
Parameter Estimation:

Initial total carbonate species
Constant Variable

mol/1

0.005

1

0

10

inactive

inactive

Description:
Type:

Unit:
Expression:

Divalent activity coefficient
Formula Variable

10N (~AE*2* {sgrt (mu) / (14+sqgre {mu) ) -0,
3%mu) )

Feed COD:

Description:

COD value of feed material
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Type: Constant Variable
Unit: g CoD/1

Value: 42.57

Standard Deviation: 0.5

Minimum: 39

Maximums 43

Sensitivity Analysis: 1lnactive
Parameter Estimation: inactive

fm: Description: Monovalent activity coefficient
Type: Formula Variable
Unit:
Expression: 10M {~At* (sqrt {mu) / {1+sgrt {mu) } ~0.3%
mu} )
ft: Description: Trivalent activity coefficient
Type: Formula Variable
Unit:
Expression: 10° {(-AL*3* (sqgrt (mu} / {1+sqrt {mu) ) -0,
3*mu) )
H: Description: H+ concentration
Type: Dyn. Volume State Var.
Unit: mol/1
Relative Accuracy: 1e~006
Absolute Accuracy: 1e-006
H2: Description: Hydrogen concentration
Type: Dyn. Volume State Var.
Unit: mol H/1
Relative Accuracy: le-006
Absolute Accuracy: le-006
H2CO3: Description: H2CO03 species concentration
Type: Dyn. Volume State Var.
Unit: mol/1
Relative Accuracy: 1e~-006
Absclute Accuracy: le-006
H2CO31: Description: Initial H2CO3 species
concentration
Type: Formula Variable
Unit: mol/l
Expression: CTi* (Hi) "2/ (Hi*2+Kcl*Hi+Kcl*Ke2)
HZCO3in: Description: H2C03 concentration in the influent
Type: Constant Variable
Unit: mol/1
Value: 0.008537778
Standard Deviation: 1
Mindimums 0
Maximums 10

Sensitivity Analysis: inactive
Parameter Estimation: inactive

H2i: Description: Initial HZ concentration
Type: Constant Variable
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Unit: mol/1
Value: 2.866e~005
Standard Deviation: 0.001
Minimum: 0

Maximum: 2
Sensitivity Analysis: inactive
Parameter Estimation: inactive

H2PO4: Description: HZ2P04 species concentration.
Type: Dyn. Volume State Var,
Unit: mol/1
Relative Accuracy: le~-0086
Absclute Accuracy: 1e-0086
H2PO41i: Description: Initial HZPO4 species
concentration
Type: Formula Variable
Unit: mol/1
Expression: PTi*Kpl*Hi 2/ (Hi*3+Kpl*Hi *2+Kpl*Kp2
*Hi+Kp2*Kpl*Kp3)
H3p04 Description: H3P0O4 species concentration
Type: Dyn. Volume State Var.
Unit: mol/1
Relative Accuracy: le~006
Absolute Accuracy: le-006
H3PO41: Description: Initial H3P0O4 species
concentration
Type: Formula Variable
Unit: mol/l
Expression: PTi*Hi 3/ (H1"34+Kpl*Hi"24Kpl*Kp2*Hi+
Kpl*Kp2*Kp3)
HAc: Description: HAc species concentration
Type: Dyn. Volume State Var.
Unit: mol HAc/l
Relative Accuracy: le-006
Absclute Accuracy: le-006
HAci: Description: Initial HAc species
concentration
Type: Formula Variable
Unit: mel HAc/1
Expression: Hi*ATi/ (Hi+Ka)
HAcin Description: Influent HAc concentration
Type: Constant Variable
Unit: mol/1
Value: 0.006442168%
Standard Deviation: 1
Minimum: 0
Maximum: 10

Sensitivity Analysis: inactive
Parameter Estimation: inactive
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HCO3: Description:

Type:

Unit:

Relative Accuracy:
Absolute Accuracy:

Descriptiont

Type:
Unit:
Expression:

Description:

Type:

Unit:

Value:

Standard Deviation:
Minimum:

Maximum:

Sensitivity Analysis:
Parameter Estimation:

Hi: Description:
Type:
Unit:
Expression:

Description:

Type:

Unit:

Relative Accuracy:
Absolute Accuracy:

Description:

Type:
Unit:
Expression:

Description:

Type:

Unit:

Relative Accuracy:
Absolute Accuracy:

Description:

Type:
Unit:
Expression:

Description:

Type:

Unit:

Value:

Standard Deviation:

HCO3 species concentration
Dyn. Volume State Var.
mol/l

le~006

le-006

Initial HCO3 species
concentration

Formula Variable

mol/l

CTL*Kel*Hi/ (Hi*24Kcl*Hi+Kcl*Ke2)

Influent HCO3 concentration
Constant Variable

mol/1

$.001185072

1

0

10

inactive

inactive

Inital H+ concentration
Formula Variable

mol/l

10" {~pH1)

HPC4 species concentration
Dyn. Volume State Var.
mol/1

le~-006

le~006

Initial HPO4 species

concentration

Formula Variable

mol/l

PTi*Kpl*Kp2*Hi/ (HL"3+Kpl*Hi "2+Kpl*K
P2*Hi+Kpl*Kp2*Kp3}

HPr species concentration
Dyn. Volume State Var.
mol/l

le~-006

le-006

Concentration of H+ in the feed
material

Fermula Variable

mol/1

107 {~pH_feed)

Inert Fraction of Influent COD.
Constant Variable

0.36
1
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Minimum: 0
Maximum: 10
Sensitivity Analysis: inactive
Parameter FEstimatlion: inactive

Ka: Description: Bguilibrium constant for acetate
species
Type: Formula Variable
Unit:
Expression: 107 {~-pKa)/ (fm"™2)
KAP: Description: Acetogenesis half saturation
constant
Type: Constant Variable
Unit: mel Pr/l
Value: 0.002¢678¢6
Standard Deviation: 0.0001
Minimum: 0
Maximum: 1

Sensitiwvity Analysis: inactive
Parameter Estimation: inactive

Ke: Description: Acidogenesis half saturation

constant

Type: Constant Variable

Unit: mol glucose/l

Value: 0.000781

Standard Deviation: le-006

Minimum: o

Maximum: 1

Sensitivity Analysis: inactive
Parameter Estimation: inactive

Kecl: Description: Equilibrium ceonstant for carbonate
species
Type: Formula Variable
Unit:
Expression: 107 (~pKel) /fm”™2
Kc2: Description: Equilibrium constant for carbonate
species
Type: Formula Variable
Unit:
Expression: 10" (~pKc2) /£d
KCO2: Description: Constant for CO2 dissolution/
expulsicn
Type: Formula Variable
Unit:
Expression: KHCO2*R*Tk
Kfa: Description: Rate of dissociation of acetate
Type: Formula Variable
Unit:
Expression: Kra*Ka

Kfcl: Description: Rate of dissociation of carbonate
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Type: Formula Variable
Unit:
Expression: Krcl*Kecl
Kfc2: Description: Rate of dissocliation of carbonate
Type: Formula Variable
Unit:
Expression: Kroc2*Ke2
KfCoz2: Description: Rate of CO0Z2 dissolution.
Type: Formula Variable
Unit:
Expression: KrCO2*KCo2
Kfn: Description: Rate of dissociation of ammonia
Type: Formula Variable
Unit:
Expression: Krn*Kn
Efpl: Description: Rate of disscciation of phosphate
Type: Formula Variable
Unit:
Expression: Krpl*Kpl
Kfp2: Description: Rate of dissociation of phosphate
Type: Formula Variable
Unit:
Expression: Rrp2*Kp2
Kfp3: Description: Rate of dissoclation of phosphate
Type: Formula Variable
Unit:
Expression: Krp3*Kp3
Kfpr: Description: Rate of dissociation of propionate
Type: Formula Variable
Unit:
Expression: Krpr*Kpr
Kfw: Description: Rate of dissociation of water
Type: Formula Variable
Unit:
Expression: Krw*Ew
KH: Description: Hydrogenotrophic methanogenesis
half saturation constant
Type: Constant Variable
Unit: mol H/L
Value: 2e-006
Standard Deviation: le~005
Minimum: . 0
Maximum: 1

Sensitivity Analysis: inactive
Parameter Estimation: active

KHZ: Description: Hydrogen inhibition constant
Type: Constant Variable
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Unit:

Value:

Standard Deviation:
Minimum:

Maximums

Sensitivity Analysis:
Parameter Estimation:

moel H/L
0.000625
le~005%

0

1.2
inactive
inactive

Description:
Type:

Unit:
Expression:

Henry's law constant
Formula Variable
mol/l.atm

107 {(~pKCO2)

Description:

Type:

Unit:

Value:

Standard Deviation:
Minimum:

Maximum:

Sensitivity Analysis:
Parameter Estimation:

Acetoclastic methanogenesis half
saturation constant

Constant Variable

mol HAc/1

1e~-006

0.0001

0

0.0086

inactive

active

Description:
Type:

Unit:
Expression:

Egquilibrium constant for ammonia
Formula Variable

Description:
Type:

Unit:
Expression:

Equilibrium constant for phosphate
Formula Variable

107" (~pKpl) / {fm" 2}

Description:
Type:

Unit:
Expression:

Eguilibrium constant for phosphate
Formula Variable

10" (-pKp2) /£d

Description:
Type:

Unit:
Expression:

Bguilibrium constant for phosphate
Formula Variable

107 (-pKp3) *fd/ (ft*fm)

Description:
Type:

Unit:
Expression:

Equilibrium constant for propionate
Formula Variable

10~ {(~pKpr)/ (fm"2)

Description:

Type:
Unit:
Expression:

Constant for backwards reaction of
acetate

Formula Variable

s-1

le+007

Description:

Reverse dissociation constant for
carbonate
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Type: Formula Variable
Unit: s~1
Expression: le+007
Kre2: Description: Constant for backwards reaction of
carbonate
Type: Formula Variable
Unit: s-1
Expression: 1le+010
KrCoZ: Description: Kinetic constant for
€02 dissclution/expulsion
Type: Constant Variable
Unit: s-1
Value: le+012 -
Standard Deviation: 1
Minimum: 0
Maximum: le+012

Sensitivity Analysis: inactive
Parameter Estimation: active

Krn Description: Constant for backwards reaction of
ammonia
Type: Formula Variable
Unit: s-1
Expression: le+(12
Krpl: Description: Constant for backwards reaction of
phosphate
Type: Formula Variable
Unit: s~1
Expression: 1e+008
Krp2: Description: Constant for backwards reaction of
phosphate
Type: Formula Variable
Unit: -1
Expression: let+D12
Krp3 Description: Constant for backwards reaction o:
phosphate
Type: Formula Variable
Unit: s-1
Expression: le+015
Krpr: Description: Constant for backwards reaction of
propionate
Type: Formula Variable
Unit: s-1
Expression: 1e+007
Krw Description: Constant for backwards reaction of
water
Type: Formula Variable
Unit: s~1
Expression: le+010
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ks: Description: Half Saturation constant for
hydrolysis
Type: Constant Variable
Unit: mg COD/mol Xa
Value: 630
Standard Deviation: 1
Minimum: 50
Maximum: 1400

Sensitivity Analysis: inactive
Parameter Estimation: inactive

Kw: Description: Apparent eguilibrium constant for
water
Type: Formula Variable
Unit:
Expression: 107 {(~pKw) /fm"2
mat Description: Ionic Strength
Type: Formula Variable
Unit:
Expression: 0.00016e8*3C
mu_max: Description: Maximum rate of hydrolysis
Type: Constant Variable
Unit: dr-1
Value: 650
Standard Deviation: 1
Minimum: 600
Maximum: 850

Sensitivity Analysis: inactive
Parameter Estimation: inactive

mu_maxA Description: Maximum rate constant for
acidogenesis
Type: Constant Variable
Unit: d”-1
Value: 0.8
Standard Deviation: 0.1
Minimum; 0.7
Maximum: i

Sensitivity Analysis: inactive
Parameter Estimation: inactive

mu_maxAP: Description: Maximum rate constant for
acetogenesis

Type: Constant Variable

Unit: d~~-1

Value: 1.15

Standard Deviation: 0.01

Minimum: 0

Maximum: 1.5

Sensitivity Analysis: inactive
Parameter Estimation: inactive
mu_maxH: Description: Maximum rate constant for
hydrogenotrophic methanogens
Type: Constant Variable
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Unit:

Value:

Standard Deviation:
Minimum:

Maximum:

Sensitivity Analysis:
Parameter Estimation:

Description:

Type:

Unit:

Value:

Standard Deviation:
Minimum:

Maximum:

Sensitivity Analysis:
Parameter Estimation:

Description:

Type:

Unit:

Relative Accuracy:
Absolute Accuracy:

Description:

Type:
Unit:
Expression:

Description:

Type:

Unit:

Value:

Standard Deviation:
Minimum:

Maximums:

Sensitivity Analysis:
Parameter Estimation:

Description:

Type:

Unit:

Relative Accuracy:
Absolute Accuracy:

Description:

Type:
Unit:
Expression:

Description:
Type:

Unit:

Value:

d~=-1

0.4

0.1

0

2
inactive
active

Maximum rate constant for
acetoclastic methanogens
Constant Variable

dn=1

0.3

0.01

0

5

inactive

active

NH3 species concentration
Dyn. Volume State Var.
mol NH3/1.

le-006

le~006

Initial NH3 subspecies
concentration

Formula Variable

mol/l

En*NTi/ {(Hi+Kn)

Influent NH3 concentration
Constant Variable

mol/1

3.350885e=-006

1

4]

10

inactive

inactive

NH4 species concentration
Dyn. Volume State Var.
mol/1

le-006

le~-0086

Initial NH4 subspecies
concentration

Formula Variable

mol/l

Hi*NTi/ (Hi+En)

Influent NH4 concentration
Constant Variable

mol/1

0.013552205
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Standard Deviation: 1
Minimum: 0
Maximum: 1¢

Sensitivity Analysis: inactive
Parameter Estimation: inactive

NT: Description: Total ammonia speciles concentration
Type: Formula Variable
Unit: mol/l
Expression: NH4-+NH3
NTi: Description: Initial total species concentration
for N
Type: Constant Variable
Unit: mol/l
Value: 0.004
Standard Deviation: 1
Minimum: 0
Maximum: 10

Sensitivity Analysis: ilnactive
Parameter Estimation: inactive

COH: Description: OH~ concentration
Type: Dyn. Volume State Var.
Unit: mol/1
Relative Accuracy: le~006
Absolute Accuracy: 1e-006
CHi: Description: Initial concentration of OH
molecules
Type: Formula Variable
Unit: mol/l
Expression: Kw/Hi
parC02: Description: Partial pressure of COZ
Type: Formula Variable
Unit:
Expression: CO2/ (CO2+CH4}
pH: Description: Calculated pH value
Type: Formula Variable
Unit:
Expression: ~1ogl0 (H*fm)
pHi: Description: Initial pH value
Type: Constant Variable
Unit:
Value: 6.5
Standard Deviation: 1
Minimum: g
Maximum: 10

Sensitivity Analysis: inactive
Parameter Estimation: inactive

pH_feed: Description: pH of the feed material
Type: Constant Variable
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Unit:

Value:

Standard Deviation:
Minimum:

Maximuam:

Sensitivity Analysis:
Parameter Estimation:

Description:
Type:

Unit:
Expression:

Description:

Type:
Unit:
Expression:

Description:

Type:
Unit:
Expression:

Description:

Type:
Unit:
Expression:

Description:
Type:

Unit:
Expression:

Description:

Type:
Unit:
Expression:

Description:

Type:
Unit:
Expression:

Description:

Type:
Unit:
Expression:

Description:

Type:
Unit:

5.29

1

0

10
inactive
inactive

pE constant for ammonia
Formula Variable

1170.5/Tk-3.165+0.0134*7k

pK constant for the carbonate
system
Formula Variable

3404.7/Tk~14.843540.03279*Tk

pK constant for the carbonate
system
Formula Variable

2902.4/Tk~6.498+0.0237%*Tk

Henry's law constant for the CO2
dissolution/expulsion
Formula Variable

-2025.3/Tk~0.0104*Tk+11.365

pK constant for nitrogen
Formula Variable

2835.8/Tk~0.6322+0.00123*Tk

pK constant for the phosphate
system
Formula Variable

799.3/Tk-4.5535+0.013498*Tk

pK constant for the phosphate
system
Formula Variable

1979.5/Tk~5,3541+0.01984*Tk

pK constant for the phosphate
system
Formula Variable

pK constant for propionate
Formula Variable



Expression:
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1170.5/Tk~3.1654+0.0134*Tk

Description:
Type:

Unit:

Value:

Standard Deviation:

Minimum:
Maximum:

Sensitivity Analysis:
Parameter Estimation:

pK constant for water
Constant Variable

14

1

13

15
inactive
inactive

Description:

Type:

Unit:

Relative Accuracy:
Absolute Accuracy:

P04 species concentration
Dyn. Volume State Var.
mol/l

le~006

le-0086

Description:
Type:

Unit:
Expression:

Initial PO4 species concentration
Formula Variable

mol/1

PTi*Kpl*Kp2*Kp3/ (Hi"3+Kpl*Hi 2+Kpl*
Kp2*Hi+Kpl*Kp2*Kp3)

Description:

Type:

Unit:

Relative Accuracy:
Absoclute Accuracy:

Pr subspecies concentration
Dyn. Veolume State Var.
mol/1l

le-006

le-006

Description:

Type:
Unit:
Expression:

Total propionate species
concentration

Formula Variable

mol/l

HPr+Pr

Description:

Type:
Unit:
Expression:

Total phosphate species
concentration

Formula Variable

mol/l
H3PO§+H2PO4+HPO4+PO4

Description:

Type:
Unit:
Value:

Standard Deviation:

Minimum:
Maximum:

Sensitivity Analysis:
Parameter Estimation:

Initial total species concentration
for phosphate species

Constant Variable

mol/l

0.003

1

0

10

inactive

inactive

Description:
Type:

Unit:

Value:

Influent flow
Censtant Variable
1/4

G.7
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Standard Deviation: 0.1
Minimum: 0.6
Maximum: 2

Sensitivity Analysis: inactive
Parameter Estimation: inactive

»

R: Description: Universal gas constant
Type: Constant Variable
Unit: l.atm/K.mol
Value: 0.0820575
Standard Deviation: 1
Minimum: 0
Mazimum: 10

Sensitivity Analysis: inactive
Parameter Estimation: inactive -

s5C: Description: Specific Conductivity
Type: Constant Variable
Unit: mS/m
Value: 407
Standard Deviation: 1
Minimum: ¥
Maximum: 500

Sensitivity Analysis: inactive
Parameter Estimation: inactive

t: Description: time
' Type: Program Variable
Unit: Days
Reference to: Time
Tc: Description: Temperature in degrees
Type: Constant Variable
Unit: C
Value: 37
Standard Deviation: 1
Minimum: 0
Maximums 100

Sensitivity Analysis: inactive
Parameter Estimation: inactive

Tk: Description: Temperature in Kelvin
Type: Formula Variable
Unit: K
Expression: Te+273.15

Ra: Description: Acldogenic biomass concentration
Type: Dyn. Volume State Var.
Units mol organisms/l
Relative Accuracy: le-0006
Absolute Accuracy: le~006

Xai: Description: Initial acidogenic biomass

concentration

Type: Constant Variable
Unit: mol org/l

Value: 0.008317
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Standard Deviation: 0.1
Minimum: 0
Maximum: 1
Sensitivity Analysis: inactive
Parameter Estimation: inactive

XAP: Description: Acetogenic organism mass
concentration
Type: Dyn. Volume State Var.
Unit: mol org/l
Relative Accuracy: le~006
Absolute Accuracy: le-006
AAPL: Description: Initial acetogenic organism mass
concentration
Type: Constant Variable
Unit: mol org/l
Value: 0.0001778
Standard Deviation: 0.0001
Minimum: O
Maximum: 1

Sensitivity Analysis: inactive
Parameter Estimation: inactive

XH: Description: Hydrogenotrophic methanogen biomass
concentration
Type: Dyn. Volume State Var.
Unit: mol organisms/1
Relative Accuracy: le~006
Absoclute Accuracy: le-006
XHi: Description: Initial concentration of
hydregenotrophic organisms mass
Type: Constant Variable
Unit: mol org/l
Value: 0.0003067
Standard Deviation: 0.001
Minimum: 0.0001
Maximum: 0.1

Sensitivity Analysis: inactive
Parameter Estimation: inactive

Xm: Description: Acetoclastic methanogen crganism
mass concentration
Type: Dyn. Volume State Var.
Unit: mol organisms/L
Relative Accuracy: le-0086
Absolute Accuracy: le—-006
Xrai: Description: Initial concentration of
acetoclastic biomass
Type: Constant Variable
Unit: mol org/l
Value: 0.0007956
Standard Deviation: 0.0005
Minimum: 0.0005

Maximum: 0.0015
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Sensitivity Analysis:
Parameter Estimation:

Description:

Type:

Unit:

Value:

Standard Deviation:
Minimum:

Maximum:

Sensitivity Analysis:
Parameter Estimation:

Description:

Type:

Unit:

Value:

Standard Deviation:
Minimum:

Maximum:

Sensitivity Analysis:
Parameter Estimation:

Description:

Type:

Unit:

Value:

Standard Deviation:
Minimum:

Maximum:

Sensitivity Analysis:
Parameter Estimation:

Description:

Type:

Unit:

Value:

Standaerd Deviation:
Minimum:

Maximum:

Sensitivity Analysis:
Parameter Estimation:

inactive

inactive

Yield of acidogens
Constant Variable
mol org/mel glucose
0.117¢9

0.001

0.11

0.22

inactive

inactive

Yield of acetoclastic methanogens
Constant Variable
mol org/mol HAc
0.01635

0.001

0.01

0.02

inactive

inactive

Yield of acetogenic organisms
Constant Variable
mol org/mol Pr
0.028958

0.001

0

1

inactive

inactive

Yield of hydrogenotrophic
methanogens
Constant Variable
mol org/mol H2
0.004088

0.0001

0.004

¢.005

inactive

inactive

hhkhhbkdkhhddhhhhhhhkhhdhhkhhhhhhkhhhhkhhhdhhdhbhhkhhdhhhhdhhhhhohohdrdhdihdbhbhhhhddn

ek ddkdhbkhhhkdhdhhbhhbhhhbhddhhbhrhdbhdbbbhbddddbbbhbhbdidbdbdddbrihddhdbhdrhbhdihd

Processes
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Acetoclastic_methanogenesis:
Description:

Type:
Rate:

Degradation of acetic acid to
methane

Dynamic Process
mu_maxM*HAc*Xm/ (Km+HAC)



B.21

Stoichiometry:
Variable : Stoichiometric Coefficient
HAc : ~{1+5/2*Y_AM)/Y AM
H2CO3 : 1/Y _AM
NH4 : -1
CH4 : 1/Y AM
Xm @ 1
H: 1
Acetogenesis: Description: Acetogenic conversion of propionate
to HAc
Type: Dynamic Process
Rate: mu_ maxAP*Pr*¥XAP/ (KAP+Pr) * (1-(H2/ (KH
2+H2) )
Stoichiometry:

Variable : Stoichiometric Coefficient
HAc : 1/Y_AP
H2 : (1/243/Y AP)

HPr : -(1+3/2%Y_AP)/Y_AP

H2CO03 : (1/Y_AP-1/2)

NH4 : -1

XAp @ 1

H: 1

Acetogenic decay:

Description: Endogenous decay
Type: Dynamic Process
Rate: bAP*XAP
Stoichiometry:

Variable : Stoichiometric Coefficient

CODp : 160

NH3 : 0.762

Xa @ ~1

H2C03 : 0.5

Acidogenesis highH:

Description: Acidoegenesis of glucose to
propionic and acetic acid under
high pHZ

Type: Dynamic Process

Rate: mu_maxA*CODs*Xa/ (Kc+CODs) * (H2/ (KH2+
H2))

Stoichiometry:

Variable : Stoichiometric Coefficient
CODs : ~(1+5/6*Y Ac}/Y Ac

HZ2 : 1/Y Ac

NH4 : -1

Xa : 1

HPr : 1/Y Ac

HAc : 1/Y_Ac
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AcidbgenesiswlowH:

Description: Acidogenesis of glucose to acetic
Acid under low pH2
Type: Dynamic Process
Rate: mu_maxA*CODs*Xa/ (Kc+CODs)
Stoichiometry:
Variable : Stoichiometric Coefficient
CODs : - {1+5/6*Y Ac)/Y Ac
HAc : 2/Y _Ac
H2 : 4/Y Ac
H2CO3 : 2/Y Ac
NH4 : =1
Xa @ 1
H i

Acidegenic_decay:

Description: Endogencus decay
Type: Dynamic Process
Rate: ba*Xa
Stoichiometry:

Variable : Stoichiometric Coefficient

CODp : 160

NH3 : 0.762

Xa : -1

H2CC3 : 0.5

AM decay: Description: Endogenous decay
Type: Dynamic Process
Rate: bm*Xm
Stoichiometry:
Variable : Stoichiometric Coefficient
CODp : 160
NH3 : 0.7862
¥m : -1
H2CC3 : 0.5
bdisCl: Description: Backward dissociation of HCO3
Type: Dynamic Process
Rate: Krcl*HCO3*H
Stoichiometry:
Variable : Stoichiometric Coefficient
HZCO3 : 1
HCO3 : -1
H: -1
bdisC2: Description: Backward dissociation of CO0O3
Type: Dynamic Process
Rate: Kre2*CO3*H
Stoichiometry:
Variable : Steichiometric Coefficient
HCO3 : 1
co3 @ -1
H: -1
bdisHA: Description: Backwards dissociation of A~

Type: Dynamic Process
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Rate: Kra*A*H
Stoichiometry:
Variable : Stoichiometric Ceoefficient
Hac : 1
A ~1
H: -1
bdisN: Description: Backwards dissociation cf NH3
Type: Dynamic Process
Rate: Krn*NH3*H
Steichiometry:
Variable : Stoichiometric Coefficient
NH4 : 1
NH3 : -1
H: -1
bdisPl: Description: Backward dissociation of H3PO4
Type: Dynamic Process
Rate: Krpl*H2PO4*H
Stoichiometry:
Variable : Stoichiometric Coefficient
H3PO4 : 1
H2P04 @ ~1
H: -1
bdisP2: Description: Backward dissociation of HPO4
Type: Dynamic Process
Rate: Rrp2*HPO4*H
Stoichiometry:
Variable : Stoichiometric Coefficient
H2PC4 @ 1
HPO4 : -1
H: -1
bdisP3: Description: Backward dissociation of PO4
Type: Dynamic Process
Rate: Krp3*PO4*H
Stoichiometry:
Variable : Stoichiometric Coefficient
HPO4 : 1
P04 -1
H: -1
bdisPr: Description: Backwards dissociation of Px~-
Type: Dynamic Process
Rate: Krpr*Pr*H
Steoichiometry:
Variable : Stoichiocmetric Coefficient
Hpr : 1
Pr ¢ -1
H: -1
bdisW: Description: Backwards dissociation of water
Type: Dynamic Process

Rate: Krw*QOH*H
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Stoichiometry:
Variable : Stoichiometric Coefficient
OH : -1
H: -1
DisCO2Z: Descyription: Dissolution of CO2Z
Type: Dynamic Process
Rate: KrCOZ2*parCO2*KHCOZ
Stoichiometry:
Variable : Stoichiometric Coefficient
coz ¢ -1
H2CO03 @ 1
ExpCO02: Description: Expulsion of CO2Z2 from sclution
Type: Dynamic Process
Rate: KrCO2*H2C03
Stoichiometry:
Variable : Stoichiometric Coefficient
coz 1
HZCC3 @ -1
fdisCl: Description: Forward dissociation of H2CO03
Type: Dynamic Process
Rate: KEc1*H2C03
Stoichiometry:
Variable : Stoichiometric Coefficient
H2C03 @ -1
HCC3 @ 1
H: 1
£disC2Z: Description: Forward dissociation of HCO3
Type: Dynamic Process
Rate: Kfc2*HCO3
Stoichiometry:
Variable : Stoichiometric Coefficient
co3 1
HCO3 : ~1
H: 1
fdisHA: Description: Forward dissociation of HA
Type: Dynamic Process
Rate: Kfa*HAc
Stoichiometry:
Variable : Stoichiometric Coefficient
HAc : ~1
A 1
H: 1
fdisN: Description: Forward dissociation of NH4+
Type: Dynamic Process
Rate: Kfn*NH4
Stoichiometry:
Variable : Stoichiometric Coefficient
NH4 : -1

NH3 : 1
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fdisPl: Description: Forward dissociation of H3PO4
Type: Dynamic Process
Rate: Kfpl*H3p0O4
Stoichiometry:
Variable : Stoichiometric Coefficient
H3PC4 @ -1
H2PO4 : 1
H: 1
fdisP2: Description: Forward dissociation of H3PO4
Type: Dynamic Process
Rate: KEfp2*H2P04
Stoichiometry:
Variable : Stoichiometric Coefficient
H2PO4 : -1
HPO4 : 1
H: 1
fdisP3: Description: Forward dissociation of HPO4
Type: Dynamic Process
Rate: KEp3*HPO4
Stoichiometry:
Variable : Stoichiometric Coefficient
HPO4 : -1
PC4 : 1
H: 1
fdisPr: Description: Forward dissociation of HPr
Type: Dynamic Process
Rate: Kfpr*HPr
Stoichiometry:
Variable : Stoichiometric Coefficient
HPr : -1
Pr ¢ 1
H: 1
fdisW: Description: Forward dissociation of water
Type: Dynamic Process
Rate: Kfw
Steichiometry:
Variable : Stoichiometric Coefficient
OH : 1
H: 1
HM decay: Description: Endogenous decay
Type: Dynamic Process
Rate: bH*XH
Stoichiometry:
Variable : Stoichiometric Coefficient
CODp : 160
NH3 : 0,782
2H : -1

H2CO3 : 0.5
Hydrogenotrophic methanogenesis:
Description: Conversion of H2 to methane
Type: Dynamic Process
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Rate:
Stolchiometry:
Variable
H2
H2CO3 : - (1+5*Y HM)
NH4 -1
CH4 : 1/Y HM
XH

Hydrolysis: Description:

Type:

Rate:

Stoichiometry:
Variable
CODp -1
CODs 0.00521
NH3 0.00149281
H2CO3 -0.00459268
H 0.00055
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Compartments
do do de e de de ke de ek ok e e ke ok e e koo dok ok Foode ok deoke gk ke ke ke g Ak
Anaerobic Reactor:
Description:
Type:
Compartment Index:
Active Variables:

Active Processes:

Initial Conditions:
Variable (Zone}
HAc (Bulk Volume)
NH3 {Bulk Volume)
H{Bulk Volume}
NH4 (Bulk Volume)
A{Bulk Volume) : Al
CO3 (Bulk Volume)
H2C03 {Bulk Volume}

Hi

mu maxH*H2*XH/ (KH+HZ)

Stoichiometric Coefficient
- {4+10*Y HM)/Y HM

/Y_HM

Particulate hydrolysis to scluble
Cop

Dynamic Process

{mu_max*CODp/Xa)/ (ks+CODp/Xa) *Xa

Stoichiometric Coefficient

hhkdkdhkhkhkhhhhkhhrhhbbdbrhddbhddhd bbb brihst
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Mixed Reactor Compartment
0
A, CH4, CO2, CODp,
r, Xa, XAP, XH, ¥m,
H2P0O4, H3PO4, HCO3, HPO4,
OH, PO4, HPr
bdisHA, bdisN, bdisPl, bdisPZ, bdis
P3, bdisW, fdisHA, fdisN, fdisPl, £
disP2, fdisP3, fdisW, bdisCl, fdisC
1, fdisCZ, bdisCZ, Acetoclastic_met
hanogenesis, Acetogenesis, Acetogen
ic_decay, Acidogenesis_highH, Acide
genesis_ lowH, Acidogenic _decay, AM
decay, DisCOZ2, ExpCOZ, HM decay, Hy
drogenotrophic methanogenesis, Hydr
olysis, bdisPr, fdisPr

CODs, HZ, HAc, P
C03, H, H2CO03,

NH3, NH4,

Initial Condition

HAci
NH34i

NH41

Co31
HZCO31
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HZ2P04 (Bulk Volume) : HZPO4i
H3PC4 (Bulk Volume) : H3PO41i
HCC3 (Bulk Volume) : HCO3i
HPO4 (Bulk Veolume) : HPO4L
OH({Bulk Volume} : CHi

PO4 (Bulk Volume) : PG43
pH{Bulk Volume) : pHi

CH4 {Bulk Volume! : CH4i

COZ2 {Bulk Volume) : C0O2i
CODs (Bulk Volume) : CODsi
H2 {Bulk Volume) : H21

Xa (Bulk Volume) : Xai

XAP (Bulk Volume) : XAPL

X¥H (Bulk Volume) : XHi

¥m{Bulk Volume) : Xmi .
CODp (Bulk Veolume) : CODpi
Inflow: Q in
Loadings:
Variable : Loading
Cobp : (l-Inert}*Feed COD*Q in

H ¢ H_feed*Q in

Co3 ¢ CO3in*Q in
H2CO3 : HZCO3in*Q in
HCO3 : HCO3in*Q in

HAc : HAcin*Q in
NH3 : NH3in*Q in
NH4 : NH4in*Q in
A ¢ Ain*Q in
Volume: 14
Accuracies:
Rel. Acc. Q: 0.001
Abs. Acc. Q: 0.001
Rel. Acc. V: 0.001
Abs. Acc. Vi 0.001

hkkhhkdhdkhkkkhhhhdbdbhkbhbhhkhbrthbhddhdrdddhdddaddddridddrdhrdrhhbdrdddhhdhrbrdrhaorddhbdod
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Definitions of Calculations
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calcl: Description:
Calculation Number: 0
Initial Time: 0
Initial State: given, made consistent
Step Size: 1
Num. Steps: 300
Status: active for simulation

inactive for sensitivity analysis
hkhkhhhdhkdkddohbdhbhhhbhkbhhbdbdbhbhbbbbbdddbhbbdbbdddbdbhddbddbhhdbddbhdbhddbhhbhbbdhdbdd
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Plot Definitions
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Ac: Description: Acetate concentration
Abscissa: Time
Titles Ac~
Abscissa Label: days
Ordinate Label: mol/l
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : A [0,Anaerobic Reactor,Bulk Volume,0]

Alkalinity: Description: H2C03* Alkalinity
Abscissa: Time
Title: Alkalinity
Abscissa Label: days
Ordinate Label: mol/l
Curves:

Type : Variable [CalcNum,Comp.,Zons,Time/Space]
Value : Alkalinity [0,Anaerobic Reactor,Bulk Volume, 0]

AT: Description: Total acetic acid species concentra
tion
Abscissa: Time
Title: AT
Abscissa Label: days
Ordinate Label: mol HAc/L
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : AT [0,Anaerobic Reactor,Bulk Volume, 0]

CH4 : Description:
Abscissa: Time
Title: CH4
Abscissa Label: days
Ordinate Label: mol CH4/1
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : CH4 [0,Anaercbic Reactor,Bulk Volume, 0]

Co2: Description: Plot of the COZ concentration
Abscissa: Time
Title: co2
Abscissa Label: days
Ordinate Label: mol C02/1
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : CO0Z [0,Anaercbic Reactor,Bulk Volume, 0]

CODp: Description:
Abscissa: Time
Title: Biodegradable CODp

Abscissa Label: days
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Ordinate Label: g Cop/1

Curves:
Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : CODp [0,Anaercbkic Reactor,Bulk Volume, 0]

CChpt: Description: Particulate COD in effluent
Abscissa: Time
Title: CODp + Biomass
Abscissa Label: days
Ordinate Label: g con/l
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : CODpt [0,Anaerobic Reactor,Bulk Volume, (]

CODp_tot: Description: Total amount of particulate CCD
Abscissa: Time
Title: Total CODp
Abscissa Label: days
Ordinate Label: g COD/1
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : CODp_tot [0,Anaerobic_Reactor,Bulk Volume, 0]

CODp_unbio: Description: Unbicdegradable particulate COD
Zbscissa:s Time
Title: CODp_unbio
Abscissa Label: days
Ordinate Label: g Ccop/l
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : CODp_unbio [0,Anaerobic Reactor,Bulk Volume, 0]

CODs ¢ Description: Plot of soluble COD concentration
Abscissa: Time
Title: CODs
Abscissa Label: days
Ordinate Label: mel glucose/1
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : CODs [0,Anaerobic Reactor,Bulk Volume, 0]

CcT: Description: Teotal carbonate species
Abscissa: Time
Title: CcT
Abscissa Label: days
Ordinate Label: mol/l
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : CT [0,Anaercbic_Reactor,Bulk Volume, 0]

FSA: Description:
Abscissa: Time
Title: FSA
Abscissa Label: days
Ordinate Label: mol/l
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
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Description: H2 concentration
Abscissas Time

Title: H2

Abscissa Label: days

Ordinate Label: mol HZ2/1

Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : H2 [0,Anaercbic_Reactor,Bulk Volume, (]
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Description: Propionic acid
Abscissa: Time

Title: Propionic Acid
Abscissa Label: days

Ordinate Label: mol/l

Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : HPr [0,Anaerobic_Reactor,Bulk Velume, 0]

Description: NH3 subspecies concentration
Abscissa: Time

Title: FSA

Abscissa Label: days

Ordinate Label: mol NH3/1

Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : NH3 IO,Anaerobic_Reactor,Bulk Volume, 0]

_____________________________ e e et e e e
Description: NH4 subspecies concentration
Abscissa: Time
Title: NHA4
Abscissa Label: days
Ordinate Label: mol NH4/1

Curves:
Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : NH4 [0,Anaerobic Reactor,Bulk Volume, 0]

Description: partial pressure of CO2
Abscissa: Time

Title: parCo2

Abscissa Label: days

Ordinate Label: pCo2

Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : parC0Z [0,Anaerobic Reactor,Bulk Volume, 0]

Description: pH
Abscissa: Time
Title: pH
Abscissa Label: days
Ordinate Label:

Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/3Space]
Value : pH [0,Anaerobic Reactor,Bulk Volume, 0]

Description: Total propionate species concentrat
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ion
Abscissa: Time
Title: PrT
Abscissa Label: days
Ordinate Label: mole Pr/l

Curves:
Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : PrT [0,Anaerobic Reactor,Bulk Volume, 0]

Xa: Description: Acidogenic organism concentration
Abscissa: Time
Title: Za
Abscissa Label: days
Ordinate Label: mole acidogenic organisms/1
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : Xa [0,Anaerobic Reactor,Bulk Volume, 0]

XBP: Description: Acetogenic organism concentration
Abscissa: Time
Title: Acetogenic organism concentration
Abscissa Label: days
Ordinate Label: moel org/l
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : XAP [0,Anaercbic Reactor, Bulk Volume, 0]

XH: Description: HP organism concentration
Abscissa: Time
Title: Hydrogenotrophic methanogens
Abscissa Label: days
Ordinate Label: mol XH/1
Curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : XH [0,Anaercbic Reactor,Bulk Volume, 0]

Xm: Description: AM organism concentration
Abscissa: Time
Title: Acetoclastic methanohens
Abscissa Label: davs
Crdinate Label: mol Xm/1
curves:

Type : Variable [CalcNum,Comp.,Zone,Time/Space]
Value : Xm [0,Anaerobic_Reactor,Bulk Volume, 0]

dkkhhhhkdkhkdhhhdhhbhhkdhddbdbdbhhddbdbddhdddbhddhbdhddhdbdhdhhdbdhdddbbddddhhdhbditd
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Calculation Parameters
dod ok ke ek ke de ke ke e ke ok ke e ek e ke ke ke ok e R e ke ke ke ke ok e ke e ok e e ok o ke e e e ol e b ke v e ke o ke e ke e e e e e e e ke ke ke ke ek ke ok
Numerical Parameters: Maximum Int. Step Size: 1

Maximum Integrat. Order: 5

Number of Codiagonals: 1000

Maximum Number of Steps: 1000



Fit Method: secant
Max. Number of Iterat.: 100
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