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Bioprocesses interact with the aqueous environment in which they take place. Currently integrated 
bioprocess and three-phase (aqueous–gas–solid) multiple strong and weak acid/base system models 
are being developed for a range of wastewater treatment applications, including anaerobic digestion, 
biological sulphate reduction, autotrophic denitrification, biological desulphurization and plant-wide 
wastewater treatment systems. In order to model, measure and control such integrated systems, a thorough 
understanding of the interaction between the bioprocesses and aqueous-phase multiple strong and weak 
acid/bases is required. This first in a series of five papers sets out a conceptual framework and methodology 
for deriving bioprocess stoichiometric equations. It also introduces the relationship between alkalinity 
changes in bioprocesses and the underlying reaction stoichiometry, which is a key theme of the series. 
The second paper develops the stoichiometric equations for the main biological transformations that are 
important in wastewater treatment. The link between the modelling and measurement frameworks, which 
uses summary measures such as chemical oxygen demand (COD) and alkalinity, is described in the third 
and fourth papers. The fifth paper describes an equilibrium aquatic speciation algorithm which can be 
combined with bioprocess stoichiometry to provide integrated models of wastewater treatment processes.

Integration of complete elemental mass-balanced stoichiometry and aqueous-phase 
chemistry for bioprocess modelling of liquid and solid waste treatment systems –  
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INTRODUCTION

This is the first in a series of five papers that aim to set out a consistent approach to modelling 
biological processes involved in wastewater treatment. Part 2 appears alongside Part 1 in this issue, 
and Parts 3, 4 and 5 will be published in later issues of Water SA.

The governing relationships of steady state and dynamic kinetic models of aerobic or anaerobic 
biological treatment systems fall into three major categories, viz.

•	 Continuity (mass, energy and momentum balances)
•	 Equilibria
•	 Kinetics

Although every reaction process is governed by all these relationships, models often do not 
explicitly take non-limiting factors into account. Thus, mass balances must always be included, 
but momentum and energy balances can often be left out (as in this series of papers). The situation 
with respect to kinetic and equilibrium relationships is more complex, because biochemical models 
usually represent a network of transformation processes, some of which may be kinetically limited, 
others equilibrium limited, and others mass-balance limited. Representing a biochemical reaction 
always involves a stoichiometric equation (mass balance) which may need to be coupled with a 
kinetic equation and/or equilibrium relationships. A number of models in the literature reflect 
a clear divide between kinetically controlled biological reactions (e.g. methanogenesis) that are 
far from equilibrium, and very fast acid/base reactions that are assumed to be at equilibrium  
(e.g. the dissociation of carbonic acid).

Early dynamic and steady-state models for the activated sludge (AS) system (Dold et al., 1980; WRC, 
1984) considered only the bioprocesses and comprised only the COD mass-balanced kinetically 
controlled transformations, as well as N (and P) mass balances, but omitted the C, H and O mass 
balances. The C balance was not included because most of the CO2 produced is stripped out by the 
aeration system and it is assumed that its effect on the reactor pH can be neglected. Consequently, 
this model did not include speciation or pH prediction. Instead, the variable Alk tracked changes in 
alkalinity due to the removal and production of strong acids by the bioprocesses, like nitrification 
and denitrification. A large decrease in Alk to below 50 mg/L as CaCO3 was a flag that pH problems 
could arise in the reactor (WRC, 1984; Henze et al., 2008).

The importance of including weak acid/base chemistry in biological process models was discussed by 
Batstone et al. (2012). In anaerobic digestion (AD) models, the C-balanced stoichiometry and weak 
acid/base chemistry parts of models need to be included because the AD methanogens are very sensitive 
to pH, and the CO2 and CH4 gas produced establish a CO2 partial pressure (pCO2) in the AD head 
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space that, together with the aqueous phase alkalinity, establishes 
the AD pH (McCarty, 1975; Andrews and Graef, 1971; Speece, 
2008; Sötemann et al., 2005a, b, c). Recently these developments 
in AD modelling have also been applied to activated sludge system 
models to enable the creation of plant-wide wastewater treatment 
models with complete CHONPS, charge and COD mass-balanced 
stoichiometry and three-phase (aqueous–gas–solid) mixed weak 
(and strong) acid/base chemistry to predict reactor (AD and AS) 
pH and mineral precipitation (Sötemann et al., 2005c; Takacs and 
Vanrolleghem, 2006; Grau et al., 2007; Brouckaert et al., 2010; 
Ikumi et al., 2011, 2014, 2015). How this integration is achieved 
in different steady-state and dynamic bioprocess aqueous phase 
models is the subject of this series of papers.

Ekama and co-workers (e.g. Sötemann et al., 2005b; Ekama, 2009; 
Poinapen and Ekama, 2010a; Lu et al., 2012) have developed a set 
of steady-state anaerobic digestion models in which the aquatic 
chemistry aspects are integrated into the model by expressing the 
stoichiometric biological half-reactions in terms of the dominant 
weak acid and base species expected to be present under particular 
conditions. The formulation of these half-reactions is based on 
the approach of McCarty (1975), and uses prior knowledge of 
the weak acid/base chemistry of the various biological treatment 
processes under typical operating conditions to determine which 
species to include. This results in a much simpler model that 
can be solved explicitly. Part 2 of this 5-part series develops this 
approach in detail (Brouckaert et al., 2021).

The disadvantage of this approach to predicting speciation is that 
it makes assumptions about the distribution of weak acid/base 
species that are only valid for a fairly narrow range of conditions 
(e.g. near-neutral pH). It is therefore not appropriate for dynamic 
scenarios and deviations from normal operating conditions, 
e.g., anaerobic digester failure. This is particularly an issue for 
anaerobic digestion, the performance of which is sensitive to pH 
fluctuations. Nevertheless, the steady-state models developed 
using this approach have important practical applications in 
design and capacity estimation, and understanding the chemistry 
on which they are based is critical in understanding the role 
of alkalinity in the design and control of biological processes. 
Therefore, it is important to understand both how these models 
work and their limitations.

These limitations have been addressed by various researchers in 
two different ways:

1. Musvoto et al. (2000a,b; Sötemann et al., 2005a,c; Poinap-
en and Ekama, 2010b) included dynamic equilibrium spe-
ciation equations (very fast forward and reverse reactions) 
as part of the kinetic structure of their anaerobic digestion 
model.

2. More recent models have tended to use algebraic algorithms 
to solve the weak acid/base chemistry and calculate the pH 
external to the kinetic model (IWA ADM1, Batstone et al., 
2002; Serralta et al., 2004; Barat et al., 2011; Lizzaralde et al., 
2015; Solon et al., 2015).

DEVELOPING A GENERALIZED APPROACH TO 
MODEL INTEGRATION

Batstone et al. (2012) argued that an incremental approach 
to incorporating aquatic chemistry into biochemical process 
models is inefficient. Modelling the interactions of inorganic 
aqueous components is a well-established discipline, with a 
comprehensive conceptual framework. They concluded that a 
similar framework should be developed for bioprocess modelling 
that encompasses both the biochemical and inorganic aspects. 
However, the existing biological and inorganic modelling 
frameworks have different characters, which are shaped by their 

respective subject matter. An integrated framework obviously 
needs to reflect both.

Broadly speaking, inorganic aquatic chemistry models (e.g. 
MINTEQA2, PHREEQC, etc.) tend to be based on precise 
stoichiometry and thermodynamic data, whereas current 
biochemical models (e.g. ASM series models, Henze et al., 2000) 
tend to be based on summary chemical characteristics (such as 
chemical oxygen demand: COD), and kinetic formulations. This 
reflects the fact that biochemistry is concerned with enormously 
complex organic molecules, that are maintained in states very far 
from chemical equilibrium by kinetic factors. Conversely, most 
aquatic chemistry models provide comprehensive support for 
reaction equilibria, but no special support for kinetically limited 
processes. Thus, for example, redox reactions are frequently not at 
equilibrium in aquatic systems, and the kinetic factors governing 
them have to be established experimentally on a case-by-case 
basis, just as with biochemical processes. Indeed, some are even 
catalysed by biochemical processes, such as sulphate to sulphide 
reduction or ammonia to nitrate oxidation.

These considerations suggest that it would be impractical for an 
integrated modelling framework to have a uniform approach to 
all transformation processes and their components, at least for 
the foreseeable future. A hybrid approach is needed, for which 
the main new consideration is establishing the links between 
biological and inorganic processes. There are two major issues to 
be addressed:

•	 Precise stoichiometry for biological processes to match that 
for inorganic processes.

•	 The simultaneous representation of kinetically limited 
processes and equilibrium limited processes.

These papers are chiefly about the stoichiometry, which needs 
to take account of the requirements of equilibrium and kinetic 
formulations. Part 2 deals with the development of precise 
stoichiometry in detail (Brouckaert et al., 2021). Part 1 makes two 
further contributions:

•	 Expressing the stoichiometric balances in terms of 
components used by the equilibrium speciation model in 
order to facilitate the integration of the two models.

•	 Using a convenient matrix method to solve the stoichiomet-
ric balances.

The general methodology adopted here can be summarised as 
follows (section headings are shown in parentheses):

•	 Determine which processes will be represented by which 
type of model (Kinetic and equilibrium models).

•	 Select a set of model components which are used to describe 
the material content of the system which are the inputs to 
the speciation model (Components and species in aquatic 
process models).

•	 Express the biological reaction stoichiometry in terms of the 
speciation model components (Stoichiometry of biological 
components and reactions); this section also presents a 
compact matrix method for solving for the stoichiometric 
reaction coefficients.

The algorithm used to calculate the equilibrium speciation is 
presented in Part 5 of the series. A more detailed discussion and 
practical demonstration of the principles and tools presented in this 
paper can also be found in a set of open access course materials 
on the integration of aquatic chemistry with bioprocess models 
developed under South African Water Research Commission 
Project K5/2125. The entire course is available at https://wash 
centre.ukzn.ac.za/bio-process-models/. Practical implementations 
of models using these principles are presented by Ikumi et al.  
(2015).

https://washcentre.ukzn.ac.za/bio-process-models/
https://washcentre.ukzn.ac.za/bio-process-models/
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A simulation model must capture detailed physical knowledge 
about a system. This paper, Part 1, presents a framework for 
organising such knowledge about a biochemical system rather 
than any specific model. The specific information required to 
build an integrated biochemical model includes which sub-
processes are limiting, which transformations need to be explicitly 
represented in the model, and what reactants and products are 
involved. The tools presented in this section are applicable to any 
biochemical system. However, because of the importance of pH 
in maintaining stable digester operation, many of the examples 
presented relate to anaerobic digestion.

It is a characteristic of a conceptual framework that there are 
forward and backward linkages between its parts, and that 
it needs to be understood in its entirety to be fully useful. A 
written account is necessarily sequential, and cannot convey this 
integrated understanding directly – it has to be synthesized by the 
reader. This means that the relevance of some aspects may not 
immediately evident when they are first introduced, and earlier 
sections may need to be revisited to fully grasp their connections 
with later sections.

CLASSIFICATION OF MODELS

The simulation of chemical and biochemical processes involves 
two basic kinds of calculations: determining what material will be 
present at a particular location and time (mass balancing), and 
determining the physical state that it will take on at that point 
(speciation).

Stumm and Morgan (1996) classify aquatic models into two basic 
kinds:

•	 Continuous	 open	 systems, which exchange material 
with their surroundings, and consequently vary their 
composition through both flows and reactions.

•	 Closed	 systems, with fixed material content, so that 
composition can only vary with reactions and internal 
processes.

Chemical and biochemical process simulators almost always 
employ continuous open system models. A typical model 
configuration has a set of unit modules which represent control 
volumes linked by flows. A unit module balances inflows, 
outflows and internal reactions to determine the composition and 
characteristics of the material in its control volume, either as a 
function of time or at steady state.

KINETIC AND EQUILIBRIUM MODELS

Particularly for biochemical models, the internal processes 
are most often represented as rate-limited reactions, requiring 
kinetic information for their simulation. However, where process 
kinetics are not limiting, it is appropriate to use an equilibrium 
model. This occurs as an asymptotic approximation, when the 
time scale of the internal transformations becomes very short 
compared to the time scale of the external flow. In this asymptotic 
limit, the model becomes one of a closed system. When the rates 
of aquatic reactions making up the model vary enormously, it 
becomes appropriate to model some processes using a kinetic 
formulation, and others using an equilibrium formulation in the 
same unit module. This means that the same control volume will 
be treated simultaneously as an open system for some processes, 
and a closed system for others. For the equilibrium sub-system, 
the material content is ‘frozen in time’ in order to calculate its 
state. The practical consequence is that the equilibrium speciation 
only takes account of the instantaneous material content of the 
system, ignoring time derivatives and material flows across its 
boundaries.

COMPONENTS AND SPECIES IN AQUATIC 
PROCESS MODELS

A number of different conventions are used to represent aqueous 
composition in the various models that are currently in use. This 
section aims to provide a general perspective on the problem of 
choosing a set of compositional variables for a model.

The term components will be used to describe those model 
entities which collectively define the overall material content of a 
system. This is the same definition of model components which is 
used in the chemical equilibrium speciation package MINTEQA2 
(Allison et al., 2009), and is also equivalent to the meaning 
of the term components used in biochemical models such as 
ASM1 (Henze at al., 1987). In the framework presented here, 
stoichiometric material balances for biochemical transformations 
are formulated in terms of components (for example, Reaction 1 
in the urea hydrolysis example is the stoichiometric balance for 
the biological transformation part of the model and has been 
expressed in terms of the model components selected for this 
system). Species are those molecular entities which are required 
to describe the actual physical state of the material. The 
speciated composition of the aqueous phase is used to calculate 
characteristic solution properties, such as pH and reaction rates, 
since these generally depend on the actual species present. In the 
urea hydrolysis example, Eq. 2 describes the formation of the 
species actually present.

The distinction between components and species as defined here 
is key to the set-up and solution of the equilibrium speciation 
models. As discussed earlier, this paper presents a framework 
for organizing the information required to model a bio-chemical 
system. Perhaps the most critical part of this knowledge consists 
of understanding what species and components are relevant for a 

To illustrate the concepts of kinetic and equilibrium limited 
processes, consider the hydrolysis of urea:

CO(NH ) +H O 2NH +CO2 2 2 4
+

3
=→                                 (1)

The overall reaction could be considered as kinetically limited 
or mass-balance limited, depending on the time scale of interest. 
Urea hydrolysis is typically kinetically limited by bio catalysis, 
but, given sufficient time, proceeds to completion. Therefore, 
depending on the time scale of the model, the concentrations 
of reactants/products over relatively short time scales may be 
described by reaction kinetics, and over relatively long time 
scales by mass balance.  

However, the products of the hydrolysis reaction (NH4
+ and 

CO3
=) are also involved in a parallel set of aqueous phase ionic 

reactions, of which the following are a sample:

  NH NH H
CO H HCO H HCO H CO

4 3

3 3 3 2 3

� �

� � � � �

� �
� � � �;

           (2)

The ionic reactions in Reaction 2 are very rapid compared to 
urea hydrolysis, and reach equilibrium almost instantaneously. 
Furthermore, at equilibrium these reactions can have significant 
reagent concentrations remaining, which are determined by 
a set of equilibrium relationships. The equilibrium speciation 
represented by Reaction 2 establishes the pH which affects 
the kinetics of urea hydrolysis (Fidaleo and Lavecchia, 2003). 
Therefore, if the hydrolysis process is kinetically limited, an 
iterative procedure is required to establish both the solution pH 
and extent of the hydrolysis reaction. Finally, it is important to 
note that considering a reaction as either equilibrium limited 
or kinetically limited is a modelling approximation which 
depends on the model context.
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particular system. Since we focus on the tools for organising the 
knowledge, we work with an assumption that the biochemical 
knowledge is already in place. Our theme is that, once we 
understand the species and components of a system, the 
framework and its tools will take us a considerable way towards 
completing the system description.

General note on terminology and notation for 
components and species

The terms ‘component’ and ‘species’ are widely used in the 
chemistry and modelling literature with meanings that are closely 
related, but not necessarily identical to the ones used here. For 
our purposes, they are variables in a computational model, and 
their characteristics are purely related to the calculations that are 
performed on them.

Standard chemical notation does not distinguish between 
components and species; therefore, one has to infer what is meant 
from the context. For example, if the symbol NH3 appears in a 
balanced stoichiometric reaction equation, it usually indicates 
a component, since the equation represents a mass balance, 
nothing more. A symbol such as NH3(aq) or NH3(g) usually (but 
not inevitably) refers to a molecular species. There is a move to 
adopt an unambiguous notation in the specialised modelling 
literature, but it has not been widely accepted yet. In this series 
of papers we have elected to follow standard chemical notation, 
which corresponds to the bulk of the literature. In this Part 1, a 
chemical formula refers to a component unless explicitly stated 
otherwise. For clarity, species are in italic font to distinguish them 
from components.

Components

Most equilibrium speciation algorithms are based on what is 
referred to as ‘Duhem’s Theorem’ in thermodynamics. In fact, this 
is not strictly a theorem, as it cannot be proven – rather it is a very 
abstract and general observation about the behaviour of matter. 
Smith and Van Ness (2005) state it as follows: ‘For any closed 
system formed initially from given masses of prescribed chemical 
species, the equilibrium state is completely determined when any 
two independent variables are fixed.’ Note that their use of the 
word ‘species’ corresponds to the meaning that has been assigned 
to ‘components’ in this series of papers. The ‘two independent 
variables’ are commonly taken to refer to temperature and 
pressure, although any other two independent thermodynamic 
state variables can be substituted.

Hence, the first task of any equilibrium model is to specify the 
material content of the system being analysed. Components are 
the variables used in this specification. There is no necessity for 
model components to correspond to chemical constituents as they 
actually exist in the system; they only have to account correctly for 
the atoms present.

The use of ionic components requires special consideration. 
Since macroscopic charge imbalances are not possible, ions 
cannot be independent elements of the system composition. 
However, electrons within a system re-distribute themselves at the 
molecular level to form ions. Since ions are persistent features of 
aqueous solutions, it is convenient to treat them as components. 
Databases of ionic component properties are readily available 
which allow modular representations of aquatic systems in terms 
of these components.

However, because of the overall electro-neutrality requirement, 
they are not quite independent components. Where a composition 
is expressed in terms of ionic components, a charge balance has 
to be imposed as an additional constraint. Since there is only one 
overall charge balance, it tends to have less and less impact on 

the model formulation as the number of ionic components in the 
system increases.

An ionic component is formally a collection of elements with a 
net charge. Relative to their neutral reference state, each element 
may have either gained or lost electrons. An element which gains 
an electron is said to be reduced, and one that loses an electron to 
be oxidised. The net charge of the ion reflects the net gain or loss 
of electrons by its elements to other (oppositely charged) ions in 
the solution. So, the charge can be accounted for by considering 
electrons as part of the stoichiometric content of the ion. Because 
the electron content is expressed as relative to the neutral 
elemental state, it can be either a positive or negative quantity, 
leading to a negative or positive ionic charge, respectively.

To illustrate these concepts, consider carbon dioxide dissolved 
in otherwise pure water.  The species that are believed to be 
present are water (H2O), dissolved carbon dioxide (CO2), 
carbonic acid (H2CO3), carbonate (CO3

2−), bicarbonate (HCO3
-),  

hydrogen ion (H+) and hydroxide ion (OH-).  The solution 
contains 3 elements: C, H and O.  From consideration of the 
elements alone, its composition has 2 degrees of freedom, 
which could be regarded as the C:O and H:O ratios. However, 
the constraint that it was formed from H2O and CO2 leaves 
only 1 degree of freedom. These considerations show that the 
material content of the system can be expressed in terms of 
masses of H2O and CO2: in other words, using H2O and CO2 
as the system components. In this respect, the formulae H2O 
and CO2 do not represent molecular entities (species), but just 
combinations of atoms in fixed ratios (in mathematical terms: 
basis vectors spanning the model’s compositional space).

However, the components standardly used in aquatic chemistry 
models to represent this kind of system are H2O, H+ and CO3

2−. 
This representation apparently has an extra degree of freedom 
(3 components instead of 2); however, this is taken up by the 
charge balance constraint (i.e. every possible composition must 
have 2 moles of H+ for every mole of CO3

2−).  Considering the 
electrons: relative to its elemental state, each O in CO3

2− has 
gained 2 electrons (6 electrons per mole in all). 4 of these were 
lost by C, and 2 came from H, resulting in a net −2 charge on the 
CO3

2− and +1 on each H+.  The oxidation states of the elements 
reflect the electrons transferred – C: +4, O: −2 and H: +1. The 
number of transferable electrons attributed to each element 
comes from consideration of their orbital structures. This 
information can be used in formulating reaction stoichiometry 
(e.g. McCarty, 1975), but, as the above example shows, the 
information is also implicit in the stoichiometric formula of the 
ionic component.

To summarize: components are the variables used to specify the 
material content of a system. For this purpose they do not need 
to correspond to molecular species, and so their choice is not 
unique. Ionic components are constructed by specifying their 
content in terms of elements plus or minus electrons, with the 
understanding that a charge balance constraint will be added 
to complete the system description. The charge balance and the 
electron balance are identical, apart from reversal of signs, and 
once the elements and electrons are balanced, oxidation and 
reduction will also be balanced.

Species

To represent the physical state of the material in the system, it is 
important to consider the actual molecular configurations of these 
atoms. Hence model species should correspond to molecular 
reality as far as possible.
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In the equilibrium sub-model, species are related to components 
by formation reactions as described in Part 5. In some cases, 
components can correspond to the dominant species present, 
and this can be used to simplify the model and/or equilibrium 
speciation calculations. However, in other cases, the component 
chosen will not correspond to the species expected to be present. 
For example, total sulphate SO4

2- and phosphate PO4
3- present 

in the system are typical choices for components because 
they correspond to the quantities measured in a water quality 
analysis. The sulphate ion SO4

2- is also the dominant sulphate 
species present at neutral conditions. However, phosphate occurs 
predominantly as the species H2PO4

- and HPO4
2- under the same 

conditions. In general, speciation is the calculation process by 
which the composition, ultimately reflecting the collection of 
atoms that make up the system, but usually expressed in terms of 
component masses, is transformed into one expressed in terms of 
species masses.

In general, speciation refers to all species, irrespective of whether 
they take part in equilibrium processes or kinetically limited 
processes. However, the term is often used as an abbreviation 
for equilibrium speciation, that is, the distribution of species 
produced by equilibrium processes.

It important to note that that the distinction between components 
and species (as defined in this paper) is only useful for equilibrium 
speciation, since the equilibrium state is determined by the 
material content of the system only. As discussed above, in an 
equilibrium system at a given temperature and pressure, Duhem’s 
theorem implies that the state depends only on the material 
present, therefore the speciated composition at equilibrium does 
not depend on the choice of model components, provided that the 
mass of each element and associated electrons present is correctly 
accounted for. However, Duhem’s theorem only applies to the 
equilibrium sub-system and not to the kinetically controlled part 
of the model. In the kinetic sub-model, the physical state of the 
system and how it evolves with time do depend on what molecular 
species are present. Consequently, the mass balance cannot be 
decoupled from the speciation for kinetically controlled species. 
The modelling framework must therefore distinguish between 
species which are formed by kinetically limited processes, and 
those that are approximated as formed by equilibrium processes. 
Examples of the former might be acetate or molecular hydrogen 
formed as intermediates in anaerobic digestion, while an example 
of the latter is free hydrogen ion concentration, or equivalently pH.

The presence of kinetically controlled species introduces 
additional degrees of freedom to the mass balance calculations, 
which require additional information to specify the composition 
of the system at any point in time. In the urea hydrolysis example 
(Eq. 1), the kinetically controlled species urea (CO(NH2)2) is 
treated as a component in mass balance calculations, and as a 
species in kinetic expressions, and the same model variable can 
be used to hold its concentration for both purposes. However, it is 
not directly involved in any equilibrium speciation reactions and 
therefore does not appear in the equilibrium sub-model at all.

However, some kinetically limited species, in particular organic 
acid and bases, can be simultaneously involved in both kinetically 
and equilibrium limited processes. For example, acetic acid 
is not an equilibrium species under the conditions normally 
encountered in wastewater treatment. Given sufficient time, it 
will break down to carbonate, methane and water, as indeed takes 
place through biological action. However, the dissociation of acetic 
acid into acetate and hydrogen ion is extremely rapid, and can be 
modelled as being at equilibrium. As in the urea example, acetate 
will be treated as a component in the bioprocess stoichiometric 
balance and as a species in the kinetic sub-model. However, 
unlike urea, acetate is also included in the equilibrium sub-model.  

The total acetate present in the system will be a component for 
input to the equilibrium speciation calculations.

This kind of component requires a modification to the application 
of Duhem’s theorem, in which the kinetically maintained 
component (e.g. acetate) is treated as though it were a separate 
element for the purpose of specifying the material content of the 
equilibrium system. This is because, although acetate consists 
of C, H and O atoms, which are already present in other system 
components, we do not include conversion to these components 
in the equilibrium sub-model, because it does not take place 
instantaneously. Since most redox reactions are kinetically 
limited, different redox states of the same element, e.g., sulphate 
and sulphide, nitrate and nitrite, acetate, propionate, carbonate 
and methane, are typically represented by separate components.

On the other hand, species such as the free H+ ion cannot be inde-
pendently added or removed from a physical system in practice, so 
should not be modelled as components, but rather be determined 
from the components present by a speciation calculation.

It is worth noting that such issues tend to be addressed 
automatically for aquatic systems by the choice of standard 
components included in the databases of aquatic chemistry 
modelling packages such as MINTEQA2 (Allison et al., 2009) and 
PHREEQC (Parkhurst and Appelo, 2013).

Formulating components for a model

Fundamental considerations place only a few restrictions on how 
the components should be chosen. Once one has decided what 
range of compositions should be represented in a model, what 
strategies could be used to select from the infinite range of possible 
formulations? The question of alternative choices of components 
arises primarily for those involved in equilibrium speciation, not 
for those components governed by kinetics, which have no reason 
to be different from the species, as in the urea hydrolysis example.

There are two main issues that will influence the choice, and there 
will usually be some compromise between them:

(a) To make the model as compact and efficient as possible, one 
would try to reuse as many as possible of the kinetically im-
portant species as components. The remaining components 
required to span the model’s compositional space would be 
chosen purely for their linear independence. (In the H2O/
CO2 illustrative example above, this corresponds to using 
CO2 and H2O as the components).

(b) The alternative strategy is to use, or select from, sets of 
components from established models (observing the require-
ments for completeness and independence), thereby tapping 
into the accumulated experience that they represent. This 
has advantages when it comes to validating the model, 
in that comparison with previous models is made easier.  
(In the H2O/CO2 illustrative example, this corresponds to 
using CO3

2−, H+ and H2O as the components).

Strategy (a) will tend to produce models that are compact and 
efficient, but will be more difficult to compare or integrate with 
each other.

Strategy (b) will tend to produce models that are more widely 
understood and compatible with each other, at the possible 
expense of some computational efficiency.

Aquatic chemistry models such as MINTEQA2 and PHREEQC 
make use of a highly developed system of components and species, 
supported by extensive thermodynamic databases. These are 
referred to here as the standard aquatic chemistry components 
(see Appendix). The component list is carefully designed so 
that all the components are stoichiometrically independent.  
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This means that any desired system within their scope can 
be represented simply by including the appropriate set of 
components. A modeller following strategy (b) need only adopt 
their system for the inorganic part of the model. This is the 
approach that is followed in this series of 5 papers. However, 
examples of the alternative approach will be presented in Part 2 
(Brouckaert et al., 2021).

STOICHIOMETRY OF BIOLOGICAL COMPONENTS 
AND REACTIONS

Note that, since stoichiometric biological reaction equations only 
express element and charge balances, all the chemical symbols in 
this section (such as CO2 or CH3COO-) represent components, 
not species.

The approach that we propose for setting up the biological 
reaction stoichiometric balances is based on, and equivalent to, 
McCarty’s (1975) general method for deriving the stoichiometry 
of biologically mediated reactions. McCarty’s method involves 
setting up a catabolic (energy providing) reaction and an 
anabolic (biomass growth) reaction from electron-donating 
and electron-accepting half-reactions. For example, consider the 
anaerobic utilization of acetate using ammonium as the nitrogen 
source: Assuming the molecular formula for biomass, C5H7O2N, 
the anabolic half-reactions are:

Electron donor:
1
8 3

3
8 2

1
8 2

1
8 3

+CH COO + H O CO + HCO + H + e� � ��          (3a)

Electron acceptor:
1
5 2

1
20 3

1
20 4

+

1
20 7 2

9
20 2

CO + HCO NH + H + e
C H O N H O

� � �� �
�5

              
(3b)

The overall stoichiometric reaction for cell synthesis with acetate 
as the carbon source is:

Synthesis:  CH COO + CO + NH
C H O N + HCO H O

3
6

10 2
2
5 4

2
5 7 2

6
10 3

6
10

� �

�

�
�5 2

                        (3c)

The catabolic half reactions are:

Electron donor:
1
8 3

3
8 2

1
8 2

1
8 3

+CH COO + H O CO + HCO H + e� � �� �         (4a)

Electron acceptor:
1
8 2

+ 1
8 4

1
4CO + H + e CH + H O� � 2

                       (4b)

The overall stoichiometric reaction for catabolism with acetate as 
the energy source is:

Energy: CH COO + H O CH + HCO3 2 4 3
� ��                       (4c)

Equations 3a, 3b, 4a and 4b are taken from tables of half-reactions 
for various biological transformations provided by McCarty 
(1975) and Henze et al. (2008). Each half-reaction is normalized 
to the ‘exchangeable’ redox electrons to facilitate the construction 
of the overall balances.

The anabolic and catabolic reactions are then combined as a 
linear combination into an overall reaction in proportions set 
by an empirical yield coefficient which expresses the fraction of 
substrate chemical oxygen demand (COD) that becomes biomass 
COD.

Overall substrate utilisation reaction =
anabolic + (1-Y) catabY ⋅ ⋅ oolic               

(5)

The result is a stoichiometric reaction equation which satisfies the 
complete set of elemental balances and the electron balance.

Assigning the empirical stoichiometric formula (C5H7O2N) 
to represent the biomass is a key step in this development, as it 
provides the link to the precise stoichiometry of the inorganic 
components. Part 2 (Brouckaert et al., 2021) extends the concept 
to all organic wastewater components, and to additional elements 
using the empirical formulae CxHyOzNaPbSc

ch for the electron 
donor and CkHlOmNnPpSs for the biomass. It is also demonstrated 
how all the relevant summary characteristics like COD can be 
calculated from such a formula.

This general approach has been followed in many bioprocess 
models, notably those developed by Ekama and co-authors (e.g. 
Sötemann et al., 2005a, c; Poinapen and Ekama, 2010a, b; Lu et al., 
2012; Brouckaert et al., 2010). For our present purpose we modify 
the approach in two respects:

•	 The stoichiometric balances are written in terms of the 
inorganic speciation model components in order to facilitate 
the integration of the biological and inorganic sub-models.

•	 Instead of building the stoichiometric balances by hand 
from the relevant redox half-reactions, matrix methods are 
used to solve for the coefficients of the overall balances.

Reaction stoichiometry

A stoichiometric reaction equation represents a set of charge and 
element balances. In the integrated approach, the stoichiometric 
balances are expressed in terms of the pre-determined model 
components. Thus, with one qualification, the only information 
required to find the coefficients of a stoichiometric reaction 
equation are:

•	 The list of components involved in the reaction.
•	 The elemental content and the charge of each component.

The qualification concerns the degrees of freedom in the set of 
balances. The standard case is that if a system involves n balances 
(e.g. n − 1 elements plus charge), it will involve n + 1 components, 
and have 1 degree of freedom. The degree of freedom is 
conventionally taken up by arbitrarily setting the value of one of 
the stoichiometric coefficients.

For example, consider the degradation of acetic acid to carbon 
dioxide and methane:

CH COOH + H O CO + H3 2 2→ C 4                        (6a)

In terms of standard aquatic chemistry components, this is 
equivalently expressed as:

CH COO + H O CO + H CH3 2
� � �� �3 4                    (6b)

This list of components has 5 entries: CH3COO-, H2O, CO3
=, H+ 

and CH4.

There are 3 element balances (C, H, and O) and a charge balance 
(or, equivalently an e− balance).

So there is 1 degree of freedom, which is taken up by fixing the 
value of any one of the coefficients, e.g., pre-setting the coefficient 
of CH4 in Eq. 6b to 1, after which all the remaining coefficients are 
found by solving the four balance equations.

However, consider the reaction equation for acetogenesis (from 
Sötemann et al., 2005a):

CH CH COOH + H O CH COOH CO + 3H3 2 2 32 2 2� �         (7a)

In terms of standard aquatic chemistry components this is 
expressed as:

CH CH COO + H O CH COO CO + H 3H3 2 2 3
� � � �� � �3 23 2   (7b)

Equation 7b involves 6 components and only 4 balances, and 
therefore has an extra degree of freedom. For this to be a valid 
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stoichiometric reaction (since stoichiometric equations simply 
represent degrees of freedom in the compositional space), there 
must be some prior knowledge of the system which takes up the 
extra degree of freedom. In this case, the ratio of H2 to CH3COO- 
produced by the reaction was fixed at 3:1. This may have been 
based on experimental experience, or a characteristic of the 
biological pathway, or it may merely have been a simplifying 
assumption − combining two reactions into one. Whatever the 
reason, the balances cannot be solved without pre-setting an 
additional coefficient value. In Eq. 7a, the coefficient of CH3COO- 
was set to 1, and that of H2 to 3, after which all the remaining 
coefficients were found by solving the balance equations.

Reaction 7 will be used to illustrate the general method of deriving 
reaction stoichiometry. The elemental content matrix E for the 
components involved is shown in Table 1.

The last row of Table 1 contains the electron balance. This could 
have been equivalently expressed as a charge balance by simply 
changing the signs of the entries, e.g., the +2 under the CO3

= 
means the presence of two e− and the −1 below the H+ means the 
absence of an e−.

The coefficients of each component in the reaction that need to be 
found are placed in a stoichiometric coefficient vector v. Positive 
coefficient values indicate products (right-hand-side entries) of 
the reaction, and negative values indicate reactants (left-hand-
side entries). Thus for Reaction 7b:

v =[ ]v v v v v v T
CH3CH2COO- CH3COO- H2O CO3= H+ H2                (8)

The superscript T in Eq. 6 indicates the transpose of the vector 
(i.e. v is a column vector)

Then, the stoichiometric balance equations are expressed as the 
matrix equation:

  E · v = ρ                                                (9)

where ρ signifies the right-hand-side column vector of the 
equation (a zero vector at this point – the right-most column in 
Table 1).

Equation 9 has no solution because E is not square (its dimensions 
are 4 x 6). To obtain a unique solution for the vector v, it has to be 
augmented by adding 2 rows, corresponding to pre-setting two of 
the stoichiometric coefficients. For instance, if vCH3COO

- is set to 1 
and vH2 is set to 3, the augmented matrix EA is shown in Table 2, in 
which the last row is equivalent to vH2 = 3.

The equation to be solved is then:

E vA A� � �                                             (10)

Solving this matrix equation gives v = [−1  1 −3  1  2  3]T  (11)

Anabolic and catabolic reactions

The distinguishing characteristic of biological reactions is the 
coupling between anabolic and catabolic reactions. This is usually 
modelled by introducing a yield coefficient, which represents 
the fraction of substrate that is consumed by the anabolic 
reaction. Treating the yield coefficient as an empirical constant 
is a modelling simplification: in reality it depends on kinetic and 
equilibrium factors, but in many cases the dependence is not very 
strong. So, once again, prior knowledge of the system is used to 
reduce the model’s dimensionality, and therefore its complexity.

Obtaining the overall biological reaction stoichiometry is thus 
simply a matter of obtaining the stoichiometry of the anabolic and 
catabolic reactions separately according to the method described 
above, and forming a linear combination in terms of the yield 
coefficient.

This methodology requires the elemental content of biomass and 
substrates (electron donors) to be known. It has been common 
for biochemical models to represent indeterminate organic 
substances in wastewater purely in terms of their COD, as in 
ASM1 (Henze et al., 1987). Such a representation is insufficient 
for modelling physico-chemical processes, and various methods 
have been used to supply the additional information, such as mass 
ratios for carbon content (fC,  gC/gCOD), and nitrogen content 
(fN, gN/gCOD), which is considered in Part 3 of this series. In 
the present treatment, we have adopted the use of empirical 
molecular formulae such as CxHyOzNaPbSc

ch to represent complex 
organics of unknown structure, and CkHlOmNnPpSs for biomass to 
distinguish it from the electron donor. With this representation, 
the method outlined in the previous section can be used without 
modification to determine the stoichiometric coefficients of the 
separate anabolic and catabolic reactions. The only stipulation 
is that the substrate coefficient is always pre-set to −1 in both 
reactions in order to make the application of the yield coefficient 
straightforward.

The anabolic reaction for biomass growth on propionate is:

CH CH COO + CO H NH
C H O N H

3 2 3
=

H
+

4
+

C H O N 5 7 2 H O

+

5 7 2 2

�
� � � �

�

�v v v
v v

CO NH3 4

22O          
(12)

Reworking the derivation according to the matrix method, the 
augmented stoichiometric matrix is shown in Table 3:

After solving separately for the anabolic and catabolic 
stoichiometric coefficient vectors (see Table 4), the overall 
reaction coefficient vector is simply:

v Y v Y voverall anabolic catabolic� � � ��( )1                       (13)

where Y is the yield coefficient.

Table 2. Augmented stoichiometric matrix for Reaction 7b  
(refer to Eq. 10)

CH3CH2COO- CH3COO- H2O CO3
= H+ H2 ρA

C 3 2 0 1 0 0 0

H 5 3 2 0 1 2 0

O 2 2 1 3 0 0 0

e- 1 1 0 2 −1 0 0

vCH3COO- 0 1 0 0 0 0 1

vH2 0 0 0 0 0 1 3

Table 3. Augmented stoichiometric matrix for the acetogenic 
anabolic reaction

CH3CH2COO- C5H7O2N H2O CO3
= H+ NH4

+ ρA

C 3 5 0 1 0 0 0

H 5 7 2 0 1 4 0

O 2 2 1 3 0 0 0

N 0 1 0 0 0 1 0

e- 1 0 0 2 −1 −1 0

vCH3CH2COO- 1 0 0 0 0 0 −1

Table 1. Elemental content of the components in Reaction 7b  
(Refer to Eq. 9)

CH3CH2COO- CH3COO- H2O CO3
= H+ H2 ρ

C 3 2 0 1 0 0 0

H 5 3 2 0 1 2 0

O 2 2 1 3 0 0 0

e- 1 1 0 2 −1 0 0



283Water SA 47(3) 276–288 / Jul 2021
https://doi.org/10.17159/wsa/2021.v47.i3.11857

The set of coefficients obtained according to Eq. 13 are formulated 
on the basis of 1 mole of substrate consumed. It may be 
convenient to re-scale it to a different basis to suit the form of its 
rate expression. A commonly used basis is 1 g of biomass COD 
produced, as in the ASMs (Henze et al., 2000).

For the acetogenesis example, the catabolic reaction is Reaction 
7b. The vector of stoichiometric coefficients needs to be expanded 
to accommodate both the catabolic and anabolic reactions:

v v v v v v v v v� � �[ ]CH3CH2COO CH3COO C5H7O2N H2O CO3= H+ H2 NH4
T

    (14)

The results are shown in Table 4 using molal units, which 
depend on the molecular formula used to represent the biomass 
(C5H7O2N). The COD per mol of the biomass formula is 223.986 
g O2/mol, so converting to a basis of 1g COD of biomass produced 
involves dividing all the terms of voverall by 223.986 × 0.7Y.

Note that the yield coefficient Y in this case has the same 
numerical value irrespective of the units used, since it is defined 
as the fraction of substrate consumed which goes to the anabolic 
reaction. This is the same whether expressed in terms of moles, 
grams or COD of substrate. This does not apply to all biochemical 
processes, e.g., for autotrophic nitrification the conventional 
definition of the yield coefficient expresses biomass COD 
produced per N removed, and the numerical value does depend 
on the units used.

This methodology is fundamentally the same as set out by 
McCarty (1975). However, it does not employ two prominent 
devices that he presented: the concept of the exchangeable 
electrons of each component, and the division of each reaction 
into oxidation and reduction half-reactions. In fact, these 
are not essential features of his method; they are just aids for 
avoiding errors when determining the coefficients by hand. The 
use of symbolic algebraic software makes these aids dispensable. 
However, McCarty’s exchangeable electron concept remains an 
important aid to an understanding of the reaction system.

Exchangeable electrons / electron donating capacity / COD

As pointed out by McCarty (1975), COD expresses the electron 
donating capacity of a substance as the mass of oxygen which 
could take up the electrons, i.e., 8g O /mol electrons in the COD 
test (discussed further in Part 2, Brouckaert et al., 2021). This 
information is actually inherent in the elemental content matrix. 
If we consider a generic reaction in which one organic component 
is transformed into another:

C H O N P S
C H O N P S CO H
H O NH

x y z a b c
ch

k l m n p s 3
= +

2 4

�
� � � � � �
� � �

v v v
v v

1 2 3

4 5
++

4
-3

4
=PO SO� � � �v v6 7

                 
(15)

The elemental content matrix for this reaction is shown in Table 5:

This is a 7 x 8 matrix, and consequently has no determinant. If the 
column for the product biomass CkHlOmNnPpSs is deleted (i.e. only 
the catabolic reaction is considered), the remaining matrix is 7 x 7,  
and its determinant is:

�S x y z a b c� � � � � � �( )4 2 3 5 6 ch                       (16)

Similarly, if the column for the substrate CxHyOzNaPbSc
ch is deleted, 

the determinant of the remaining matrix is:

�b k l m n p s� � � � � �( )4 2 3 5 6                           (17)

The composite stoichiometric factors γs and γb are identical to the 
exchangeable electrons of the organic components in the McCarty 
(1975) treatment. When one solves the matrix equation (Eq. 10) 
for the stoichiometric coefficients, γs and γb appear as factors in the 
solution. One can also derive the forms of γs and γb by considering 
the changes taking place in oxidation states of the elements in the 
organic component during the reaction, which is how McCarty 
arrived at them.

This demonstrates the equivalence of the elemental matrix and 
the electron balancing methods for deriving the stoichiometric 
coefficient values. However, keeping track of the electrons 
through a complex set of reactions often provides insight into 
the mechanisms involved, which is difficult to obtain just by 
inspecting the elemental matrix. Note that for reasons discussed 
in Part 2, the term ‘exchanged electrons of reaction’ is preferred 
to the term ‘exchangeable electrons’. The electrons donated and 
accepted by the various organic and inorganic components in 
various biochemical processes are discussed in greater detail in 
Part 2 (Brouckaert et al., 2021).

Stoichiometric balances and speciation

As discussed in the previous sections, biological stoichiometric 
reactions are simply material balances which keep track of the 
elemental and electron content of the products and reactants in 
biological transformations. They generally do not predict changes 
in speciation resulting from biological transformations or the 
distribution of species between phases.

Table 4. Anabolic, catabolic and overall stoichiometric coefficients for 
acetogenesis

ν anabolic ν catabolic ν overall

CH3CH2COO- −1 −1 −1

CH3COO- 0 1 1 − Y

C5H7O2N 0.7 0 0.7Y

H2O 2.1 −3 5.1Y − 3

CO3
= −0.5 1 1 − 1.5Y

H+ −1.3 2 2 − 3.3Y

H2 0 3 3(1 − Y)

NH4
+ −0.7 0 −0.7Y

Table 5. Elemental content matrix for a generic organic reaction

CxHyOzNaPbSc
ch CkHlOmNnPpSs H2O CO3

= H+ NH4
+ PO4

-3 SO4
=

C x k 0 1 0 0 0 0

H y l 2 0 1 4 0 0

O z m 1 3 0 0 4 4

N a n 0 0 0 1 0 0

P b p 0 0 0 0 1 0

S c s 0 0 0 0 0 1

e− -ch 0 0 2 −1 −1 3 2
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Comparing Eqs 6a with 6b and 4c, and 7a with 7b, it is clear that 
the same stoichiometric reaction can be written it terms of several 
different sets of components and still be balanced overall. Our 
recommendation is that the stoichiometric equations should always 
be set up in terms of the standard aquatic chemistry modelling 
components as discussed in the previous sections. However, in 
other modelling approaches, there is some freedom to choose which 
components to include in the biological stoichiometric balances.

For example, McCarty (1975) tended to set up his half-reactions 
in terms of the transfer of one mole of protons plus one mole of 
electrons (H+ + e− in Eqs 3 and 4). In many cases, this leads to half-
reactions expressed in terms of two different carbonate species, as, 
for example, in Eq. 4a:

1
8 3

3
8 2

1
8 2

1
8 3

+CH COO + H O CO + HCO H + e� � �� �          (4a)

This does not necessarily mean that one mole of acetate will 
produce one mole of CO2 and one mole of HCO3

-. The actual 
distribution of carbonate species will depend on the entire ionic 
composition, which also determines properties such as the pH.

In terms of standard aquatic chemistry components, this is 
equivalent to:

1
8 3

1
2 2

1
4

11
8

+CH COO + H O CO + H + e� � �� 3                (18)

In Eq. 18, the component CO3
= represents the sum of all the 

carbonate species produced (including any gaseous CO2 evolved). 
Once the composition of the solution has been determined by flow 
and reaction balances in terms of concentrations of components, 
the speciation calculation can be employed to determine the 
concentrations of equilibrium species. So, for example, the total 
CO3

= concentration (component concentration, as referred to in 
Eq. 18) would be calculated by material balance. The carbonate 
species concentrations, such as [H2CO3], [HCO3

−] and [CO3
2−], 

are then determined from the speciation calculation. Therefore, 
standard chemical notation can be confusing, since, apart from the 
typeface, the same symbol CO3

= in this paragraph refers to both a 
component and a species, which are conceptually quite different. 
However, the context makes it clear whether a component or 
species is being referred to. In a dynamic model, with kinetic and 
equilibrium parts, both sets of calculations have to be carried out 
at each integration time step, because reaction rates and phase 
separations generally depend on species concentrations rather 
than component concentrations. So the stoichiometric mass-
balanced time-dependent differential equations part is solved for 
the changes in component concentrations and the equilibrium 
speciation algebraic equations part of the model speciates the new 
component concentrations into species concentrations. These 
issues will be further discussed in Part 5 of this series.

ALKALINITY

It is usually impractical to define the complete ionic composition of 
a wastewater aqueous phase, because there are too many possible 
dissolved components that can be present. Alkalinity, or proton 
accepting capacity (PAC), is a summary property, easily measured 
by titration, which provides important information about how 
biological processes interact with the aqueous environment in 
which they take place. Part 4 of this series discusses alkalinity 
further from the measurement point of view, and Part 5 looks 
at the computational aspects; but for the present purpose, the 
alkalinity of the aqueous phase is the remaining capacity of the 
weak-acid anions (e.g. HCO3

-) present in it to bind protons (e.g. 
HCO3

- becoming H2CO3), thereby reducing the free proton (H+) 
concentration, and so acting against a decrease in pH when 
acid is added (imparting buffer capacity). At the titration end-
point, which for the H2CO3 alkalinity is in the vicinity of pH 4.5  
(see Part 4 or Loewenthal et al., 1989), the H2CO3 alkalinity is, 

by definition, zero relative to the selected reference species for 
the alkalinity, in this case H2CO3. In ‘natural’ waters, alkalinity 
principally is provided by the inorganic carbon (IC) anions. 
However, in wastewaters additional contributions are made 
by other weak-acid species such as acetate, ammonia (NH3, 
propionate, ortho-phosphate (OP) and sulphide (FSS, HS−). Since 
biological redox reactions can either take up or produce these 
anions, as well as protons, they cause changes in the aqueous 
alkalinity and pH which are important to understand in systems 
where pH affects the bioprocess rates, such as those of acetoclastic 
methanogenesis or BSR in AD.

Alkalinity is usually expressed units of mg/L as CaCO3 . For 
the present purpose it is more useful to use units of mol H+/L, 
where mol H+/L x 50 000 yields mg/L as CaCO3 (Loewenthal and 
Marais, 1976). Alkalinity arises from the formation of protonated 
species in solution. However, it can also be expressed in terms of 
component concentrations (Snoeyink and Jenkins, 1980). It is this 
aspect which is relevant to Parts 1 and 2 of this series.

To illustrate how alkalinity is related to components, consider a 
solution that is made up of Na2CO3, Na3PO4, NaAc and NaHS in 
pure water. These are the sodium salts of the weak-acid anions that 
commonly contribute to alkalinity, which means that they tend 
to bind H+ in aqueous solution to form the protonated species 
HCO3

−, H2CO3, HPO4
2−, H2PO4

−, H3PO4, HAc, H2S and HS−. The 
salts that the solution of the example was made from contain no 
H+. (The H in NaHS is bound to S as HS-). When protonated to the 
maximum extent possible, their weak-acid anions will be entirely 
converted to H2CO3, H3PO4, HAc, and H2S, which are defined to 
be the alkalinity reference species.

So the capacity of the initial solution to bind H+ (its alkalinity) is 
given by:

2 3[ ] [ ] [ ] [ ]CO PO HS Ac3
2-

4
3- - -+ + +

where […] indicates a component concentration in mol/kg.

As [H+] is added to the solution by titrating with a strong acid 
such as HCl, the added H+ progressively reduces the solution’s 
capacity to bind further H+, that is, it reduces the alkalinity. Hence 
the alkalinity of the solution during the course of the titration is 
given by:

Alk CO PO HS Ac H3
2-

4
3- - - +

T � � � � �2 3[ ] [ ] [ ] [ ] [ ]            (19a)

In the measurement context, the alkalinity is defined by the 
titration with strong acid, which will be affected in various ways 
by the presence of acid and base species in the original solution. 
The pH of the example solution is about 11, and if 0.001 M NH4Cl 
is added to it, the NH4

+ will give up most of its H+ as it dissolves, 
to bind with the weak-acid anions in the solution, forming 
NH3(aq). This exchange will have some effect on the speciation 
of the solution, and consequently the pH and the distribution 
of alkalinity among the components, but no effect on the total 
alkalinity. In terms of measurement, this is manifested as a change 
in the shape of the pH titration curve, but no change in the total 
acid required to reach the titration endpoint, where the NH3(aq) 
will essentially have been all converted back to NH4

+. In terms of 
components, it is explained by saying that NH4

+ is the reference 
species for alkalinity, so adding NH4

+ does not affect AlkT, so Eq. 
19a is unchanged (Loewenthal et al., 1991).

Adding a strong base, such as NaOH (sodium hydroxide), will 
increase the total acid required to titrate to the endpoint, and 
therefore the alkalinity, whereas adding a strong acid such H2SO4 
or HCl will decrease it. In the case of a strong acid, the effect on 
Eq. 19a can be made explicit by noting that in solution strong 
acids are present in their fully dissociated forms:

HCI H +Cl H SO 2H SO+ -
2 4

+
4
2-( ); ( ) 
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Expressing strong acids in their dissociated form is useful for 
avoiding confusion in the stoichiometric manipulations that are 
discussed in Part 2 (Brouckaert et al., 2021). The strong base case 
is less obvious, as OH− is not one of the standard aquatic chemistry 
components: where required, it is represented as (H2O – H+). 
However, H2O is usually modelled as an invariant background 
component, and not represented explicitly. Thus OH− is effectively 
(–H+), which means that is already accounted for in Eq. 19a.

Sulphide involves a similar issue. The standard component 
representing sulphides is HS−, not S2−, which is considered 
virtually non-existent as an aqueous solution species. So, if the 
NaHS in our solution example is replaced by Na2S, the S2− is 
represented as (HS− − H+). Once again, Eq. 19a is unchanged, but 
the [H+] term includes a negative contribution from the sulphide.

So far, the discussion has assumed that the total alkalinity becomes 
zero when all the relevant acid anions are fully protonated. The 
limiting species for achieving this condition is H3PO4, which is a 
strong acid, only approaching full protonation at very low pH < 1  
(although H2PO4

− and HPO4
2− are weak acids). All the other 

components are fully protonated around pH 4. By a fortunate 
coincidence, the titration endpoint for H2PO4

− is also around 
pH 4. So for measurement purposes it is convenient to take the 
reference species for phosphate as H2PO4

− rather than H3PO4 
(Loewenthal et al., 1989). Thus there are two versions of total 
alkalinity in use, H2CO3 / H3PO4 / NH4

+ / H2S / HAc alkalinity, 
which we indicate by AlkT, and H2CO3 / H2PO4

− / NH4
+ / H2S / HAc 

alkalinity, which we will indicate as Alkt.

Alk CO PO HS Ac Ht 3
2-

4
3- - - +� � � � �2 2[ ] [ ] [ ] [ ] [ ]            (19b)

Comparing Eqs 19a and 19b, the difference between the two 
alkalinity versions is simply:

Alk Alk POT t 4
3-

T� � �[ ] P                               (19c)

where PT is the total ortho-phosphate concentration.

Equations 19a to 19c are written in terms of standard aquatic 
chemistry components, which is fundamentally an arbitrary 
choice. There are situations where it is convenient to represent 
systems in terms of different sets of components. For instance, the 
composition of our example solution could be expressed in terms 
of HCO3

- and HPO4
2−, instead of CO3

2− and PO4
3− In this case, Eqs 

19a and 19b are replaced by:

Alk HCO HPO HS Ac HT 3
-

4
2- - - +� � � � �[ ] [ ] [ ] [ ] [ ]2          (19d)

         Alkt � � � � �[ ] [ ] [ ] [ ] [ ]HCO HPO HS Ac H3
-

4
2- - - +            (19e)

In Eqs 19d and 19e, [HCO3
-] and [HPO4

2−] have the same values 
as [CO3

2−] and [PO4
3−] in Eq. 19a and 19b, but the value of 

[H+] is reduced to account for the H+ content of the substituted 
components.

Total alkalinity change of reaction

Since the total alkalinity of a solution can be expressed as a linear 
combination of component quantities, it is also a conserved 
stoichiometric property of the solution, and so can be used, for 
example, in mixing calculations (Loewenthal et al., 1989, 1991). 
Chemical reactions which produce or consume weak acids or 
bases and protons will change the alkalinity of the aqueous phase, 
and the change that occurs is a stoichiometric property of the 
reaction. In the same way that the enthalpy change or exchanged 
electrons of reaction (Part 2, Brouckaert et al., 2021) are used in 
energy and electron balances for reacting systems, the concept of 
total alkalinity change of reaction allows alkalinity balances for 
reacting systems.

The total alkalinity change of reaction is calculated from the 
difference between the coefficients of the component products 

and those of the component reactants relevant to the alkalinity, 
with respect to the selected reference species, i.e.:

                       � � �� �Alk Alk Alkproducts reactantsT T T  (20)

For Eq. 15 the product components contributing to the ∆AlkT 
of the reaction are +v2CO3

2−, +v6PO4
3− and –v3 H+. If the 

generic reactant component CxHyOzNaPbSc
ch is a weak acid/base 

component itself that contributes to alkalinity, such as NH3, HS- 
or CH3COO-, then its consumption by the reaction contributes 
to the alkalinity change of the reaction. However, if the generic 
component is a strong acid/base anion or cation such as S2O3

2-,  
or an insoluble or an uncharged organic, such as particulate 
starch, urea or dissolved glucose, then it does not contribute. This 
means that the nature of the generic reactant component needs to 
be known and the reference species for the alkalinity defined to 
know whether or not it contributes to the ∆AlkT of the reaction. 
Following Eqs 19a and 20 for the ∆AlkT of Eq. 15 yields Eq. 21, 
where the alkalinity of the electron donor (Alked) is 0 if the generic 
component does not contribute to the alkalinity of the reactants, 
or 1, 2 or 3 if it does and is 1, 2 or 3 dissociations away from the 
reference species.

                       � � � � �Alk AlkT ed[ ] [ ]2 32 6 3v v v  (21a)

                       � � � � �Alk Alkt ed[ ] [ ]2 22 6 3v v v  (21b)

These distinctions reduce the utility of the generalized Eq. 21, 
because one has to know what the generalized component is 
to select the correct value for Alked. The issue is that, although 
alkalinity is a stoichiometric quantity, unlike all the other 
stoichiometric quantities considered in this series of papers, the 
alkalinity contribution of a component is not determined solely 
by its elemental make-up.

Direct, latent and persistent alkalinity

If sodium acetate (NaAc  NaC2H3O2  Na+ + C2H3O2
−) is added 

to a solution, the acetate adds 1 mol of alkalinity per mol acetate 
to the solution (AlkT or Alkt). If it is subsequently oxidised to 
carbonate (C2H2O2

− + 2O2 → 2CO3
2− + 3H+) the acetate alkalinity 

is transformed to carbonate alkalinity, to the extent of (2 x 
2 – 3 = 1) mol alkalinity per mol acetate that was added. This 
phenomenon can be described as the electron donor, acetate, 
having direct alkalinity (∆Alked) and persistent alkalinity (Alkp), 
which persists in the solution after the acetate is removed by the 
reaction. Although Alked is a true property of the component, the 
persistent alkalinity depends on the products of the reaction and 
is therefore a property of the reaction. Nevertheless, in a given 
redox environment, it can be useful to think of it as a quasi-
property of the component.

In the above example, the direct and persistent alkalinities of the 
acetate both have the same value, since ∆AlkT for the reaction is 
zero; however, this is not always the case. Consider the oxidation 
of urea: (NH2CONH2 + 4O2 → CO3

2− + 4H+ + 2NO3
−). Urea is 

uncharged, so has no direct alkalinity (Alked = 0). However, 
∆AlkT for the reaction is (2 − 4 − 0 − 4 x 0 = −2), so the persistent 
alkalinity of urea, when its elements are all completely oxidized, 
is −2 mol/mol; adding urea to the solution will initially have no 
effect on its alkalinity, but will reduce it as the oxidation reaction 
proceeds. In a different redox environment, such as an anaerobic 
reactor, the N reaction product could be NH4

+ rather than NO3
−, 

in which case the reaction is NH2CONH2 + H2O → CO3
2− + 2NH4

+. 
In this case ∆AlkT = 2 + 2 x 0 – 0 – 0 = +2 mol/mol.

From the above, all the alkalinity in the aqueous phase produced 
by reaction Eq. 15 comes from the electron donor CxHyOzNaPbSc

ch 
relative to the reaction products. So the ∆AlkT can be described 
as latent alkalinity stored in the electron donor, and released to 
the aqueous phase during the redox reaction. Thus the persistent 
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alkalinity of the electron donor is given by:
 

                                Alk Alk Alkp ed T� � �( )  (22)

The additional alkalinity is therefore not ‘created’ by the reaction 
– it is latent in the electron donor, and released to the aqueous 
phase by the reaction. If the e− donor is dissolved, then the direct 
alkalinity of the e− donor is also in the aqueous phase and the 
reaction adds the latent alkalinity from the reactant component. 
Furthermore, a reaction that produces biomass takes up alkalinity 
and stores it in a particulate form, external to the aqueous phase, 
although in contact with it. Via this mechanism, alkalinity is 
commonly transferred from the aqueous phase in an activated 
sludge reactor, where heterotrophic biomass is produced, to an 
anaerobic digester, where the alkalinity reappears in the aqueous 
phase at very high concentration after digestion, because the waste 
activated sludge (WAS) biomass is thickened before AD (Part 2, 
Brouckaert et al., 2021). However, since the redox environments 
are different, the alkalinity released anaerobically may differ 
from the alkalinity stored aerobically – it depends on the other 
components involved in the respective reactions.

CONCLUSIONS

The concepts and methods presented are part of a pragmatic 
framework for modelling wastewater treatment processes that 
reflects the current state of knowledge. The completely rigorous 
approach to chemical reactions involves conservation of matter 
(stoichiometry), conservation of energy, equilibria and kinetics. 
Every process is governed by all these factors. However, in many 
cases models can be simplified by neglecting aspects which 
are not limiting. Such a simplification applies, not only to the 
mathematical formulation of models, but also to the experimental 
methods for obtaining the data required to support the modelling. 
Thus, most models and measurement techniques associated 
with wastewater treatment reflect the fact that the biochemical 
reactions tend to be limited by stoichiometric and kinetic factors. 
On the other hand, inorganic aqueous models and measurements 
tend to reflect stoichiometric and equilibrium limitations. When a 
model needs to represent the interaction between the biochemical 
reactions and the inorganic reactions, the experimental effort 
to obtain complete thermodynamic and kinetic data for all the 
components involved would be enormous, particularly since 
the exact natures of most organic components are unknown. 
Retaining the main simplifications that have commonly been 
applied in both biochemical and inorganic chemistry models 
makes the task of integrating them manageable.

Nevertheless, it is important to be aware of the rigorous picture, 
so as to ensure that any simplifications made are appropriate, and 
to understand their limitations. So, for example, it was pointed 
out in the section on anabolic and catabolic reactions that a 
yield coefficient represents a stoichiometric approximation to 
a thermodynamic limitation. Experience has shown that the 
approximation is good in many practical circumstances, because 
yield coefficients do not vary excessively within the range of 
conditions commonly encountered in wastewater treatment. On 
the other hand, the speciation of weak acids and bases is much 
more variable, and for this a stoichiometric approximation will 
only be appropriate in a very narrow pH range. Fortunately, the 
modelling tools that we present allow us to construct models that 
do not resort to such speciation approximations.

ABBREVIATIONS

AD  anaerobic digestion

ADM1  Anaerobic Digestion Model 1

AS  activated sludge

ASM  activated sludge models

COD chemical oxygen demand

OP ortho phosphate

SYMBOLS

Alked direct alkalinity of the electron donor component

Alkp persistent alkalinity of the electron donor component 
 (Alked + ∆AlkT)

AlkT total alkalinity in solution

∆AlkT total alkalinity change of reaction

a molar content of nitrogen in CxHyOzNaPbSc
ch  

 electron donor

b molar content of phosphorus in CxHyOzNaPbSc
ch  

 electron donor

c molar content of sulphur in CxHyOzNaPbSc
ch  

 electron donor

ch charge of CxHyOzNaPbSc
ch electron donor

CxHyOzNaPbSc
ch generalized electron donor formula

CkHlOmNnPpSs generalized biomass formula

E elemental content matrix

EA augmented elemental content matrix

l molar content of hydrogen in CkHlOmNnPpSs biomass

m molar content of oxygen in CkHlOmNnPpSs biomass

n molar content of nitrogen in CkHlOmNnPpSs biomass

p molar content of phosphorus in CkHlOmNnPpSs biomass

s molar content of sulphur in CkHlOmNnPpSs biomass

x molar content of carbon in CxHyOzNaPbSc
ch  

 electron donor

y molar content of hydrogen in CxHyOzNaPbSc
ch  

 electron donor

Y biomass yield coefficient

z molar content of oxygen in CxHyOzNaPbSc
ch  

 electron donor

γb exchangeable electrons of biomass

γs exchangeable electrons of the electron donor

v stoichiometric coefficient vector

ρ vector of right-hand-side terms of the element  
 balance equations
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APPENDIX

Standard aquatic chemistry components

Reference is made in several places to the set of standard	aquatic	chemistry	components. These are those used by several freely available 
and widely used aquatic chemistry models, such as MINTEQA2, PHREEQC and Visual MINTEQ. The following table lists the subset 
of standard components that feature in the series of papers.

Component Description Component Description

H+ Hydrogen ion, proton CO3
2− Carbonate

K+ Potassium NO3
− Nitrate

Na+ Sodium NO2
− Nitrite

Ca2+ Calcium SO4
2− Sulphate

Mg2+ Magnesium SO3
2− Sulphite

NH4
+ Ammonium ion S2O3

2− Thiosulphate

HS− Hydrosulphide

Ac− (CH3COO−) Acetate

Pr− (CH3CH2COO−) Propionate


