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ABSTRACT

For this thesis, kinetic models were proposed to study the degradation of oils and fats from
wastewater from edible oil industries and the production of polyhydroxybutyrate (PHB)
through the use of the Cupriavidus necator bacteria; some of these models for growth are
Monod and a modified Monod model. For the development of kinetic models, experimental
data previously reported in Mexico's wastewater industry was used. The wastewater conditions
for the production of PHB must be at a temperature of 30 °C, at a neutral pH, and free of toxic
substances. These conditions make it possible to obtain up to 70% PHB in cell dry weight
(CDW).

The metabolism of Cupriavidus necator under aerobic conditions was reviewed in the
literature, with which four biological processes were proposed: heterotrophic growth using
fructose as a carbon source, heterotrophic growth using fatty acids as a carbon source,
hydrolysis, and heterotrophic lysis. For constructing a mathematical model that describes the
kinetical models, the matrix notation was used, which describes a stoichiometric matrix and a
matrix of conservative components, which were nitrogen, phosphorus, and organic matter
measured as chemical oxygen demand (COD). A kinetic for each process was considered,
allowing the development of a mass balance for each component. Finally, software was
proposed to simulate PHB production and consumption of fatty acids using Cupriavidus
necator. The software required continuity equations, material balance, and mass balance. This
software, which contains the kinetic models, is a proposal for wastewater from edible oil

industries.

Key-words: Cupriavidus necator, kinetic models, PHA, PHB, simulation, wastewater.
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RESUMEN

Para esta tesis se propuso modelos cinéticos para estudiar la degradacion de los aceites y grasas
de aguas residuales de industrias de aceite comestible, y la produccidon de polihidroxibutirato
(PHB) mediante el uso de la bacteria Cupriavidus necator, algunos de estos modelos para el
crecimiento son Monod y un modelo modificado de Monod. Para el desarrollo de modelos
cinéticos se usaron datos experimentales reportados previamente en una industria de aguas
residuales en México. Las condiciones del agua residual para la produccion de PHB deben ser
a temperatura de 30 °C, a pH neutro y libre de sustancias toxicas. Estas condiciones permiten

obtener hasta un 70% de PHB en peso seco celular (PSC).

Se revisoé en la literatura el metabolismo de Cupriavidus necator en condiciones aerobias, con
el cual se propusieron cuatro procesos bioldgicos. El primer proceso es el crecimiento
heterotrofo usando fructosa como fuente de carbono. El segundo proceso es el crecimiento
heterotrofo usando acidos grasos como fuente de carbono. El tercero es la hidrolisis y el cuarto
es la lisis heterotrofa. Para la construccion de un modelo mateméatico se us6 la notacion
matricial, la cual describe un matriz de estequiometria y una matriz de componentes
conservativos con el uso de componentes como el nitrogeno, el fésforo y la materia organica
medida como demanda quimica de oxigeno (DQO). Se consider6 una cinética para cada
proceso, lo que permiti6 desarrollar un balance de masas para cada componente. Finalmente se
propuso un software para simular la produccion de PHB y consumo de 4cidos de grasos usando
la bacteria Cupriavidus necator, esto se lo realizé mediante ecuaciones de continuidad, balance
de materia y balance de masas. Este software que contiene los modelos cinéticos, es una

propuesta para las aguas residuales de industrias de aceites comestibles.

Palabras claves: Cupriavidus necator, modelos cinéticos, PHA, PHB, simulacion, aguas

residuales.
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CHAPTER 1

1. INTRODUCTION

“Wastewater should be considered a sustainable source of water, energy, nutrients and other

recoverable by-products, rather than a burden”.!

The increase in world population has consequences as the scarcity of water resources.
According to the World Health Organization (WHO), if one do not control the lack of water
resources in a short time, almost half of the world population may have been affected by the
consumption of impure water or by water scarcity.? Through the National Plan for Good Living
and the National Strategy for the Eradication of Poverty (ENIEP by its acronym in Spanish),
the government of Ecuador has among its priorities increasing access to drinking water and
sanitation. The Ministerio del Ambiente y Agua has presented the National Strategy for
Drinking Water and Sanitation (ENAS by its acronym in Spanish), whose objective for the
next ten years is to provide universal access to drinking water and sanitation services. With this
in mind, the Ministerio del Ambiente y Agua aligned with the Sustainable Development Goals
(SDG) of the United Nations (UN), must prioritize access, quality, economical, and
environmental sustainability of services.> Therefore, Ecuador must comply with the UN
objectives, including the sixth objective: “It must carry out projects focused on water resources
preservation as soon as possible”. Unfortunately, as the number of industries and the population
in Ecuador increases, water contamination due to its use in industrial processes also increases;

this can generate a problem to access drinking water.

One of the sources of wastewater is due to industrial use. Some pollutants such as oils and fats
in wastewater could be found in companies dedicated to producing vegetable oils and similar
oil-based products. Ecuador has four prominent companies of vegetable oils: La Fabril S.A.,
Danec S.A., Ales C.A.,* and one developing Uyamafarms Avocado Oil. These companies
should present wastewater with a high content of fats and oils, additionally, wastewater
treatment processes that one will see later. The wastewater could be used for crop irrigation or
as a source of energy through the anaerobic conversion of wastewater’s organic content into
methane (CHs4) gas, a useful biofuel.’ Also, there are alternatives for the recovery of residues
from wastewater, where microorganisms participate in the decomposition of organic

compounds through aerobic conversion.® For example, the consumption of oils and fats by
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Cupriavidus necator bacteria, for the production of Polyhydroxyalkanoates (PHA) such as

PHB.

PHA are polyesters of hydroxyalkanoic acids with a common structure shown in Figure 1.
Additionally, PHA are composed of R-B-hydroxy fatty acids, where the group R in Figure 1
varies from methyl (C)) to tridecyl (Ci3).” If the R group is a methyl the PHA are P(3HB) or
PHB, if R group is an ethyl the PHA are polyhydroxyvalerates (PHV). PHB was one of the
first PHA to be widely studied because it can accumulate as a membrane within bacteria up to

80% of the dry cell weight (DCW).2

)
O

/
/

| 2:
/

Figure 1. General chemical structure of polyhydroxyalkanoates (PHAS).

Cupriavidus necator is a gram-negative beta proteobacterium for PHA biosynthesis. In recent
studies, it has been reported their capability to store Poly(3-hydroxybutyrate), also known as
P(3HB) or PHB, up to 90% ofits cell dry weight (CDW). C. necator strain H16 produces PHA
that contains 3-5 carbon length alkanoic acid monomers such as 3HB and 3-hydroxy valerate
(BHV), known as short-chain-length PHA (SCL-PHA).? In recent years, C. necator has been a
topic of interest for industrial purposes because it could live in aerobic or anaerobic conditions.
Thus, it can produce P(3HB) autotrophically or heterotrophically using carbon sources. Also,
the costs of PHA production are very high compared to current traditional plastics; however,

if cheap carbon sources are used, PHA production can become profitable.

1.1 Problem Statement

Wastewater treatment in Ecuador is still a challenge for industries. Most wastewater treatment
plants meet the minimum requirements for the treated water for domestic consumption or
irrigation. The recovery of wastewater from the comestible oil industries and the use of
wastewater to produce a higher value-added product is a response against water pollution.
Commonly, the production of PHB is expensive compared to polymers of petrochemical origin.

However, it is possible to lower PHB production costs, an alternative using cheap carbon

2
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sources such as oils and fats from wastewater, and finally using kinetic models for PHB
production. Thus, this thesis seeks to propose kinetic models for the secondary treatment of
wastewater from comestible oil industries through C. necator bacteria's behavior. C. Necator,
through its metabolism, can create high value-added products such as PHAs, including PHB;

this polymer is an alternative to conventional polymers from the petroleum industry.

1.2 Objectives

1.2.1 General objective

To develop kinetic models for C. necator growing and PHB production using fructose, oils,
and fats as carbon substrates for companies with wastewater with high content avocado oil

waste.
1.2.2 Specific objectives

e To propose components and biological processes according to the metabolism of the
bacterium C. necator to develop kinetical models.

e To get continuity equations for the calculation of stoichiometric coefficients.

e To adjust the kinetic parameters to optimal conditions for the kinetic model.

e To get a mass balance to simulate the variation of mass in the time.

e To develop simulation software to evaluate the kinetic models.
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CHAPTER IT

2. BACKGROUND AND LITERATURE REVIEW

2.1 Wastewater Definition

Wastewater is used water that commonly comes from batching, toilet flushing, laundry,
dishwashing, etc. Also, wastewater could come from non-domestic sources, such as industrial
processes. The wastewater could contain hazardous materials such as heavy metals, in which
the use of specific treatments is necessary. About the composition of wastewater, it is 99.94%
water by weight. The remaining 0.06% is material dissolved or suspended, which could include
nutrients like phosphorous and nitrogen, or carbon sources like fats, oils, grease, or gases like
carbon dioxide, nitrogen, oxygen, hydrogen sulfide, and methane.'®!! In short, wastewater is
water contaminated mainly from domestic use or non-domestic use. The organic compounds
in wastewater can be characterized by the chemical oxygen demand (COD) test, biochemical
oxygen demand (BOD) test, and total organic carbon (TOC) test.'> The wastewater could

contain some characteristics and can be classified as shown below in Figure 2.

Characteristics of wastewater

| Y Y

Physical Chemical Biological
v v v

Turbidity, color, odor, total Chemical oxygen demand Biochemical oxygen

solids, and temperature (COD), total organic carbon demand (BOD),
(TOC), nitrogen, oxygen required for

phosphorus, chlorides, nitrification, and
sulfates, alkalinity, pH, microbial population

heavy metals, trace
elements, and priority
pollutants

Figure 2. Basic characteristics of wastewater. Source: School of PE.!3
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2.2 Types of wastewater and common treatments

The type of wastewater regarding the source could be classified and described as in Figure 3.

Bathroom
Stormwater — Grey Water Laundry

Runoff
. Kitchen

Wastewater Domestic —

Urine

Industrial

—  Blackwater

Feces

Figure 3. Types of wastewaters. Source: Amoatey and Bani.'*

2.2.1 Stormwater Runoff

Stormwater runoff promotes contamination in streams, rivers, and lakes because it contains
pollutants from many different sources. However, cooperation from residents, businesses, and
municipalities can minimize stormwater runoff. In urban areas, the stormwater runoff has
precipitation larger than in non-urban areas because surfaces as streets, parking lots, and
rooftops increase the stormwater runoff.!> The total suspended solids is commonly higher in
stormwater than a typical municipal wastewater, additionally stormwater may contain amounts

of pesticides, halogenated aliphatics, phenols, monocyclic aromatics and phthalate esters.®
2.2.2 Domestic Wastewater

Domestic wastewater includes water from commercial and business buildings, institutions, and
sometimes water from the storms. The sources of domestic wastewater could be from sanitary
facilities, bathing, laundry, and cooking. Domestic wastewater is divided into two categories,

depending upon the source: gray water and black water. Gray water is from showers, baths,
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whirlpool tubs, washing machines, and dishwater. On the other hand, black water is water from

toilets and kitchen sinks.!©
2.2.3 Industrial Wastewater

Industrial wastewater is water from the manufacturing process, can be complicated to treat due
to the variety of pollutants at an industry-based level. The sources of industrial wastewater
could be oils, pharmaceuticals, pesticides, silt, chemicals, etc. Generally, industrial wastewater
is highly acid or alkaline, and it could contain suspended, colloidal, dissolved solids, inert,
organic, or toxic materials, and possibly pathogenic bacteria.!® However, industrial wastewater

may contain recoverable, valuable, and reusable products such as metals or organic material.®
The common treatments to all the previous type of known wastewater are described below.

2.3 Types of wastewater treatment

One of the main objectives of wastewater treatment is to restore contaminated water to
desirable water quality. There are treatments with physical, chemical, and biological processes
or a combination of these processes.!” The above processes are part of various water treatment
systems. Figure 4 shows an example of the types of treatment of municipal wastewater.
Wastewater screening will remove solids grades that can damage mechanical equipment. Grit
removal separates heavy inorganic solids like sand. A preliminary or primary treatment

prepares the water for secondary treatment or/and tertiary treatment. '8

Preliminary -~ Primary _ | Secondary -~ Tertiary
Treatment | Treatment |  Treatment |  Treatment

! ! ! {

-Desinfection
-Nutrient Removal
-Solids Removal

! ! ! v

Residue Residue Residue Residue

- Screening Sedimentation Activated Sludge
- Grit Removal or Trickling Filter

Figure 4. Typical treatments in municipal wastewater.'8
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2.3.1 Preliminary wastewater treatment

The preliminary treatment is useful to remove floating materials and inorganic particles that
could cause operational problems in primary or secondary treatment units. The preliminary

treatment can contain:'’

e A sump and pump unit: to collect the wastewater and pump to the first treatment unit.
e An approach channel: to convey the flow of wastewater.

e A screen chamber: to remove large size floating materials.

e A grit chamber: to remove up to 20 mm size suspended solids.

e Oil and grease traps: to remove excessive oil and grease.
2.3.2 Primary wastewater treatment

The primary treatment system includes all the units of preliminary wastewater treatment and a
primary sedimentation tank (PST), also known as a primary clarifier. The primary clarifier can
reduce settleable suspended solids between 60% - 70%, which can contain between 30% - 32%
organic suspended solids." Soluble or colloidal organic matter should be removed in a

secondary treatment system.
2.3.3 Secondary wastewater treatment

The secondary treatment system, also called biological treatment, is usually used after the PST
to remove soluble organic matter and colloids. Biological processes are used for this treatment.
Commonly they use an Activated Sludge Process (ASP) or Trickling filter and a Secondary
Settling Tank (SST) also known as a secondary clarifier. Other treatment units used are: Waste
Stabilization Ponds, Oxidation Lagoon, Oxidation Ditches, Rotating Biological Contactor
(RBC), Up-flow Anaerobic Filter (UAF), and Up-flow Anaerobic Sludge Blanket (UASB).!°
In biological treatment, bacteria can oxidize dissolved and particulate organic matter, also

called substrate;?° for example, C. necator can oxidize fatty oils.

Biological treatment can be classified into two types of treatment: aerobic and anaerobic. For
this thesis, aerobic treatment will be of interest because it produces greater biomass than an
anaerobic process. Therefore, the aerobic process is more effective in the re-absorption of oils
and fats in the wastewater.”! Table 1 shows a comparison between aerobic and anaerobic

treatment in wastewater.
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Table 1. Advantages and disadvantages of aerobic and anaerobic treatment (Adapted from

Shete).”!

Factors

Aerobic process

Anaerobic Process

Reactors

Aerated lagoons, oxidation ditches,
Stabilization ponds, Trickling filters and
biological discs.

UASB, Anaerobic filter, Upflow

packed bed reactor, CSTR, Down
flow fixed- film reactor, Buoyant
Filter Bioreactor.

Reactor size

Aerated lagoons, oxidation ditches,
Stabilization ponds, trickling filters and
biological discs requires larger land area but
SBR needs comparatively lower area.

Smaller reactor size is required.

Effluent Excellent effluent quality in terms of COD, Effluent quality in terms of COD is
Quality BOD and nutrient removal is achieved. fair but further treatment is
required. Nutrient removal is very
poor.
Energy High energy is required. Produce energy in the form of
methane.
Biomass In comparison to anaerobic process, 6- 8 Lower biomass is produced.
yield times greater biomass is produced.
Oil and These do not cause serious problems in Fats in wastewater shows the
grease aerobic processes. inhibitory action during anaerobic
removal treatment of dairy wastewaters.
Shock Excellent performance. Anaerobic processes showed not
loading good responses to this shock
loading.
Alkalinity | No need. There is need for alkalinity addition
addition to maintain the pH because pH

changes during the digestion of
lactose.

In addition to substrate, in an aerobic process, oxygen and nutrients must complete the

secondary treatment process. In equation 1 is shown a general reaction of an aerobic biological

Process.
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microorganisms

v1(S) + v,0, + v3NH; + v,PO}~ ————— vs(new cell) + v¢CO, + v, H,0 (1)

Where v, to v, are the stoichiometric coefficient, S is the substrate concentration, O, is the
oxygen concentration, NH; is the ammonia concentration, PO;~ is the phosphate
concentration, CO, is the carbon dioxide concentration, H,0 is the water produced and new

cell is the biomass concentration.??
2.3.4 Tertiary or Advanced Treatment System

The tertiary treatment system is used to remove impurities from the effluent that comes from
secondary treatment. It is commonly used to meet the minimum requirements or a better quality
of water for irrigation, also to remove a specific pollutant or residual nutrients such as nitrogen
and phosphorus for reuse of wastewater. A disadvantage of this type of treatment is that it is
often expensive to apply. Some techniques for its application are granular-media filtration,
biological nitrification/denitrification, ion exchange, air stripping, reverse osmosis, electro
dialysis, chemical precipitation, and adsorption, air stripping, reverse osmosis, electro dialysis,

chemical precipitation and adsorption. '’

Generally, all over the world the previous treatments are used to treat wastewater. Ecuador has
also a tendency to request wastewater treatment from private companies, like Aguagroup. This
company has provided wastewater treatment services through processes of DAF, IFAS,
trickling filter, aeration and percolation, to industries such as INAEXPO, Aveguayas - Pronaca,
Adelca, Oriental Industries, Juris, Toni Industries, Santana Brewery, among others.?> Other
private companies in Ecuador for wastewater treatment are Sanitron, ISA, Atlas Copco,

Andean Water Treatment, Aqualai, among others.

2.4 Common industrial wastewater in Ecuador

The variety of uses of the water produces wastewater with various pollutants, in Ecuador, there
1s mostly water pollution due to the discharge of water from mining activities, activities in
urban areas, artisan activities, hydrocarbons, agriculture, and industrial uses in general.?’
Communities near industrial zones have greater problems of water quality for consumption at
a rural or urban level. Among cities with industrial activities that present a problem due to the

irrigation of wastewater into rivers are Quito, Guayaquil, Cuenca, Riobamba, Ambato,
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Latacunga, Esmeraldas and Santo Domingo.?* For this thesis, the food oil industries such as
Danec, La Fabril, Ales, among others, will be of interest, because one look for cheap carbon
sources and this could be achieved given the high content of oils and fats in their wastewater

as it will be presented below.
2.4.1 Wastewater from the snack production industry

Carlisnacks Cia. Ltda is a company located in Ecuador that stands out from other companies
in the preparation of snacks. Carlisnacks has its location in Quito city and has branch offices
in the cities of Guayaquil and Cuenca. Since 1999 it began to market its products, and today is
one of the leading snack suppliers in Ecuador.?> About the management and treatment of its
wastewater, Carlisnacks works with the company AFH Services' support. AFH Services has
an environmental laboratory for water quality control and works for Carli Snacks, Hospital de
Los Valles, the Wyndham Hotel, and the Siegfried industry Guayaquil.?® Regarding the content
of the Carli Snacks wastewater, there is currently no public information. However, if one
considers another snack processor, usually there is a discharge of wastewater with a high

content of the soil, shells, starch oils, and fats.?’
2.4.2 Wastewater from milk derivatives production industry

Ecuador has several industries dedicated to the production of dairy products, of which three
brands stand out. The first is Chiveria, working since 1970. Among its products are mainly
Yogurt and Greek Yogurt.?® Another company with 30 years of experience is the
Pasteurizadora El Ranchito. Among its products are sausages, dairy products, and ice cream.?
And finally, one has the company El Ordefio S.A. It is an industry that works with more than
6000 small and medium milk producers, with an approximate monthly production of 20 million
units.>® Concerning the management and treatment of their wastewater, it is an information
reserved for the organizations in charge of evaluating their activity and its environmental
impact. However, the treatments commonly used for the water treatment of the dairy industry
are the removal of COD and the removal of oils and fats,3! the latter is organic matter that can
be used as a source of carbon in secondary treatments with microorganisms, such as C. necator

for PHB production.

10
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2.4.3 Wastewater from comestible oil production industry

According to the United States Department of Agriculture, Ecuador ranks second on a regional
scale with 615 million tons of palm oil, after Colombia, which produces 1.67 billion tons per
year.’? One of the most prominent companies to use palm oil to produce edible oils,
shortenings, margarine, and soaps in Ecuador is Danec S.A.,*} this company presents a wide
variety of products based on palm oil. Also, they produce canned tuna and sardines, chocolates,

cookies, and hygiene products.

In a recent study of wastewater by Acosta M.* in his thesis entitled "Propuesta de optimizacion
del sistema de tratamiento de aguas residuales de la empresa Danec S.A." she characterized
the effluents from the company Danec S.A with a high content of oils and fats, localized in the
province of Pichincha, Ruminahui canton, Sangolqui parish. Danec S.A. generates liquid waste
from tank washing of production processes, approximately 300 gallons of water per load.**
There is pretreatment of wastewater with grease traps, where manually the grease is removed
to incorporate it into the manufacture of detergents and soaps. Table 2 summarizes the
characterization of the wastewater in the company Danec S.A., where one can see that in this

type of industry, the wastewater has a basic pH, and high content of oils and fats.

Table 2. Results of wastewater characterization in Danec S.A.

Parameters | Concentration
Oils and fats | 10447.8 mg/L
BOD:s 1600 mg/L
COD 28900 mg/L
Turbidity 1091.5 NTU
pH 8.7

Source: Adapted from Acosta.**

Ales C.A. is another Ecuadorian industry that also produces palm-oil-based products. It works
with raw materials extraction from the palm, such as palm olein, palm oil, fatty acids, palm
stearin, soap, and materials necessary for oils, butter, soaps, and detergents.®> Ales C.A. in
2018 presented a new WWTP in the city of Manta, with a capacity to treat 499 m3/day of the
water that comes from its manufacturing processes.’® Then, a portion of the water treated is
reused for the industry's cauldrons, and another part of the water treated is discharged to a near

city. About its WWTP, the installed treatment system consists of a primary Gas Energy Mixing

11
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(GEM) system, an MBBR aerobic reactor (secondary treatment), and a sludge treatment system

(sludge press).>’

La Fabril S.A. is an Ecuadorian comestible oil industry. Among its main products are
comestible oils, soaps, and detergents. La Fabril S.A., since March 2019, has project respect
the treatment of its wastewater with Dow Ultrafiltration Technology, where it consists of
reverse osmosis process with a capacity of 10368 m?/day. The entire system is DOW and
PENTAIR WATER brand.?® The engineer Javier Santana carried out the thesis "Evaluacion
técnica de aguas residuales de la empresa Fabril S.A. vertidas al rio Muerto, sector Los
Angeles, cantén Montecristi, periodo 2013". Santana presented the physicochemical
characteristics of wastewater of La Fabril, among them that the daily effluent is 80 m?/day.

Figure 5 shows an illustration of Santana's diagram of the WWTP in the company Fabril S.A..*°

Entry of wastewater to the oil
and grease recovery system

'

Recovery of fats and oils

\
pH adjusment

Wastewater storage in tanks
for treatment

Y

Wastewater treatment from
processes at Fabril S.A

Figure 5. WWTP flowchart at La Fabril S.A (Adapted from Santana).*

Another important oil production industry is UYAMA FARMS S.A., which produces oil from
avocado source. However, during the purification of avocado oil through a centrifuge,
wastewater with avocado oil residues is discarded.*® Therefore, it will be of interest in this
work to propose a mathematical model that uses its wastewater with residual avocado oils as

raw material for the production of PHAs such as PHB.

12
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The company works with Avocado Hass variety which composition can be seen in Tables 3

and 4.

Table 3. Avocado composition. Adapted from Teo6filo Luna Ochoa.*!

Component Composition (%)
Water 70
Proteins 2
Lipids 22
Hydrates of carbon 6

Table 4. Fatty acid composition of the oil of avocado (Persea Americana). Adapted from

Ikhuoria and Maliki.*?

Component Avocado - Persea americana (% fatty acid)

Myristic 3.99
Palmitic 7.22
Stearic 12.86
Oleic 22.00
Linoleic 24.79
Linolenic 29.14

As seen in Table 4, the wastewater from an avocado industry will have lipids as its main

component.

One has mentioned the most important types of wastewaters dealing with oil and fats presence
which are coming from industries in Ecuador. All those industries have the responsibility to
treat their waste water before disposing it in sweet bodies or other type of allowed discharge
bodies. In Ecuador as well as in many different countries exist a regulatory law that indicates
the allowed concentration of different pollutant types to be discharged. These regulatory laws

are mentioned below.

2.5 Water quality standard in Ecuador

There are technical standards that allow the quality of water supplies and wastewater treatment

to be verified and regulated. In Ecuador is recommended to use the book TULSMA and the

13
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book: Standard for environmental quality and effluent discharge: water resource.** The book
is a guide to regulate the disposal of water-based on safe criteria for the population, the
procedures to study the presence of water pollutants, in addition to the permissible limits,
among other aspects. Another widely used standards in Ecuador is the Norma Técnica
Ecuatoriana 1108: Agua Potable. Requisitos.** Through international standards, this rule aims

to establish the requirements for drinking water.

One agency that regulates water quality in Ecuador is the Ministerio del Ambiente y Agua,
which points out that drinking water's physical quality must contain a maximum color value of
300 color units. Furthermore, an acceptable chemical quality control considers compounds that
affect drinkability, such as metals, nitrates, arsenic, and pollution indicator compounds such as
biochemical oxygen demand (BOD), fats, and oils. Finally, regarding of fats and oils
concentration, the Ministerio del Ambiente y Agua recommends a maximum concentration of
0.01 mg/L.* Appendix A contains some Ecuadorian standards summarized according to

Ministerio del Ambiente y Agua.

2.5.1 Chemical and physical standard parameters for wastewater with fat and oil

content

According to the Norma de Calidad Ambiental y descarga de Efluentes: Recurso Agua, the
maximum permissible limit of oils and fats into water intended for human consumption and
domestic is 0.3 mg/L.** That parameter applies for freshwaters, for marine and estuary waters,
for agricultural use, for recreational purposes, for discharge to a freshwater body, and discharge

to seawater.

In Ecuador, according to a study in the company Danec S.A., among the physical parameters
for the treatment of wastewater with oil and fats content are pH and turbidity. The turbidity
measure consists of determining the scattered and transmitted light by infrared LED with a
light source of 850 nm. Some chemical parameters are the calculation of chemical oxygen
demand (COD) using the photometric determination method. Respect the determination of oil
and fats is made by gravimetric partition.** Other techniques to calculate some parameters are
in the book Standard Methods for the Examination of Water and Wastewater recommended by

Ministerio del Ambiente y Agua.*®

14
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2.6 Wastewater characterization techniques

The wastewater characterization depends on the composition of the water. Some parameters to
take into account are color, pH, electrical conductivity (EC), COD, BOD, hardness, oil and
grease, chloride, phenol, total dissolved solids (TDS), total alkalinity, fluoride, sulfate,
phosphate, silica, sodium, heavy metals, etc. One is interested in the parameters taken for
wastewater coming from oil processes industries, considering water with fat and oil content,
mainly. As seen in Table 2, the main parameters are oil, pH, turbidity, BODs, nitrogen,
phosphorus, and COD, these parameters used to treat wastewater containing oils and fats are

summarized below.*¢
2.6.1 pH

The objective is to measure the activity of hydrogen ions by potentiometer measurement using
a standard sensing electrode and a reference electrode. The standard electrode is a platinum
electrode where hydrogen gas is bubbled at 101 kPa. The reference electrode provides constant
electrode potential, commonly are used calomel and silver. The pH is the measure of acid-base
equilibrium, where this parameter affects the rate of microbial growth and affects the function
of metabolic enzymes. Most microorganisms do well within a pH range of 6.5 to 8.5. The
principle of the pH is the potential difference “E” established by the Nernst equation (Equation
2):

E=r0— () log a) @

In the Nernst equation, E is the half-cell potential, E° is the standard potential, R the gas
constant, T is the absolute temperature, n the number of electrons exchange, F is the Faraday
constant, a; is the activity of ions, for this work, log (a;) is the pH. Before the pH
measurement, two electrodes are into a solution with a known pH, this allows the

standardization of electrode and pH meter.*¢
2.6.2 Chemical Oxygen Demand (COD)

COD means the amount of oxygen while oxidizing the organic matter content of a sample

under acidic conditions. The oxidation of organic matter releases CO> and H>O. Also, the
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values of COD are greater than BOD values. Measuring contamination in industrial wastewater
using COD requires 3 hours, compared to the five days using BOD determination. The main
limitation is the volatile organic compounds because they are present in the vapor space and
not with the oxidizing agent. However, silver sulfate (Ag>SO4) for oxidizing those straight
chains aliphatic compounds reduce that limitation *® In this study, it is of interest to know the
COD because it allows us to determine the amount of organic matter susceptible to being
oxidized, in our case it would be the concentration of oils or fats in the wastewater.*’” Therefore,
a high COD would indicate a high quantity of matter susceptible to being oxidized that fixes a
greater quantity of oxygen, generating bacteria in an environment with a deficiency of oxygen
due to oxidation. On the other hand, a low COD would represent the opposite, little

contamination of the water, in our case, it would be a low number of oils and fats.
2.6.3 Biochemical oxygen demand (BODs)

BOD is the amount of oxygen oxidized by bacteria, while decomposable organic matter under
aerobic conditions. The term decomposable means that the organic matter can serve as food
for bacteria and energy derived from its oxidation.*® The measurement of BOD is important
because it allows knowing the amount of oxygen that microorganisms need in an aerobic
process to remove organic matter.*® In this thesis, one proposes to measure the BOD because
it would help to calculate the amount of oxygen, that C. necator requires to remove oils and
fats, or other readily biodegradable organic matter such as fructose. The technique to measure
BOD is called BODs, that means the measure of dissolved oxygen (DO) caused by
microorganism in a stoppered bottle, before and after incubation during 5 days in the dark at

20 °C.#
2.6.4 Nitrogen and Phosphorus

The types and content of nitrogen and phosphorus vary according to the type of wastewater.
Also, all biological material contains nitrogen (N) and phosphorus (P). Therefore, it is crucial
to know the amount of these nutrients; because in a biological reactor, nitrogen and phosphorus
are part of the nutrients for the growth of microorganisms in wastewater treatment. Also, N
and P are part of the residual organic material and microorganisms' biomass, such as C. necator.
Given the importance, one of the methods to study N and P in wastewater is total Kjeldhal

nitrogen (TKN).#
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2.6.5 QOil and grease

The fats and oil fraction are the hydrocarbons, lipids, fatty acids, soaps, fats and waxes, and
oil. The principle consists that fats and oil and similar compounds are dissolved in a suitable
solvent and extracted from the aqueous phase. Then, the solvent layer requires evaporation,

and the residue is weighted to known their concentration according to equation 3.%°

mg [(W, — W;) x 1000]
F D — =
ats and ol ( L ) Volume of sample taken ®

Where, W; is the weight of the empty evaporation dish, and W, is the weight of a sample
collected intro evaporation dish. Various processes for their quantification could be used in
Ecuador according to the book VI Annex 1 of the Environmental Quality Standard and effluent
discharge: water resource. Additionally, this book mentions to comply with the requirements
of treated wastewater, follow the manual “Standard Methods for The Examination of Water
and Wastewater” from the American Public Health Association. This manual in the 23rd
edition presents four techniques to determine the amount of fats and oil: the liquid/liquid
partition-gravimetric method, the partition-infrared method, the Soxhlet method, and the solid-
phase, partition-gravimetric method. Commonly the liquid/liquid partition-gravimetric

technique is used.*¢

The parameters mentioned are essential for this work because they allow to characterize the
wastewater from the edible oil industry. For the model proposal of this thesis, it is necessary to
consider parameters such as temperature, pH, COD, BOD, the amount of phosphorus and
nitrogen, and the number of fats and oil since it affects the growth of C. necator. A primary
water treatment becomes helpful in reach optimal conditions for using biological treatment.

Below are some wastewater treatments with a high content of fats and oil.

2.7 Main water treatments in Ecuador to remove fat and oil

According to the reference Libro VI Anexo 1 de la Norma de Calidad Ambiental y de Descarga
de Efluentes: Recurso Agua is recommended to apply methods established in the
manual Standard Methods for the Examination of Water and Wastewater.*> The most effective
primary treatments for solids, fats, and oil removal, is a dissolved air flotation method (DAF).

DAF achieves a floating layer that divides the solid from the liquid. This process consists in
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the adhesion of the residual water particles by constant bubbling. DAF allows a decrease in the
apparent density. Moreover, DAF requires a saturated water stream at pressures between 172
to 630 kPa of gauge pressure. The solubility of air increases with pressure. In the inlet stream
to the float chamber the pressure decreases and finally, the generation of small bubbles occurs

by the depressurization, and those bubbles allow the residual particles to float.>!

Another treatment for the removal of fats and oil is the electroflotation (EF). EF is an ascending
process of organic matter or other pollutants, where water electrolysis generates hydrogen and
oxygen bubbles by specific electrodes.>” This process efficiency depends on the size of the
bubbles generated, where small bubbles are preferable of the better contact surface for the
adsorption of the particles to be removed, 90% of the bubbles in the EF can have a size between
15 to 45 pm whereas in dissolved air flotation (DAF) oscillates between 50 to 70 pm.>* That

means that the EF process would be more advantageous than DAF.

Some of the disadvantages of the DAF methods are that compared to simple sedimentation
tanks, the DAF is relatively complex and requires more energy due to the recirculation of the
water stream.>* On the other hand, the costs of applying EF depend on the anode and cathode,
the cathode can be selected according to the efficiency that is required, and they are generally
easily accessible materials like stainless steel, but the anode, if one wants to achieve a high
Efficiency, it will need to be Platinum, which can be costly if applied industrially.’>> The
following section shows new alternatives for the removal of oils and fats from wastewater

using bacteria.

2.8 New tendency for fat and oil removal with bacteria worldwide

In the last decade, several researches have been done on the use of bacteria to remove oil and
fats in water. In 2017, a study of three bacteria that took advantage of the lipase enzyme
production to remove oils and fats in wastewater was published. These bacteria are Bacillus
subtilis, Staphylococcus Epidermidis, and Pseudomonas Aeruginosa.>® In that latter work, it
was found a greater enzymatic activity and consequently a greater efficiency in reducing fats
and oils in the wastewater. Additionally, it was found that a continuous process shows more
efficiency in enzyme activity than a batch process. In another similar study, they use these
previously mentioned bacteria and recommend applying biostimulation to improve the removal
of oils and fats.>” Furthermore, they mention that there is greater degradation by mixed culture

of the bacteria mentioned above in a fixed-bed bioreactor. Finally, for the bacteria to achieve
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maximum performance, it is recommended to use biostimulation techniques in a bioreactor

packed with polyethylene (PE).

In 2011, in a study made by the Department of Chemical Engineering of Amirkabir University
of Technology in Iran, where they were much interested in using the Ralstonia Eutropha
bacteria, now known as C. necator, to promote biological wastewater treatment with olive oil.
This study recommends to adapt the bacteria with phenol before aerobic treatment and use a

packed-bed reactor.>®

In more recent studies, in the year 2020, it has been published that the use of the bacterium
Rhodococcus sp. AQ5-07, native from Antarctica, has a high degradation activity of canola oil
in wastewater from food industries; its efficiency increases by optimizing the environment
conditions and controlling a maximum amount of oil that prevents bacteria growth decrease
and oil degradation.’® Another research study also published in 2020, showed that natural
strains show greater degradation of oils and fats in wastewater, among which are:
Acinetobacter, Aeromonas, Bacillus, Pseudomonas, and Staphylococcus.®® Therefore, it is
recommended to study the bacteria mentioned above to propose the most optimal for removing

oils and fats in wastewater.

However, the interest in using C. necator is because it can synthesize and store PHAs, including
PHBs up to 80% of its cell dry weight (CDW), with a polydispersity index of approximately 2
M,,/Mn, where My, is the mass-average molar mass and M, is the number-average molar mass,
the polydispersity index close to unity, means that the polymer has better properties due to a
homogeneous distribution of molecular weights of the polymer, for example, the polymer
would have high mechanical resistance by acting as a plasticizer.! PHB has thermoplastic,
elastomeric, biodegradable, non-toxic, thermal, and UV resistance properties, thus it can be an
alternative to propylene.®'> One can see some properties of PHB concerning other similar
polymers in Appendix B. C. necator is versatile regarding its living conditions; its metabolism
can also be autotrophic and heterotrophic.* C. necator makes it attractive in the industry
because it can produce PHBs at low cost using readily accessible carbon sources, such as oils
and fats, and by limiting nutrients. This type of PHA is an excellent alternative to non-
biodegradable petroleum-based plastic.* In Appendix C, one can see references of researches

using C. necator, which can use different carbon sources to produce PHB.
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CHAPTER 111

3. LIPOPHILIC BACTERIA USED FOR PHA AND PHB PRODUCTION IN
WASTEWATER TREATMENT

A WWTP can use microorganisms as an alternative to treat the wastewater with fats and oils
as it was already explained before. Some microorganisms can produce lipase enzymes to
promote the degradation or hydrolysis of oils and fats.%® A wide variety of microorganisms can
degrade oils and fats. There are thermophilic bacteria that can decompose vegetable oils in
conditions with a wide temperature range, such as Bacillus Thermoleovorans THI-9.%¢ Also, a
mixed bacterial culture can degrade oils and fats from wastewater, for example, fifteen bacteria
from fatty wastewater samples can degrade oils and fats from plant and animal origins, at pH
ranging from 4.5 t0 9.5.%7 In the last decade, it was discovered some bacteria that can degrade
oils and fats in wastewater can then produce biopolymers such as PHAs like PHB (Figure 6).
PHAs have properties similar to polyethylene. Some of these bacteria are C. necator,

Pseudomonas, and Bacillus.

CH; O
Hl

O

- -n

Figure 6. Chemical structure of Poly-3-hydroxybutyrate (PHB).

3.1 Cupriavidus necator

C. necator 1s also known as Ralstonia eutropha and previously known as Hydrogenomonas
eutrophus and Alcaligenes eutrophus. C. necator is a Gram-negative bacterium belongs to the
J3-Proteobacteria widely studied for the production of biodegradable plastics. It is a versatile
bacterium because it can grow in autotrophic or heterotrophic conditions. Also, it naturally

produces some biopolymers like PHB.%%7% One of the characteristics that make C. necator
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attractive for industrial use is it contains lipase enzymes. Lipase enzyme allows hydrolysis
processes of difficultly degradable compounds like oils in wastewater. Finally, oils are
decomposed by hydrolysis into fatty acids, which are carbon sources for the growth of C.
necator. A study reports the release of extracellular lipase, which indicates the activity of
hydrolysis processes in palm oil for the production of PHAs from the growth of C. necator.”
In the Figure 7 is shown the metabolism of C. necator using carbon sources such as oils and

fats.”? Also, it shows the mechanism for the production of PHAs, including PHB.
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Figure 7. Metabolic pathways for PHAs synthesis from sugars and long chain fatty acids.
Through glycolysis (a). Through fatty acid biosynthesis (b). From fatty acids, directly (c).
Through fatty acids B oxidation (d). From alkanes (¢). Taken from Reis et al.”?

3.2 Cupriavidus necator growing conditions

In several reports, the growth conditions of C. necator are similar. Among the optimal
conditions, one can find the following: pH 7, mineral medium per liter of water with 10 g of

fructose for 24 hours, at 30 °C and 300 rpm; 1.57 g of NH4SO4 and other reported nutrients.”?
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C. necator growth can accumulate PHAs at the end of the growth phase. PHB is known to be
one of the most abundant PHAs of bacterial origin. The high PHB production requires an
optimal carbon concentration, a limitation of nutrients such as nitrogen, and constant pH.
According to the literature, the optimal values are C =20 g/L, N=1.5 g/L, P=8.75 g/L, to get
a maximum PHB production of 4.6 g/L. In the cytoplasm of C. Necator, can be found PHB in
the form of granules. For the growth of C. Necator, fructose is useful as a carbon source and

ammonium as a nitrogen source as well.”*

Using various sources of substrate encourages the production of copolymers. For example, the
use of substrates such as fructose and avocado oil for the growth of C. necator allows the
production of P(3HB-co-3HV) copolymers. However, the yield decreases concerning the use
of fructose as the only substrate.”® On the other hand, the limitation of nutrients such as nitrogen

becomes relevant for the maximum production of PHB.

All these mechanisms are very important to study and, in that sense, one can propose some
kinetical models to evaluate the C. necator behavior and predict the best conditions of growth

and PHB production by mathematical modelling which is the purpose of this research work.
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CHAPTER IV

4. KINETICAL MODELS AND MATHEMATICAL MODELS

4.1 Kinetical models to follow bacteria growing

Bacteria growth can be described in 4 phases: lag phase, exponential phase, stationary phase,
and death phase (Figure 8). In the lag phase, bacteria do not grow in the bioreactor; but are
adapting themselves to environmental growth conditions. These conditions can be temperature,
pH, and substrate concentration. In the exponential growth phase, the bacteria grow at a high
rate. In the stationary phase, bacteria do not growth because of the depletion of nutrients or the
presence of toxic substrate toxic. In the death phase, the nutrients required for bacterial growth

were totally used.?”

Stationary phase

Death phase

Exponential phase

Biomass Concentration (mg/L)

Lag phase

v

Time (hours)

Figure 8. Bacteria growth rate curve.

Kinetic models of bacterial growth are useful for designing and controlling biological
processes. The kinetic models can be divided mainly into two types. The first represents the
inhibition of substrate, and the second the non-inhibition of the substrate.?’ Appendix D
summarizes some kinetic models found in the literature to study the growth of bacteria. One of
the most studied models has been Monod (which can also be used to represent the growth of

C. necator) represented in equation 4.
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where p is the specific growth rate, pmax 1s the maximum specific growth rate, S is the substrate
concentration, X is the biomass concentration and Kj is the half saturation constant. However,

the Monod model has five limitations.2°,

e The 1° limitation occurs at high concentration substrate, in that case, the maximum
specific rate is independent on the substrate concentration.

e The 2™ limitation occurs at low concentration substrate, in that case, the growth rate is
dependent on the substrate concentration.

e The 3" limitation is when a substrate presents inhibition, for example, a toxic substrate
then the Monod model cannot be used.

e The 4™ limitation is that the Monod model do not consider the ability of bacteria to use
substrate during the death phase.

e Finally, the 5" limitation is that Monod model do not take into account the lag phase

and the death phase during the growth phase.

However, small modifications are usually made to Monod Model, for example, adding a double
substrate relationship or inhibition constants.” The equation 5 shows an example of the specific
growth rate of biomass, with the concentration of substrates such as glycerol and nitrogen by

means of Monod’s Model.

~ GLY N
1= Fmax "Gy ks TN + ky )

U

However, it is possible to optimize the equation 5. For example, when a substrate such as
glycerol is in excess, the Monod kinetic model needs to be modified again, considering the

glycerol substrate inhibition.”> The equation 6 represents this example:

GLY N
U2 = Hmax 2 )
N +k
Ly <1 N (kGLY> >+ ke N (6)
i,GLY
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Equations 5 and 6 represent Monod models using two substrates: glycerol (GLY) measured in
gCOD/L and Nitrogen (N) measured in gN/L, k; 5,y is an inhibition constant for glycerol, kg
and kj are the saturation constants for glycerol and Nitrogen, respectively. Both growth rates
Uy and u, have shown similar results. The use of one or the other kinetic model depends on the
purpose of the study. For practical purposes and reduction of mathematical calculations,

equation 5 is useful in this work.

4.2 Mathematical models for bacteria growing optimization

In general, there are three types of models: physical, conceptual, and mathematical ones.
Physical models represent the scale of the system to be modeled. Conceptual models
qualitatively describe the modeling system through observation or flow charts. Mathematical
models describe the system to be modeled quantitatively through conversion rates and
stoichiometric relationships. Mathematical models consider time, scale, environmental
conditions that are used to describe relevant processes. Concerning time mathematical models
can be classified in a dynamic state, a static state, and a steady-state. Dynamic models represent
various states and variables as a function of time. Static models describe processes that may
vary as a function of time, and at a scale of interest, looks that it does not change. And finally,
steady-state processes consider processes that are so fast, also are called equilibrium processes.
In a wastewater treatment system is common to use steady-state models and dynamic models.
Finally, a mathematical model could come from empirical models or mechanistic models.
Empirical models depend on the identification of essential parameters through observation. On
the other hand, a mechanistic model depends on concepts of the chemical, physical, and
biological processes that occur within a system and the interaction between chemical

compounds.*®

4.3 Basis for developing a mathematical model

One of the tools to analyze and predict a biological system's behavior is the construction and
subsequent simulation of a mathematical model. If a biological phenomenon is known in a
reactor, for example, through the metabolism of a bacterium, it is possible to know equations
that describe this phenomenon, and therefore a mathematical model can be built.”® Figure 9

shows a flow chart of the steps to follow for the construction of a mathematical model.
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Figure 9. Flowchart for the development of a mathematical model.

For the construction of a mathematical model, one must consider the stoichiometry, kinetics,
and processes, all that provide a quantitative description of the system.*® Later it will be
necessary to verify the mathematical model through experiments; if the model fits the
experiments, it can be usefully used. Below one can see a description of the factors for

developing a mathematical model used.

4.4 Mathematical model

4.4.1 Components and process

The development of a mathematical model begins with selecting the components and processes
that are of interest. The components are the species whose concentration one is interested in
knowing, and those are defined by the compound name and the units of measurement. The
processes are the reactions between the components, and those are defined by stoichiometry.
The processes are defined by kinetics, the reactants that are consumed, and the products that
are formed.”” For example, for this work will be of interest to consider processes such as
bacterial growth, lysis, and hydrolysis, and compounds such as O, N, P, and organic matter

(COD).
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4.4.2 Stoichiometry

The stoichiometric of a reaction is a set of stoichiometric coefficients that relate each of the
reactants' quantities with the products; in other words, the stoichiometric represents the equality
of masses and charges between the reactants and products of a chemical reaction, of that
stoichiometry complies with the law of conservation of masses.”® To understand stoichiometry,

one must remember the standard way to write a reaction, as shown in equation 7.

a1A1 + a2A2 +.... +akAk d ak+1Ak+1 + ak+2Ak+2 +.... +anAn (7)

In equation 7, a; are the stoichiometric coefficients, and A; are the reaction components. The
stoichiometric coefficients of the reactants have negative values because they express the
component's consumption, and the stoichiometric coefficients of the products have positive
values because they express the conversion to products. Generally, the material balance of
equation 7 is presented in a normalized way; for example, if one takes a reactant as a reference
to normalize it, it will take the value -1. The same happens if one wants to normalize towards
a product, it will have a value of +1. For example, in a reaction, if a coefficient of a component

of interest like heterotrophic biomass (Xn) is selected, a value of 1 will be assigned. ¥

Some stoichiometric coefficients can be calculated using yields, conversion factors, and
continuity equations. The components selected for the mathematical model developed in this
work do not necessarily have to participate in all reactions. Through continuity equations, it is
possible to calculate the lately stoichiometric coefficients unknowns. In addition to considering
the relevant processes and compounds, one has to consider conservative mass balances that
indicate the number of atoms that a compound enters must be equal to what leaves. Some

components of a conservative type are Nitrogen, Phosphorus, BOD, and COD. ¥

As mentioned above, some stoichiometric coefficients can be obtained from yields or
conversion factors. The yields are the percentage ratio between two components. Generally,
between a produced component and a consumed component. The widely known yield is the
yield of heterotrophic organisms Yy, its expression can be seen in equation 8. On the other
hand, a conversion factor is the ratio between the fraction of a component generated and the

biomass generated, for example, the fraction of nitrogen in biomass fy, equation 9.4
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— gCODBiomass (8)
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4.4.3 Kinetics

Kinetics represents the rate in which a process takes place. In a mathematical model, each
process will be represented by a kinetic equation. A kinetic equation relates the conversion rate
of a compound, and in some cases, it will depend on conversion yields. As it was mentioned
before, one of the widely used kinetic models is Monod, which is composed of two main
parameters. The first is the maximum specific growth rate (U,qy,) and the second is the
saturation constant (k). k is defined as the concentration at half of the maximum rate. Besides,
the saturation term S/ (kg + S) can have a value between 0 to 1. In some cases, the saturation
constant can be very small, for example, with ammonia. Therefore, the ammonia's constant
saturation would serve to ensure that there is no further growth once the ammonia is depleted.*’
Equation 10 represents a Monod type kinetic with its saturation parameters for various

components.

B S y So y Sy
“_“maxks+5 ko+S, ky+Sy" (10)

On the other hand, if one wants to describe inhibition kinetics, the constant will be called the
inhibition constant, which will be part of an inhibition term in Monod, which can have a value
in a range of 0 and 1. The inhibition constant is defined as the concentration in which the
reaction rate of the process is halved. The inhibition parameter commonly used in kinetical

models is shown in equation 11.%°

S ke

T e Ts5 ko +s (1)
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4.4.4 Matrix notation

Matrix notation is a way to represent kinetic models. It also facilitates the creation of a software
using matrix notation. The first step to construct the matrix for a kinetic model is to identify
the components of interest for the model. These will be located in the first row of the matrix
and it will also include the units of measurement of each component. It is then necessary to
identify the biological processes involved in the transformation processes of the components.
Between the biological processes and the components, the stoichiometric coefficients will be
located; these will have positive signed values if they are compounds that are being produced
and negative values if they are compounds that are consumed. For example, oxygen has a
negative COD because in oxidation, it is consumed by accepting electrons from the substrate,
and later, water is formed.*’ In appendix E one can see an example with negative values for the

stoichiometry of oxygen and compounds where there is consumption.

Suppose one wants to calculate the stoichiometric coefficients of the matrix. It should be
considered to apply the continuity law to the sum for each row of the stoichiometric
coefficients, resulting in a value equal to zero. Finally, for convenience, the inclusion of a
composition matrix such as COD, nitrogen, phosphorus, and the charge may be considered. An
example of a stoichiometric matrix together with a composition matrix can be seen in the
appendix E. Also, the multiplication of the two matrices must be equal to zero, allowing the
conservation of mass. Additionally, equation 12, is an equation to apply to the matrices' above
mentioned, where v; ; are the stoichiometric coefficients and i.; are the quantity of material to
conservation in a unit of component.*> Applying the equation 12 will allow to obtain continuity

equations necessary for calculating some unknown stoichiometric coefficients of the matrix.

Zvj,i "l =0 (12)

i

The balance equations are the basis of any model because they describe the change in
concentration through chemical and biological conversions as a function of time. However, the
concentration change of steady-state models as a function of the time is equal to zero.
Biological processes depend on the concentration of the reactor and not on chemical and

biological conversions. Also, microorganisms do not distinguish the type of reactor.
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Consequently, this facilitates scaling from laboratory to industrial level through the models

such as activated sludge model (ASM).#

4.5 ASM Models

The ASM models are the most used for WWTP and processes at low temperatures between 5
to 20 °C. The AMS1 model was the first model published in 1985 in IAWPRC Scientific and
Technical Report Series No. 1. This model used for the first time the matrix notation and
considers the nitrogen removal. Then, the ASM2 model was required because it includes the
removal of biological phosphorus. Consequently, the ASM2D model was necessary to consider
phosphorus-accumulating organisms (PAOs) for denitrifying PAOs. The ASM3 model
reconsiders the internal storage compounds from the metabolism of microorganisms.’” All the
previously mentioned models share concepts, notations, and terminology. Appendix F presents
a summary of various activated sludge models, as well as the number of processes, the

maximum of reactions, and the maximum of state variables that each model can consider.

Among the ASM models, the best models that could fit this thesis proposal are ASM1, ASM2,
and ASM2D. One wants to propose the kinetic model with components such as COD, nitrogen,
and phosphorus; those components are essential nutrients for C. necator and PHB
accumulation growth. The compounds that are part of the nutrients for the growth of
microorganisms are nitrogen and phosphorus. For this work, a model that takes into account
both compounds will be considered. The phosphorus (P) component is only part of the ASM2D
and not of the ASM1 and the ASM2. The ASM2D is a mathematical model that considers some
components and processes of interest, such as aerobic heterotrophic growth, aerobic hydrolysis,

and lysis of heterotrophic organisms.”
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CHAPTER V

5. METHODOLOGY

The development of this thesis has a sequence of activities and parameters, from the literature
review until the evaluation of this thesis objectives. The mechanisms to achieve the stablished

goals are below.

5.1 Data recompilation for the matrix and model construction (Step 1)

The collection of experimental data is an important step in the construction of a mathematical
model. For this reason and in order to make a model that allows predicting the growth of C.
necator in the wastewater of oil industry, with the production of PHB, was considered the
Flores report as reference data.”® The data was obtained from an avocado industry because the
kinetical model could help avocado oil industries like UYAMA FARMS. Data such as the
growth medium allows knowing the initial concentrations used as input data for the simulation
of the model to be proposed. Table 5 are summarized the components of the growth medium

of C. necator in a bioreactor.
Table 5. Content of the growth media and the seed culture of C. necator.

Medium Content

10 g/L Fructose

1.57 g/L (NH,)SO,

5.66 g/LL Na,HPO,-12H,0
1.50 g/L KH,PO,

0.20 g/L. MgS0,-7H,0

10 mg/L CaCl,-2H,0

20 mg/L FeS0,-7H,0

1 ml trace solution

Growth medium

5.1.1 Data recompilation of the growth phases

Table 6 analyzes the growth of C. necator in three stages. In summary, C. necator is fed from
two substrates: fructose (Ss) and fatty acids of avocado oil (Sg4). The biomass produced (Xy)
will be composed of residual biomass (Xz) and the accumulation of PHB (Xpyp). An initial
condition is the biomass concentration (Xy ,). Some yields are biomass produced over substrate

consumed (Yy,s) and PHB produced over biomass produced (Ypy g/, ). 2
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Table 6. Stages for C. necator growth and PHB accumulation.”

Stage 1: Batch cultivation Time range: 0 to 15 hours

Ss: 6.70 g/L of Fructose

Xy o: 0.13 g of initial biomass

Xy: 1.30 g of Heterotrophic biomass

Yx/s:0.19 g Xu/ g Ss

Stage 2: Fed-batch cultivation Time range: 15 to 30 hours

Ss:5.63 g/L of Fructose

Xy: 2.35 g/L of Heterotrophic biomass
Xpyg: 1.14 g/L of PHB

Xg:2.65 g/L of Residual biomass
Yx/s:0.42 g Xu/ g Ss

YPHB/X: 0.48 g XPHB/ g XH

Stage 3: Synthesis of PHB Time range: 30 to 50 hours

Sra: 20% V/V avocado oil

Xy: 4.91 g/L of Heterotrophic biomass
Xpyg: 3.48 g/L of PHB

Xgp: 1.43 g/L of Residual biomass

Ss: 6.80 g/L of Fructose

YPHB/X: 0.02 g XPHB/ g XH

After considering an experimental reference for data collection. It must be built a mathematical
model from the reference data to study the kinetics of C. necator. It will be necessary to
establish parameters including stoichiometric coefficients, kinetic constants, components, and

processes, which will be presented below.
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5.2 Mathematical model (Step 2)

5.2.1 Model proposal

For this thesis, one wants to propose an aerobic model for wastewater regulated with neutral
pH at a temperature of 30 °C because data of the growing of C. necator with an optimal
production of 70% of PHB in CDW (Appendix G). For the development of the model, it will
be of interest to simulate the accumulation of PHB in a transitory state; this means that one is

interested in modeling PHB production as a function of time.

Some kinetic parameters can be adjusted using data from other models, such as activated sludge
models (ASM). As seen in section 4.5, one of the best models that is similar to the model
proposed for this thesis is the activated sludge model No. 2d (ASM2D). It includes phosphorus
as a component. However, it has the limitation that the temperature to apply is between 10 °C
and 20 °C. Therefore, the kinetic constants, must be adjusted to the required temperature (30
°C) using the Arrhenius equation. The proposed initial concentrations were taken considering
the Flores report, however for unreported compounds of interest, data from Henze and Katie
were taken into account.”®7?89 All these initial concentrations will serve to simulate the kinetic

models of C. necator growth and PHB production and are summarized in the table 7:

Table 7. Initial concentrations for simulation of kinetical models.

Initial concentrations

So 0.002 g/L

Si 0.03 g/L

Ss 10 g/L

Sra 35.42 g/L

SnH4 0.4 ¢/L

Sro4 0.0036 g/LL

XPHB 0g/LL
XH 0.13 g/L
Xs 0 g/L
Xi 0.025 g/L
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5.2.2 Components

To choose the components and processes, one first sought to understand the C. necator
bacteria's general metabolism (Figure 7). The components selected for this model are classified

as soluble (S) and particulate (X) and are presented in the Table 8.

Table 8. Biological components for the mathematical model.

Component | Description Units

So Dissolved oxygen gCOD/m?
Si Inert soluble organic matter gCOD/m?
Ss Readily biodegradable substrate - Fructose gCOD/m?
Sra Readily biodegradable substrate - Vegetable Oil Fatty Acids | gCOD/m?
SnH4 Total ammonium nitrogen gN/m?
Spo4 Phosphate gP/m?

XH Active heterotrophic biomass gCOD/m?
Xpus PHB accumulated gCOD/m?
Xi Inert particulate organic matter gCOD/m?
Xs Slowly biodegradable substrate gCOD/m?

The above components were part of the stoichiometry matrix for creating simulation software.
Some components such as nitrogen (N), phosphorus (P), and COD will be part of the

composition matrix, as suggested in section 4.3.3.
5.2.3 Processes

Regarding the processes, the study of a dynamic process was considered. In general terms one
can say that more variables and parameters a model has, the closer it is to reality. However,
this is not always the case because it could generate a more complicated model to understand
and with more significant calculation and greater data processing.*’ On the other hand, the
fewer processes are considered, simpler and easier the model will be to calculate. However, for
this thesis, one proposes four fundamental processes for the growth of C. necator, considering
the work of Flores,”® which used two sources of carbon such as fructose and fatty acids from
avocado oils to study the synthesis and accumulation of PHB in C. necator. The C. necator
bacteria's metabolism was considered as shown in Figure 7; consequently, it is summarized in

Figure 10.
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Figure 10. Simplified metabolism for C. necator.

In Figure 10, the organic material will be fructose and fatty acids from wastewater of avocado
oil manufacturing, the nutrients will be phosphorus (P) and nitrogen (N). The lysis produces
PHB and residual cell debris consisting of organic matter such as lipids, proteins,
polysaccharides, nucleic acids, and cell wall fragments.®! From the metabolism of C. necator

previously presented, the following processes were proposed:

e Heterotrophic aerobic growth through fructose
e Heterotrophic aerobic growth through fatty acids
e Aecrobic hydrolysis

e Lysis of heterotrophic organisms

These four processes are part of the construction of the stoichiometry matrix and will be located
in the rows of the stoichiometric matrix; and it will also be necessary to consider the kinetics

associated with each process.
5.2.4 Stoichiometry

Stoichiometric coefficients must be calculated as mentioned above in section 4.4.2. For
example, to calculate the yield of the biomass produced, equation 8 is used, and it would be

estimated as described below in eq. 13.

Yo o =
X/s S,—S (13)
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In the equation 13, X is the amount of biomass produced, X,, is the amount of initial biomass,
S the substrate consumed, and S, is the substrate or carbon source at the beginning of the study
stage. Some yields can be obtained from experimental results (Table 6). It will be necessary to
calculate yields for the production of PHB as well. This can be done by using eq. 10, where the
substrate considered in this work was fructose or fatty acids according to the corresponding
stage. The variable X was changed by a variable PHB that represents the PHB production, as

shown in equation 14.

PHB — PHB,
Yp/s = T s -s (14)

Where PHB is the final concentration of PHB, PHB,, is the initial concentration of PHB, S, is
the initial concentration of substrate, and S is the final concentration of substrate, like fructose
or fats and oil. Other stoichiometric coefficients were obtained from component fractions as
mentioned in section 4.4.2 and according to equation 7. However, it is not necessary to
calculate all of them because some values are already reported. For example, for the hydrolysis
process, the fraction of inert matter in the soluble substrate fg; has a reference value for the
ASM2D models equal to zero. In contrast, for the lysis processes, the fraction of inert matter

fx; has avalue 0of 0.1.7°

Henze recommends to use —1/(Yx /s r), to calculate the stoichiometric coefficient between the
heterotrophic growth process with fructose Sg . Similarly, the stoichiometric coefficient for
the heterotrophic growth process with fatty acids Sp, is calculated where this value is
equivalent to —1/(Yp/s 4). For the stoichiometric coefficients of heterotrophic growth for the
production of the PHB polymer it is obtained that, for fructose, it is equivalent to Yp x. For
fatty acids, it is equal to Yp /5 4. For the stoichiometric coefficient of Xppp in the lysis process,
the value was taken from Flores’ results, which reported a PHB obtaining of 70.8% CDW.
Other stoichiometric coefficients were taken from Henze’s ASM2D activated sludge model;
these values are shown below, for example, the coefficients of material conservative are taken

from Henze. The calculations of the kinetic parameters can be seen in annex H.
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5.2.1 Matrix notation

The mathematical model proposed will be based on the matrix notation, as seen in section
4.4.4. 1t will be necessary to build a stoichiometric matrix, wherein the rows will be the
processes together with associated kinetics, and in the columns will be the components. It
should also have a composition matrix where the rows will be the components to be conserved.

The composition matrix's conversion factors are summarized in Table 9.

Table 9. Typical conversion factors for ASM2D model. 7

Component Description Value Units
Nitrogen
insI N content of inert soluble Si 0.01  gN/gCOD
inpm N content of biomass Xy 0.07  gN/gCOD
inxr N content of inert particulate X 0.02  gN/gCOD

inxs N content of slowly biodegradable substrate Xs = 0.04 gN/gCOD

Phosphorus
ipsr P content of inert soluble S; 0.00  gP/gCOD
ipem P content of biomass X 0.02 gP/gCOD
ipxi P content of inert particulate X; 0.01 gP/gCOD
ipxs P content of slowly biodegradable substrate Xs = 0.01 = gP/gCOD

The stoichiometric matrix and composition matrix are represented in the Table 10, where

a,b,c,d,e, f,g,h,ij, k and [ are the unknown stoichiometric coefficients.
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Table 10. Stoichiometric matrix and composition matrix proposed.

Stoichiometric Matrix M(COD)L")

Components So S Ss | Svua | Spoa Sra SpuB Xu X, X
Process g02 | gCOD | gCOD | gN gP gCOD gCOD | gCOD | gCOD | gCOD
Aerobic heterotrophic Growth in Fructose a 0 -1/Yxs| b c 0 YpuB/XH 1 0 0
Aerobic heterotrophic Growth in fatty acids | d 0 0 e f | -1/Ypusra | Ypusra 1 0 0
Hydrolysis 0 fsi g h i 0 0 0 0 -1
Lysis of heterotrophic 0 0 0 j k 0 Yrub/mecator | -1 fxr l
Material Conservation Matrix (conservative components) gCOD
Conservative components So S; Ss | Svua | Spoa Sra SpuB Xu X, X
COD (g) -1 1 1 0 0 1 1 1 1 1
N (gN/gCOD) 0 Inst 0 1 0 0 0 ingm | Inxi iNxs
P (gP/gCOD) 0 Ipsi 0 0 1 0 0 lpBM Ipxi Ipxs
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5.2.2 Continuity equations

The continuity equations are the mathematical equivalent to the mass balance equations. First,
to define the continuity equations, the materials subject to conservation must be defined, as
mentioned above are nitrogen (N), phosphorus (P), and organic matter measured as chemical
oxygen demand (COD). Also, it will be necessary to calculate the unknown stoichiometric
coefficients of the stoichiometric matrix expressed in Table 10. The objective is to apply
equation 12 for each stoichiometric matrix process using the material conservation matrix
mentioned above. Below in Table 11 are presented the expressions of the continuity equations

for each process.

Table 11. System of continuity equations for each process.

Conservative components | Continuity equations for growth using fructose
COD —a—240+048+1=0
N b+0.07=0
P c+002=0
Conservative components | Continuity equations for growth using fatty acids
COD —d—-5089+u+1=0
N e+0.07=0
p f+0.02=0
Conservative components Continuity equations for hydrolysis
COD fss+g—1=0
N 001 f+h—-0.04=0
P j—001=0
Conservative components Continuity equations for lysis heterotrophic
COD 0.708 =1+ fy; +1=0
N j—0.07+4+0.02- f¢; +0.04-1=0
P k—0.02+001- fx; +001-1=0
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Where in the previous table fy; and fs; are known, a system of equations can be obtained
from each process; each equation considers a component to be conserved and is equal to zero

to comply with the mass balance.
5.2.3 Kinetics

The kinetics are associated with each process represented in the row of the stoichiometric
matrix. For the heterotrophic growth process of C. necator using fructose, according to the
study by Sharifzadeh.®? The Monod kinetic model is the one with the highest maximum specific
growth rate for fructose. Compared to other kinetic models such as Contois, Westerhoff,
Herbert, Moser, and Tessier, Monod has the best fit in kinetic model simulations. Therefore,

the kinetics proposed for this thesis is shown below.

~ F N 0 P,
FeRrmax 5 "Nt ky O+ky Ptkp (15)

U

Where pUp mqy 1S the maximum specific growth rate, the substrate is fructose concentration F
with its half saturation constant kg, the nutrients are nitrogen N and phosphorus P with the half

saturation constants ky and kp respectively.

For the second process of heterotrophic growth through fatty acids, the study by Vrana” was
considered since no reports for the study with fatty acids were found. He proposes the growth
and formation of PHB from glucose and glycerol. However, fatty acids from oil need to be
taken into account, thus one proposes a Monod model considering substrate inhibition. Here
one has considered the model made for glycerol as a basis (Vrana’), given that glycerol is a
similar organic molecule. Therefore, the kinetic model associated with growth by fatty acids

that one has proposed, is represented in equation 16.

FA N k; 0 P
Fa = Hramax a0 " Nt ky ki +F O +kp P+ kp

" Xy (16)

Where Upg maqy 1S the maximum specific growth rate using fatty acids, kg4 is the half saturation

coefficient using fatty acids and k; is the Kinetic inhibition for fructose. For the hydrolysis
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process were considered the kinetics for the heterotrophic models of activated sludge proposed

by Henze,” described in equation 17.

X
0 5/ Xy

X
X
k0+0 kx+ S/XH

Where kj, is the maximum specific hydrolysis rate, k, is the half saturation coefficient using
oxygen, ky is half saturation coefficient for slowly biodegradable particulate substrate Xs.
Finally, for the heterotrophic lysis process, a general kinetic equation by Henze,”® was used,

equation 18.

Uiy = by X Xy (18)

Where, by is the heterotrophic decay rate and X} is the heterotrophic biomass. The kinetics
mentioned above must have an adjustment in their kinetic constants. These kinetic constants
are considered to work at neutral pH, but they vary with temperature, so the modified Arrhenius
equation was used (eq. 19). Also, kinetics will be an essential parameter for the development
of the kinetic model. Therefore, the kinetic constants' values should be adjusted using the

modified Arrhenius equation, as shown in equation 19.

P(T) = P(20°C) 6120 (19)

P(T) is the nominal value of the parameter at 20 °C and 6,, the temperature correction factor
for each parameter.®* According to Ramirez's study, the kinetic parameter is constant at a higher
temperature, for example, if a fixed parameter is taken at a temperature between 31 and 39
°C.# Above 39 °C at high temperature, a kinetic parameter takes a constant value. For this
thesis, the temperature of 30 °C and pH 7 was considered because as already said most of the

data were taken from Flores.” The kinetic parameters are summarized Table 12.
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Table 12. List of kinetic parameters.

Symbol  Units Value 0p,  Reference

KE max h'! 0.125 none 85
KEamax h'! 0.01 none 86
kg g/L 30 none 85
kyya g/L 0.24 none 86
ko g/L 0.0002 = none ”
Kpoa gL 0.00001 none 7
kra g/L 11 none 86
kyr g/L 0.24 none 86
k; g/L 4.28x10*  none 86
k;, h'! 0.187 0.0405 ”
ky gXs/gXn 0.1 none ”
by h'! 0.0333 | 0.0693 ”

5.2.4 Mass balance

To obtain the mass balance equations for the kinetic model that one has proposed, it was applied

the principle of conservation of mass, where the general equation is:

Accumulation = Input — Output + Generation (20)

The previous equation has dimensions of mass as a function of time. The input and output are
the amounts of matter entering or leaving a system. The accumulation is the variation of the
material as a function of time; it will have a positive value when the concentration of the
material increases and a negative value when the amount of material decreases. The generation
is the amount of material that appears or disappears due to chemical reactions; it will have a

positive value when the material is produced by chemical reactions and a negative value when
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chemical reactions consume the material. Equation 21 is the equation developed from Equation

20 and will serve to obtain mass balance equations.

c
Vg X E = CiQ; — Cfo t Ureaction X Vg (21)

The term Vg is the volume of the reactor, C; and Cf are the initial and final concentration

respectively, Q is the component's flow rate, and U,eqction 1S the rate which a component is
produced or consumed. Uy eqction» 1S the kinetic rate in which the component participates, that

involves the use of the kinetics constants and stoichiometric coefficients.

Since the experimental data were taken in a batch-type reactor for simulation in software,
equation 21 can be simplified since there is no inflow or outflow; therefore, the accumulation

will be equal to what reacts (Equation 22).

oc
Vg X E = & Ureaction X Vr (22)

However, for the software development, the balance equations developed for all types of
reactors will be taken into account. Below are the mass balances for all the components

considered for the development of kinetical models.

S
%(tf - ti) +(app+d .uFA)(tf - ti) + S0,

Sof = 23)
Q
1+ ?f (¢ —t:)
S
QLVI‘O (tf - ti) + (for HHY)(tf - ti) +Sr,

S = Qr 24)

1+ (¢ —t:)

S
QLVF,O (tf — tl) + ((_1/YXS) Ur + g ‘tu)(tf — tl) + SF,g

= (25)

1+%(tf—ti)
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Q;S .
R A NH4O (tf ti) + (b ur +eppy+hpyy +j MLY)(tf - ti) + Snha0

SnHaf = (26)

1+ % (tr— )

S
Qidposo PO4O (tf -t ) + (cup + f tpa +ipgy + kllLy)(tf t; ) + Spoao

SP04-,f - Q (27)

1+ 35 (8 — )

S
% FA = (tf -t ) + (( 1/YPHB/FA)HFA)(tf L ) + Sra0

Sraf = 0; (28)

1+ (t —t)

X
M (tf -4 ) + (YPHB/XH Ur + Ypup/ra bra + Ypup mecator .uLY)(tf -t ) + Xpus,o

Xpup,r = (29)

1+ 7f (tr —t.)

Qo Ho (tf =t ) + (Ur + Upa — HLY)(tf - ti) + Xno

XH,f - Qf (30)

1+37(t —t)

Ql IO (tf -t ) + (fxu #LY)(tf t ) + X,
Xl’f = 0 (31)
1+ 35 (8 — )
X
L SO (tf _t)+( Uny + lHLY)(tf t)"'Xs,o

Xsf = (32)

1+%(tf—ti)

Where, the components with the term S, or X,, is an initial value, the components with the term
S or Xy represents the final concentration, Q; and Qf are the initial and final flowrate,
respectively, and t; and ¢; is the final and initial time. Finally, to calculate the mass balance
equations, it is possible to use iterative methods such as using short time intervals using values
of initial conditions and calculating the next value with the previous result. The time interval
i1s an arbitrary value for solving mass balance equations; the smaller the value, the more

accurate the results; this work will consider a time interval of 0.001 hours during 50 hours.
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5.3 Software development for the simulation of kinetic models (Step 3)

For the development of the software, it was considered to do it using the Python programming
language because it is open-source, easy to use, easy, and able to work with object-oriented
programming. The construction of the software is shown in Figure 11, which begins with the
import of the Python libraries. They have the functions of creating the software's graphical
interface, importing Excel files that contain a stoichiometric or composition matrix, and solving
variables. Once the libraries are imported, the programming code is written, which has the

following characteristics:

* Graphical interface with drop-down menus to execute different tasks.

*  Menu with the option to import the stoichiometric matrix and the composition
matrix from files in Excel format (.csv).

*  Window to save and display the data of the stoichiometric matrix and the
composition matrix.

*  Submenu to add or delete rows and columns as considered by the end-user.

e Submenu that verifies that the system of continuity equations from the
stoichiometry matrix and the composition matrix have a solution.

* Submenu to obtain the continuity equations.

* Submenu to find the solutions to the stoichiometric coefficients of the continuity
equations.

* Menu with the option to import kinetics and kinetic factors in text format (.txt).

*+  Window to save the kinetics and kinetic factors of each of the biological
processes.

* Submenu to obtain the mass balance equations.

* Entries of initial system conditions.

* Submenu to calculate the mass balance equations.

* Option to save the results of mass balance equations.
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modules and libraries
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-Create menus

- Develop actions in the menu
- Show matrix windows, kinetics
with their parameters and initial

conditions of the biological
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- Show options to edit model
parameters

To declare conditions and
variables

{

To create software
interface

!
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To create submenus for
variable resolution.

- Solve continuity equations
- Solve mass balances

Show results in .txt format

Figure 11. Flow chart of software construction for kinetic models.

As shown in Figure 11, the general steps for constructing the kinetic models for the biological

system of this thesis are shown. The details of the programming code can be seen in Annex I.
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CHAPTER VI

6. RESULTS AND DISCUSSION

6.1 Data processing for stoichiometric matrix and composition matrix

This study presents the results of using a mathematical model for the construction of kinetic
models using matrix notation. Subsequent, in Table 13, a summary of the stoichiometric

parameters for developing the stoichiometric matrix is shown.

Table 13. Calculations of stoichiometric parameters.

Stoichiometric parameters

YPHB/XH = 04‘84‘

Yx/s = 04‘17

YPHB/FA = 0020

YPHB/necator = 0.708

Table 14 shows the results obtained using the continuity equations previously shown in the
methodology, which show values consistent with the literature; for example, for oxygen (Sy),
negative values are shown that would indicate that oxygen should be consumed in
heterotrophic aerobic growth processes using fructose and fatty acids. In inert soluble matter.
In inert soluble matter (S;) neither consumption nor production is seen according to the fs;value
used from the literature. However, for this model, it was taken into account because this
component can be considered in future works. The respective negative value for the substrate

or fructose (Ss) is seen for consumption in the aerobic growth process.

In the same way, negative values are seen, which indicates the tendency to consume the
nutrients with nitrogen (Syp4) and phosphorus (Spg4) or the heterotrophic growth processes,
and positive values in the hydrolysis and lysis processes that indicate their formation from
slowly biodegradable (Xs). Finally, a negative value for fatty acids (Sg4) is also seen, which

indicates the consumption for aerobic growth through this component.
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Table 14. Stoichiometric coefficients obtained by solving the continuity equations.

Stoichiometric Matrix
Components So S Sg Svua | Spoa Sra SpuB Xu X, X
Process g02 gCOD | gCOD | gN gP gCOD | gCOD | gCOD | gCOD | gCOD
Aerobic heterotrophic Growth in Fructose -0.912 0 -2.396 | -0.07 | -0.02 0 0.484 1 0 0
Aerobic heterotrophic Growth in fatty acids -49.865 0 0 -0.07 | -0.02 | -50.885 | 0.020 1 0 0
Hydrolysis 0 0 1 0.04 | 0.01 0 0 0 0 -1
Lysis of heterotrophic 0 0 0 0.06 | 0.02 0 0.708 -1 0.1 0.19
Material Conservation Matrix (conservative components)
Conservative components So S| Sg Svua | Spoa Sra SpuB Xu X, X
COD (g) -1 1 1 0 0 1 1 1 1 1
N (gN/gCOD) 0 0.01 0 1 0 0 0 0.07 0.02 0.04
P (gP/gCOD) 0 0 0 0 1 0 0 0.02 0.01 0.01
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For the non-soluble components, it is seen that in the production of PHB (Xpyp) there are
positive values for the aerobic growth processes through fructose and fatty acids, which is
consistent with the literature that proposes the use of both substrates in the same way. A
positive value is seen for the lysis process because, in cell death, PHB can be produced or
released from biomass. The biomass (X} ) values are positive normalized values that indicate
PHB production and compound of interest for the development of the models. In the inert
insoluble matter (X;), a positive referential value of fy; indicates its production in lysis. It
becomes part of the sludge that remains floating in the residual water. Finally, the slowly
biodegradable substrate (Xs) has a negative normalized value for hydrolysis, which indicates
consumption for conversion to readily biodegradable substrates, and a positive lysis value is

consistent with the literature.

6.2 Simulation of components behavior using mass balance

As mentioned in the literature, the mass balance equations can be simplified, such that for an
aerobic batch process, the inflow and outflow are equal to zero. Therefore, the balance
equations and their calculations are simplified. The results of the equations for our model are
shown below. In Figure 12, we can see that the behavior of PHB production increases with
time; it is expected behavior because the formation of PHB must occur from the consumption

of substrates: fructose and fatty acids, as shown in Figures 13 and 14.

0.16
0.14
0.12
0.1
0.08
2 0.06
> 0.04
0.02

(scoD/L)

0 10 20 30 40 50
Time (h)

Figure 12. Results of simulation for PHB.
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Figure 13. Results of simulation for Fructose.
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Figure 14. Results of simulation for Fatty acids.

As can be seen in Figures 13 and 14, they present an expected behavior because the substrates
must be consumed to produce PHB. In Figure 15, the behavior of the slowly biodegradable
substrate (Xs), is shown, which is seen that in the first two hours it presents a maximum
concentration; this behavior makes sense because the slowly biodegradable matter can be
generated, from the initial growth of microorganisms and lysis respectively, since the amount
of initial biomass is low, the maximum peak it reaches is small, then we see that it is consumed
due to the hydrolysis process, such that X is transformed into easily biodegradable

components such as fructose (Ss).
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Figure 15. Results of simulation for slowly biodegradable substrate.

Figure 16 shows the oxygen simulation; the values make sense because it is considered a batch-
type process that required constant aeration. It can be seen that in a specific time, the oxygen
will be exhausted. These results are related to Figure 15; as mentioned in the beginning, oxygen

is consumed for growth and generates Xj.
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Figure 16. Results of simulation for Oxygen.

Figure 17 shows the behavior of the non-soluble inert matter X;; an expected behavior is seen,

which increases due to the lysis processes.
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Figure 17. Results of simulation for inert material Xj.

Finally, figures 18 and 19 show a nutrient production behavior, which indicates that the
microorganisms cannot consume the nutrients that are produced. This is related to the lysis

process in which it releases nutrients from cell death.
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Figure 18. Results of simulation for NHs.
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Figure 19. Results of simulation for POa.
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Figure 20 is consistent with the initial data, which indicates that the microorganisms that tend
to consume fructose. Suppose the fructose concentration decreases, the consumption of fatty
acids increases. If it is related to the kinetics, the kinetic constant of the Fatty acid growth is
very low compared to the lysis constant, so cell death occurs faster. Also, there are not enough
microorganisms that consume the nutrients as seen previously. Therefore, the lysis process
obscures the growth of C. necator, although the PHB continues to increase due to the lysis of

the few remaining organisms.
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Figure 20. Results of simulation for Xy.

Finally, the soluble inert compounds S; will have a constant initial value. In summary, these
changes in behavior can be explained because referential values of kinetic parameters and
initial conditions were taken for which there was no control. However, the stoichiometry and
composition matrices were constructed in a referential manner with experimental values

according to the metabolism of C. necator.

6.3 Software simulation

Figure 21 shows the main window, which contains the respective menus to execute different
commands to help the simulation. Figure 22 shows the window with the stoichiometric matrix
loaded from a .csv file, with options to add or delete rows and columns, with the ability to print

the table and manually edit the coefficient values.
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Figure 21. Initial software window.
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Figure 22. Window with stoichiometric matrix.

Figure 23 shows the stoichiometry and composition matrices added to the simulator to later
obtain the resolution of the continuity equations. Figure 24 shows the generation of the
continuity equations to be calculated. Figure 25 shows the results of the stoichiometric
coefficients using the continuity equations. Figure 26 shows the windows of the kinetic
equations and initial conditions. Figure 27 shows the material balance equations developed, to
later in figure 28 simulate the behavior of the concentrations of the compounds as a function

of time.
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Figure 23. Window with stoichiometric and composition matrix.

Fichier Edition Recherche Affichage Encodage Langage Paramétres Outils Macro Exécution Modules d'extension Documents 7

cHHERLE| Do e ity ax | BR|EHT EEla® OB N B B2

EICominuityEqu:il
1 equation 0 (Aerobic Growth Heterotrophic by Fructose COD): a*-1+0%*1+-2.396*1+b*0+c*0+0%1+0.484*1+1*1+0*1+0*1 = 0
2 equation 1 (Aerobic Growth Heterotrophic by Fructose N): a*0+0*0.01+-2.396*0+b*1+c*0+0*0+0.484*0+1*0.07+0%*0.02+0*0.04 = 0
3 equation 2 (Aerobic Growth Heterotrophic by Fructose P): a*0+0%*0.00+-2.396*0+b*0+c*1+0*0+0.484%*0+1*0.02+0%0.01+0%*0.01 = 0
4 equation 3 (Aerobic Growth Heterotrophic by Fatty Acids COD): d*-1+0*1+0*1+e*0+f*0+-50.885%1+0.020*1+1*1+0*1+0*1 = 0
E) equation 4 (Aerobic Growth Heterotrophic by Fatty Acids N): d*0+0%*0.01+0*0+e*1+f*0+-50.885%0+0.020*0+1*%0.07+0%0.02+0*0.04 = 0
6 equation 5 (Aerobic Growth Heterotrophic by Fatty Acids P): d*0+0%*0.00+0*0+e*0+£f*1+-50.885%0+0.020*0+1*0.02+0*0.01+0*0.01 =
7 equation 6 (Hydrolisis entrapped organics COD): 0*-1+0*1+g*1+h*0+i*0+0*1+0*1+0%*1+0%*1+-1*1 = 0
8 equation 7 (Hydrolisis entrapped organics N): 0*0+0%*0.01+g*0+h*1+i*0+0*0+0*0+0%*0.07+0%0.02+-1*0.04 = 0
S equation 8 (Hydrolisis entrapped organics P): 0*0+0*0.00+g*0+h*0+i*1+0*0+0%*0+0*0.02+0*0.01+-1*0.01 = 0
10 equation 9 (Lysis Heterotrophic COD): 0*-1+0*1+0*1+3*0+k*0+0%*1+0.708*1+-1*1+0.100%1+1*1 = 0
11 equation 10 (Lysis Heterotrophic N): 0*0+0*0.01+0*0+j*1+k*0+0*0+0.708*0+-1*0.07+0.100*0.02+1*0.04 = 0
12 equation 11 (Lysis Heterotrophic P): 0*0+0*0.00+0*0+3j*0+k*1+0%0+0.708*0+-1%*0.02+0.100%0.01+1%*0.01 = O
13

Figure 24. Presentation of the calculated continuity equations.

55




School of Chemical Sciences and Engineering YACHAY TECH

§ my superapp = m] X
Archivo  Editar

Matrix Process

SO sl SF |SNH4|SPO4|SS  |XPHBXH |XI  |XS
Aerob|-0.912/0 -2.396-0.070/-0.020/0  |0.484 |1 0 0
Aerob|-49.86/0 0 -0.070|-0.020|-50.88/0.020 |1 0 0
Hydrc0 0 1 0.040/0.010C/0 o 0 0 1 Options to modify the Matrix
Lysis 0O 0 0 0.06030.017(0  [0.708 -1 |0.100 |0.192(
! row +
row -
column +
column -
PrintME
Matrix Compounds
SO |Sl SF |SNH4/SPO4|SS  |XPHBIXH |XI  |XS
cop |-1 |1 1 0 0 1 1 1 1 1
N |0 0.01 |0 1 0 0o |0 0.07 |0.02 |0.04
p 0 0.00 |0 0 1 0 o 0.02 0.01 10.01 Options to modify the Matrix
row +
row -
column +
column -
PrintME I

I Show continuity equations | Check if solvable I Solve it! | >>> Expand cinetic and balance equations part |

Figure 25. Results of stoichiometric coefficients using

the continuity equations.

7 my super app - o x
rchivo  Editar
Matrix Process Kinetic equations — —
SO Sl |SF|SNH4JSPO4[SS |XPHBIXH |XI_|XS Fmax(5F/(SF - kFFY SN/ (SHa- k- 5070~ ko spowsed| INtTAl conditions
erob-09120  [-2.396]-0.070-0.0200  [o4sat o o uFmax 0125 Initial concentracions
erob|-49.860 [0 |-0070-0020-50880020[1 [0 [0 - - - KFE [ — T T SF SNHe SPO4 SS XPHB XH XI
a0 0 1 loosodoorodo 0 0 o |1 Options to modify the Matrix KNH4 024 o002 [003 [0 04 [0.003[35.42[0.00 [0.13 [0.025
yisfo [0 [0 [0.06050.017(0 07081 0100 [0.192C o o 0002 Operation conditions
s | DeftaT v Ci Co
B 0.00001
row kPO4 00— o1 b3 o
T UFAmax*(55/(55+ kFA))*(SNHA/(SNH-+ kNHA))" (ki (ki+ SF))*(S0/(SO+k
: uFAmax 0.01
column - KEA T
KNN 0.24
PrintME ki 0.000428
~
< >

v

Matrix Compounds |Ba|ance equations

SO sl SF |SNH4/SPO4|SS  |XPHBXH XI XS
oD |-1 1 1 0 0 1 1 1 1 1
| 0 0.01 |0 1 0 0 0 0.07 |0.02 |0.04
0 0.00 [0 0 1 0 0 0.02 10.01 |0.01 Options to modify the Matrix Ik

row +

row -

column +

column -

PrintME

Show continuity equations | Check if solvable | Solve t! | >>> Expand cinetic and balance equations part | [ show batance equations [ Solve Balance equations

Figure 26. Windows for stoichiometric equations and initial conditions.
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Figure 27. Presentation of mass balances.
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Figure 28. Mass balance simulation results.

The software simulation results make sense with the creation of the graphs of the variation of

concentration of soluble and non-soluble components as a function of time seen above.
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CHAPTER VII

7. CONCLUSIONS AND RECOMENDATIONS

7.1 Conclusions

e A kinetic model was developed from the conceptualization of C. necator metabolism
for biological processes such as hydrolysis of heterotrophic microorganisms, lysis of
heterotrophic microorganisms, aerobic growth of C. necator using fructose as substrate,
and aerobic growth of C. mecator using fatty acids as substrate, to describe PHB
production in wastewater from an avocado oil industry.

e The stoichiometric coefficients of C. necator metabolism were obtained by using
stoichiometric matrices and continuity equations.

e The kinetic parameters of bacterial metabolism were adjusted using the Arrhenius
equation.

e Mass balance equations were obtained that allowed describing the biological system of
C. necator for the production of PHB.

e Python programming software was developed to describe C. necator metabolic
processes in wastewater for a biological wastewater reactor with avocado oils.

e Some biological processes for the production of PHB in a batch-type reactor were
simulated through the proposed software, which may be of interest to the industry with
wastewater with avocado oils.

e It was established that the proposed model for the production of PHB depends
significantly on the initial concentrations of the components of the model and the

kinetic parameters taken from the literature.

7.2 Recommendations

e To validate this model, it is recommended in the future to carry out experimental tests
to obtain kinetic constants, control parameters such as pH, aeration, temperature, initial
concentrations, among others, so this model is a good reference for future validation

work.
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It is recommended to carry out a sensitivity analysis of the proposed model to optimize
its performance concerning the calculation process and the parameters considered for
its development.

It is recommended that future works carry out a cost and profit analysis for the
production of PHB with the help of kinetic models applied in a treatment plant in

operation.
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Appendix A. Standards for treatment of wastewater in Ecuador.

Standard
INEN 910
INEN 971
INEN 972
INEN 973
INEN 975
INEN 976
INEN 977
INEN 979
INEN 980
INEN 982
INEN 983
INEN 984
INEN 985
INEN 1102
INEN 1103
INEN 1104
INEN 1105
INEN 1106
INEN 1107
INEN 1108
INEN 1202
INEN 1203
INEN 1205

YACHAY TECH

ANNEXES

Description
Color determination
Determination of turbidity
Determination of total dry residue
Determination of pH
Nitrate Nitrogen Determination
Determination of chlorides
Determination of residual chlorine
Determination of iron
Determination of arsenic
Determination of cadmium
Determination of hexavalent chromium
Determination of copper
Determination of fluoride
Determination of lead
Determination of magnesium
Determination of total manganese
Sampling for microbiological examination
Determination of dissolved oxygen
Determination of calcium
Drinking water. Requirements
Determination of biochemical oxygen demand
Determination of chemical oxygen demand
Determination of the total number of bacteria
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Appendix B. Physical properties of different types of PHA and their comparison with those observed for plastics derived from petroleum (Babel
and Steinbiichel, 2001).

Melting temperature Young's modulus Tensile strength Elongation Transition temperature
Polymer 5
GPa (% C
P(3HB) 179 3,5 40 5 4
P(3HB-co-3HV) 170 2,9 38 * *
3 mol % 3HV
14 mol % 3HV 150 1,5 35 * *
25 mol % 3HV
137 0,7 30 * *
P(3HB-co-4HV) 166 * 28 45 *
3 mol % 4HV
10 mol % 4HV 159 * 24 242 *
64 mol % 4HV
50 30 17 591
P(4HB) 53 149 104 1000
P(3HHXx-co-3HO) 61 * 10 300 *
P(3HB-co-3HHXx) 52 * 20 850 -4
Polypropylene 170 1,7 34,5 400 45
Polyethylene
terephthalate 262 2,2 56 7300 3400
Polystyrene 110 3,1 50 * 21
Nylon- 6.6 265 2,8 83 60 *

* No data found
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Appendix C. Tables of comparison of PHB production by C. necator as an organism in a fed-batch fermentation process.

Feeding of CDM PHB PHB PHB
Substrate Strain and mutant organic concentration | Production | content | Productivity Reference
substrate (g/L) (g/L) (%) (g/L/h)
Heterotrophic-heterotrophic process
Corn syrup C. necator DSM 545 - 16.57 10.75 65 0.22 Daneshi et al., 2010
C. necator DSM 545 Pulse
Waste glycerol . 30.19 10.9 36.1 0.17 Cavalheiro et al., 2012
addition
R. eutropha B-5786 Volova and Kalacheva,
Fructose Continuous 18 15.5 86 0.22
2005
Waste glycerol C. necator DSM 545 - 76.2 38.1 50 1.1 Cavalheiro et al., 2009
Pure glycerol C. necator DSM 545 - 82.6 51.2 62 1.52 Cavalheiro et al., 2009
Pure glycerol C. necator IMP 134 - 102 57.1 56 1.31 Posada et al., 2011
Glucose C. necator DSM 545 Fixed rate 81 63 78 1.85 Atlicetal., 2011
C. necator DSM 545 Pulse
Soybean oil » 83 67 80 2.5 Pradella, 2012
addition
Waste potato R. eutrophus NCIMB -
179 94 53 1.31 Haas et al., 2008
starch 11599
Waste frying C.necator H16 - 138 105 76 1.46 Obruca et al., 2013
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oil+propanol

A. eutrophus NCIMB CO,

Glucose 164 121 74 2.42 Kim et al., 1994
11599 evolution rate

Autotrophic-autotrophic process

H>:0,:CO2= C. eutrophus - Volova and Voinov,
30 22 75 0.314
60:20:10 vol% B 10646 2003
H>:0,:CO»= C. eutrophus
- 48 40.8 85 0.583 Volovaetal., 2013a
70:20:10 vol% B 10646
H>:0::CO»>= C. necator ATCC -
69.3 56.4 81.4 0.61 Taga et al., 1997
85:5:10 vol% 17697
H>:0,:CO>= C.necator ATCC -
91.3 61.9 68 1.55 Tanaka et al., 1995
85.2:6.3:8.3 vol% 17697
Heterotrophic-autotrophic process
Acetic acid+ C. necator ATCC -
H,:0,:CO»= 17697 22.9 12.6 55 0.224 Sugimoto et al., 1999
86.5:4.9:9.8 vol%
Fructose+ C. necator ATCC -
Tanaka and Ishizaki,
H,:0,:CO»= 17697 26.3 21.6 82.1 0.556

1994
86.5:4.9:9.8 vol%
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Appendix D. Unstructured Kinetic growth models.

No Models References Description
1 Monod: u = ums, o= HmaxXS Monod, J., 1949. The growth of bacterial cultures. Annual Reviews  p = Specific growth rate g, = Maximum Specific growth
Ks+sS Ks+S in Microbiology, 3(1), pp.371-394. https://doi.org/10.1146/ rate S = Substrate concentration X = Biomass concentration
annurev.mi.03.100149.002103 K, = Half saturation constant K; = Inhibition constant
2 Blackman: u = HmaxS Blackman, F.F, 1905. Optima and limiting factors. Annals of n = Dynamic behaviour in the bioreactor a and b = are
K botany. 19(74), pp.281-295. https://doi.org/10.1093/ constants S,,, = Inhibitor concentration n and m = are
oxfordjournals.aob.a089000 constants X,, = Maximum biomass concentration Powell (m)
3 Haldane: = HmaxS 5 Haldane, J. B. S., Enzymes, MIT Press, Cambridge, 1965, pp 84 is the cell maintenance parameter
Ke+5+ >
Kj
4 Tesseir: & = W, (1 — eXi5) Teissier, G., 1942. Growth of bacterial populations and the
available substrate concentration. Rev Sci Instrum, 3208(3208),
pp.209-214
5 Moser: u = HEmaxcS" Moser, H., 1958. The dynamics of bacterial populations
. Kg+ 5" maintained in the chemostat. The dynamics of bacterial

populations maintained in the chemostat. pp.136. 19591604707.
Carnegie Institution of Washington.
6 Contois: y = FmaxS. Contois, D.E., 1959. Kinetics of bacterial growth: relationship
M=
KsX+5 between population density and specific growth rate of
continuous cultures. Microbiology. 21(1), pp.40-50. https://
doi.org/10.1099/00221287-21-1-40.
7 Logarithmic: u = a + b In(s) Westerhoff, H.V., Lolkema, J.S., Otto, R., Hellingwerf, K.J., 1982.
Thermodynamics of growth. Non-equilibrium thermodynamics of
bacterial growth. The phenomenological and the mosaic
approach. Biochimica et biophysica acta. 683(3-4), pp.181-220.
https://doi.org/10.1016/0304-4173(82)90001-5
Aiba, S., Shoda, M, Nagalani, M, Kinetics of product inhibition in
alcohol fermentation. Biotechnol. Bioeng. 10 (1968) 845. doi:
http://dx.d0i.0rg/10.1002/bit.260100610.
9 Han and Levenspiel: Han, K., Levenspiel, O., 1988. Extended Monod kinetics for
U= Hpax [1 = (i)].n[ s 1 substrate, product, and cell inhibition. Biotechnology and
Sm S+Ks(1— Si)’" bioengineering. 32(4), pp.430-447. https://doi.org/10.1002/bit.
" 260320404.
10 Powell: x = Wmax +m)s m Powell, E.O., 1967. The growth rate of microorganisms as a
Kg+sS function of substrate concentration. Microbial physiology and
continuous culture. 3.
X 1 Verhulst, P.F., 1838. Notice sur la loi que la population suit dans
Xm son accroissement. Corresp. Math. Phys., 10, pp.113-126.
Luong: & = S (1- Sy Luong, J. H. T., Generalization of Monod kinetics for analysis of
8 K= a5~ g ; ohibition. Bi :
s growth data with substrate inhibition. Biotechnol. Bioeng. 29
(1987) 242. http://dx.doi.Org/10.1002/bit.260290215.
Webb, J. L., Enzyme and Metabolic Inhibitors, Academic Press,
= Boston, USA, 1963. doi: http://dx.doi.org/10.5962/bhl.title.
S+Ke+ ‘SF.-’ 7320

. s s
Aiba-Edwards: u = g, oy exp(— El)

Al Verhulst: p = .. [1 —

12

s
13 HmaxS 1+ 1)

Webb: u =

14 yano and Koga: i = Hmax Yano, T., Koga, S., 1969. Dynamic behaviour of the chemostat

Ke+S+ i—z + % subject to substrate inhibition. Biotechnology and
1 K Bioengineering, 11(2), pp.139-153. https://doi.org/10.1002/bit.

260110204.
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Appendix E. Example of a stoichiometric matrix for the modeling of activated sludge (adapted from Gujer and Larsen, 1995).

Component

= *jé '§ S 2 2

& = = &
Symbol So Sy Ss Snu Stco Xn X Xs X1ss
Unit g0, gCOD gCOD gN mole gCOD gCOD gCOD gTSS
Process STOCIHIOMETRY MATRIX
Hydrolysis 1 -1 -0.75 | 1
Aerobic growth -0.5 -1.5 -0.08 -0.005714 1 0.9 )
Lysis 0.07 0.005 -1 0.2 0.8 012
Conservatives COMPOSITION MATRIX
ThOD-COD -1 1 1 0 1 1 1
N 0.02 1 0.08 0.05 0
Charge 0.071429 -1
Observables
TSS 0.9 0.9 0.75
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Appendix F. List of activated sludge models and their size in terms of number of processes, state variables and parameters.

# of parameters

# of
interacting Stoichiometry Kinetic
#of  processes Composition

# of state versus matrix Temperature Biomass Biomass
Models Refs. Substrates processes variables variables Total parameters adjustment Hydrolysis OHO ANO PAO general Hydrolysis OHO ANO PAO general
ASM1 Henze et al. (2000a)" CN 8 13 31 26 2 7 — 1 1 — 1 3 6 5 — —
Barker & Dold Barker and Dold (1997) CNP 36 19 153 81 16 18 2 5 2 8 — 4 9 5 11 1
ASM2d Henze et al. (2000b)° CNP 21 19 136 74 13 12 1 1 1 3 1 6 12 6 18 —
ASM3 Gujer et al. (2000)° CN 12 13 72 46 8 10 1 B 1 — 1 2 13 6 — -
ASM3 + BioP  Rieger et al. (2001) CNP 23 17 148 83 15 13 1 B 1 5 1 2 13 7 21 —
UCTPHO+ Hu et al. (2007) CNP 35 16 169 66 12 10 — 3 2 7 — — 13 4 14 1
ASM2d +TUD Meijer (2004) CNP 22 18 154 98 16 15 2 2 12 — 6 12 6 26 —

Chemical P precipitation not considered. Biomass general refers to common parameters to OHOs, ANOs, and PAOs.

"First published in Henze et al. (1987).
"First published in Henze et al. (1999).
“First published in Gujer et al. (1999).
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Appendix G. Comparison of studies reporting PHAs (PHB) production in C. necator.

. PHA' Biomass PHA  PHA Productivity
Strain Substrate Scale Control strategy produced @L") (@L') (%) (gL'h™) Reference
C. necator Plant oils® P(3HB) 3.6-43 29-34 79-81 0.04-0.05
. . "2 Flask Batch . .
C. necator (recombinant, Aeromonas caviae) Plant oils P(3HB-co-3HHX) 35-36 2.7-29 76-81 0.04 Fukui and Doi [17]
Fructose P(3HB) 34 n.a 55 n.a
C. necator DSM 541 Palmitate Flask Batch P(3HB-co-3HV-co-3HHX)  0.51 na 58 na Dennis et al. [18]
Oleate P(3HB-co-3HHX) 144 n.a 57 n.a
Centrifuged
C. necator fermented organic  Flask Batch P(3HB-co-3HV) 2.77 113 40.0 0.025 Ganzeveld et al., [19]
waste
C. necator Bagasse hydrolysate Flask Batch na 6 3.9 65 0.08 Yu and Stahl [12]
C. necator Palm oil Flask Batch P(3HB-co-3HV) 3.6 2.66 74 n.a Liu et al. [20]
C. necator Fructose® Flask Fed batch P(3PHB) 5,25 4.04 76.87 0.081 This study

Fructose, avocado oil

P(3HB-co-3HV)

4.45-4.91 2.64-3.48 59-70 0.053-0.07

!3PHB, 3 hydroxybutyrate; 3HV, 3 hydroxyvalerate; 3HHX, 3-hydroxyhexanoate. “Olive oil, corn oil and palm oil tested once at a time. > Control experiments. n.a: Not available.
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Appendix H. Calculations to obtain the stoichiometric coefficients.

2.350 gXy

Yyp = —————F=0417 gXy/gS
X/F 5.630 gSy 9Xu/9gSr
1.137 gXpyg
Ypup/xu = m = 0.484 gXppp/9Xu

0.696 gXpup

Ypup/ra = m = 0.020 gXpyp/gSra

Ypup mecator = 0.708 gXpygp/g microorganism
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Appendix I. Python code used for kinetic model simulation.

## It is a program for making cinetic model and follow the evolution of different components in time

## It solves the
## What you need

continuity equations and make the calculation of balance equation
to provide: matrix (for process and compounds), kinetic equations and kinetic constants in a file

## And finally fill all the initial condition, initial concentrations, delta T, Volume, Caudal

## v@.1 — Modekine
## by Thibault Terencio, Henry Romero, Carlos Pazmino, Alicia Sommer

import re as reg

from tkinter import *
from tkinter.filedialog import askopenfilename
from tkinter import ttk

import csv

from sympy import *
from sympy.solvers.solveset import linsolve

root = Tk()

##### Creation of a class named myapp which will contain all the elements of the graphical interface

inputP=""
inputC=""
outputP=""
outputC=""
ncolFrame=@

class MainWindow:
def __init__(

self maestro):

## Menu definition
menubar = Menu(root)
root.config(menu=menubar)
root.ncolFrame=08

filemenu

= Menu(menubar)

#lambda used for no executing the command directly

filemenu.
filemenu.
filemenu.
filemenu.
filemenu.
filemenu.
filemenu.
filemenu.
filemenu.
filemenu.

editmenu

add_command(label="New Project”, command=(lambda:self.NewProject()))

add_separator()

add_command(label="0Open Matrix Process”, command=(lambda:self.OpenFile("Process”,entriesP)))
add_command(label="0Open Matrix Compounds”, command=(lambda:self.OpenFile("Compounds”,entriesC)))
add_command(label="0Open kinetic equations", command=(lambda:self.OpenKinec("Kinetics","")))
add_separator()

add_command(label="Save Matrix Process”, command=(lambda:self.SaveFile(outputP)))
add_command(label="Save Matrix Compounds”, command=(lambda:self.SaveFile(outputC)))
add_separator()

add_command(label="Salir", command=root.quit)

= Menu(menubar)

HEBRARBRURRRE
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menubar.add_cascade(label="Archivo"”, menu=filemenu)
menubar.add_cascade(label="Editar", menu=editmenu)

BREBBBRUBERRHBERBHBER R B ER R BB RERB B R R BB R R BB R ER BB R BRI BB BB BB BRI BB BB BB BB BR B BBRY
### Define the welcome part (just when opening the program #H##
BARBBBURBBBRBBBBRBBBBRRBBBRBBBBRBRBBRBHGBRBRGBRBRGBRBRGBRERGBRERHBRERYBRERBBRERIBY

self.welcome_frame = Frame(root,borderwidth = 2, relief=SUNKEN, height=458,width=358)

self.welcome = ttk.Label(self.welcome_frame, text="Welcome to this program", font=('Helvetica', 18, 'bold'))

self.welcome.pack(side="top")

self.welcome2 = ttk.Label(self.welcome_frame, text="Please choose a new project or load the matrices from csv files", font=('Helvetica', 9,
self.welcome2.pack(side="top"')

canvaso = Canvas(self.welcome_frame, width = 48@, height = 380, background="black")

self.img = PhotoImage(file='bubbles.gif')
canvaso.create_image(2,2, anchor=NW, image=self.img)
canvaso.pack()

self.welcome_frame.pack()

ncolFrame=0@
self.WidK=[]
self.WidB=[]

def NewProject(self):
BREBBBERBBRRBBEBRERBBR R BB RBR BB R BB BB RRR BB R BB BB R RR BB R BB B BERBBERERB B RBBERER BB R BB
### Part which generate the two matrix but empty #i#
BERRBBHRBBERERBBRRBBBRBRBERRBBRRRRBBRRBBBRRRB B R BB BRRRBERRBBBRRRBBRRRBBRRRBBRBR BB
self.welcome_frame.destroy()
print( " " )
self.Unaapp = myapp(root,"Process”,2,2,entriesP, inputP)
self.otraapp = myapp(root, "Compounds",2,2,entriesC,inputC)
self.DownPart()

def DownPart(self):
BERRBBHRBBRRBRBBRRBBRRBRBBRRBBRRBRBBRRBBBRRRBBRRBHBRBRBBR BB B BRRRBBRBRBBRRRBBR R BB
### Part at the bottom of the graphical interface #i#
BERRBBHRBBBRERBBRRBBRRBRBEBRRBBRRRRBBRRBBBRRRBBRRBBBRBRBBRRBBBRRRBERRRBBRRRBBRBRBBH
self.next_Frame = Frame(root,borderwidth = 2, relief=SUNKEN, height=5@,width=508)
self.shooow = Button(self.next_Frame, text="Show continuity equations",command=self.Show)
self.shooow.pack(side=LEFT)
self.check = Button(self.next_Frame, text="Check if solvable",command=self.Check)
self.check.pack(side=LEFT)
self.solveq = Button(self.next_Frame, text="Solve it!", command=self.SolvEq)
self.solveq.pack(side=LEFT)
self.solveq = Button(self.next_Frame, text=">>> Expand cinetic and balance equations part",command=self.ExpandKin)
self.solveq.pack(side=LEFT)
self.next_Frame.grid(row=3, column=8)

'italic'))
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def Show(self):
BHRBBERRBBERRBBERRBBERRBBRRRBBRRR BB R RBBRERBBRERBBRBR BB R BB BB R BB BB R BB BB R BB BB RBBB R

#44
BEARBREH

list

self.
self.
self.
self.
self.
self.

1=0

prin
for

fcon
for

prin
prin

Part to show the continuity equations and keep it in a file #i#
HEBRRBBBERBBBRBRBBRBRBBRERBERERBBRRR BB R BB RBBBERBBBRRRBBRBRBERERBBRERB R

eq=[]

equations=[]
equationss=[]
variables=[]
varwhereis=[]
varwhereis.append([])
varwhereis.append([])

t("CONTINUITY EQUATIONS ")

i in range(1,self.Unaapp.n+l):

for j in range(l1,self.otraapp.n+l):
listeq.append([])
self.equation=[]

listeqg[l).append("equation "+str(l)+" ("+self.Unaapp.entryname[i][@].get()+" "+self.otraapp.entrynamel[j][@].get()+"): ")
for k in range(1,self.Unaapp.ncol+l):
listeq[l].append(self.Unaapp.entryname[i][k].get()+"+"+self.otraapp.entryname[j][k].get())
listeq[l].append("+"
self.equations.append(self.Unaapp.entryname[i][k].get()+"+"+self.otraapp.entryname[j][k].get())
self.equations.append("+"
self.equation.append(self.Unaapp.entryname[i][k].get()+"+"+self.otraapp.entryname([j][k].get())
self.equation.append("+")

if(self.Unaapp.entryname[i][k].get().isalpha()):
CountnoAdd=0
for vava in self.variables:
i7 self.Unaapp.entryname[i][k].get()==vava:
CountnoAdd+=1
it (CountnoAdd==8):
self.variables.append(self.Unaapp.entryname[i][k].get())
self.varwhereis[@].append(i)
self.varwhereis[1].append(k)
self.equation.pop()
self.equations.pop()
self.equationss.append(''.join(self.equation))
listeq[l].pop()
listeq[l]).append(" = 8")
1+=1
tinuity = open("ContinuityEq.txt","w")
i in range(l):
print(*listeq[i],sep='"',file=fcontinuity)
t(self.variables)
t(self.equations)
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def Chec
prin

def Solv

k(self):
t("you have the same amount of unknown and equations good!")

Eq(self):

BRABBERRABRRRBBRRABBRARBERARABRRRBBRBRBBRARBERARABRRBBBRRRBERARBBRERABRRRBBRRRBERH

#H#4

#i#
BEARBEHE

prin

fSol
vard
Solu
SolC

for

def Expa
BERHBEHY

#it#
BERHBERH

Part for doing a linear solve of continuity equations #i#
and put the solutions in a file ###
HEBHARBBRHRBBRERBBRRBRBBRRBBER AR BB RRRBERRRBBRBRBBRBRBBRRBBBR AR BB RRRBERRRBBH
t("**%kk solving ->")

contin = open("ContinuitySolutions.txt™,"w")
sym=var(',6'.join(self.variables))
tionsCont=linsolve(self.equationss, var4sym)
ontiList=1list(SolutionsCont.args(@])

i in range(®@,len(self.variables)):

print(self.variables[i], round(SolContiList[i],5),file=fSolcontin)
1ll=self.varwhereis[@][i]

cc=self.varwhereis[1][i]
self.Unaapp.entryname[ll][cc].delete(®, END)
self.Unaapp.entryname[ll][cc].insert(®, round(SolContiList[i],5))

ndKin(self):
HUBRERBRERBBERBRBBERRBER BB BB RERBBRRBBERERBBERRBER BB B BRERBBRRBBERERB BB BER
Part which extend the right panel of the interface #H#
HEBRERBBRBRBBRRBBRRRRBBRBRBBRRBBBRRRBBRBRBBRRBBBRRRBBRERBBR BB BB BB BRRRRBBH

#### Kinetic panel

self.

self.
self.

self

self.
self.
self.

#a## Ini

self.
self.
self.
self.

self.
self.

self.
self.
self.
self.
self.

Kin_Frame = Frame(root,borderwidth = 2, relief=SUNKEN, height=200,width=600)

Kineq_Framel = ScrollableFrameV(self.Kin_Frame)

labelo = ttk.Label(self.Kineq_Framel.scrollable_frame, text="Kinetic equations"”, font=('Helvetica', 18, 'bold'))
.labelo.grid(row=0,column=0)

Kineq_Framel.pack(side=LEFT)

Kin_Frame.grid(row=8, column=1)

Kineq_Framel.pack(side=LEFT)

tial panel

Ini_Frame = Frame(root,borderwidth = 2, relief=SUNKEN, height=288,width=308)

Ini_Framel = ScrollableFrame(self.Ini_Frame)

labeli = ttk.Label(self.Ini_Framel.scrollable_frame, text="Initial conditions”, font=('Helvetica',6 18, 'bold'))
labeli.grid(row=8,columnspan=4)

labeli.grid(row=1, columnspan=4)

IniCon=[]

IniCon.append([])
IniCon.append([])
IniCon.append([])
IniCon.append([])

labeli = ttk.Label(self.Ini_Framel.scrollable_frame, text="Initial concentracions", font=('Helvetica', 12, 'bold'))
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#### Initial panel
self.Ini_Frame = Frame(root,borderwidth = 2, relief=SUNKEN, height=28@,width=388)
self.Ini_Framel = ScrollableFrame(self.Ini_Frame)
self.labeli = ttk.Label(self.Ini_Framel.scrollable_frame, text="Initial conditions", font=('Helvetica',6 18, 'bold'))
self.labeli.grid(row=8, columnspan=4)

self.labeli = ttk.Label(self.Ini_Framel.scrollable_frame, text="Initial concentracions", font=('Helvetica', 12, 'bold'))
self.labeli.grid(row=1, columnspan=4)

self.IniCon=[]
self.IniCon.append([])
self.IniCon.append([])
self.IniCon.append([])
self.IniCon.append([])
for 1 in range(1,self.Unaapp.ncol+1):
self.IniCon.append([])
self.labelInil = ttk.Label(self.Ini_Framel.scrollable_frame, text=self.Unaapp.entryname[@][i].get(), font=('Helvetica',6 8))
self.labelInilL.grid(row=2, column=i-1)
self.IniCon[@].append(self.labelInil)

self.entry = Entry(self.Ini_Framel.scrollable_frame, width=5)
self.IniCon[1].append(self.entry)
self.entry.grid(row=3, column=i-1)

self.labeli = ttk.Label(self.Ini_Framel.scrollable_frame, text="Operation conditions", font=('Helvetica', 12, 'bold'))
self.labeli.grid(row=4,columnspan=4)

self.label = ttk.Label(self.Ini_Framel.scrollable_frame, text="DeltaT", font=('Helvetica', 8))
self.label.grid(row=5, column=8)
self.IniCon[2].append(self.label)

self.label = ttk.Label(self.Ini_Framel.scrollable_frame, text="V", font=('Helvetica', 8))
self.label.grid(row=5, column=1)
self.IniCon[2].append(self.label)
self.label = ttk.Label(self.Ini_Framel.scrollable_frame, text="Ci", font=('Helvetica', 8))
self.label.grid(row=5, column=2)
self.IniCon[2].append(self.label)
self.label = ttk.Label(self.Ini_Framel.scrollable_frame, text="Co", font=('Helvetica', 8))
self.label.grid(row=5, column=3)
self.IniCon([2].append(self.label)
for i in range(4):
self.entry = Entry(self.Ini_Framel.scrollable_frame, width=5)
self.IniCon[3].append(self.entry)
self.entry.grid(row=6, column=i) H

self.Ini_Frame.grid(row=8, column=2)
self.Ini_Framel.pack(side=LEFT)
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#### Balance panel
self.Bal_Frame = Frame(root,borderwidth = 2, relief=SUNKEN, height=28@,width=608)
self.Balan_Frame = ScrollableFrameV(self.Bal_Frame)
self.labelp = ttk.Label(self.Balan_Frame.scrollable_frame, text="Balance equations", font=('Helvetica',K 18, 'bold'))
self.labelp.grid(row=8, columnspan=2)
self.Balan_Frame.pack(side=LEFT)

self.Bal_Frame.grid(row=1, column=1)

self.downBalKin_Frame = Frame(root,borderwidth = 2, relief=SUNKEN, height=58,width=580)
self.showBal = Button(self.downBalKin_Frame, text="Show balance equations”,command=self.ShowB)
self.showBal.pack(side=LEFT)

self.solvBal = Button(self.downBalKin_Frame, text="Solve Balance equations"”,command=self.SolveB)
self.solvBal.pack(side=LEFT)

self.downBalKin_Frame.grid(row=3, column=1)

a
®
-

ShowB(self):

### Part to show the balance equations inside the entries in form of variables ###

self.listeqB=[]
self.equationsB=[]
self.equationssB=[]
self.variablesB=[]
1=0
print(1,self.Unaapp.nom)
print("BALANCE EQUATIONS ")
for i in range(1,self.Unaapp.ncol+l):
self.listeqB.append([])
self.listeqB[1l].append(" (")
self.listeqB[1l].append(self.IniCon[2][2]).cget("text")+"£X000000*"+self.IniCon[2][0]).cget("text")+"/"+self.IniCon[2][1]).cget("text")+"+"
self.listeqB[1]).append(" (")
caca=@
for j in range(1,self.Unaapp.n+l):
self.equation=[]
if (self.Unaapp.entryname[j][i).get()!="8"):
self.listeqB[1l]).append("("+self.Unaapp.entryname[jI[i].get()+"+"+self.WidK[j-1][@].get()+")")
self.listeqB[1]).append("+")
caca=caca+l
self.listeqB[1].pop()
if caca == 0:
self.listeqB[1l].append("@")
else:
self.listeqB[1].append(")")
self.listeqB[1l].append("*"+self.IniCon[2][8].cget (" text")+"+X0000XX)/(1+("+self.IniCon[2][3].cget("text")+"+"+self.IniCon[2][8].cget("text")+"/"+self.IniCon[2][1].cget("text")+"))")
1+=1

self.WidB.append([]
self.WidB.append([]
for i in range(l):

)
)
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for 1 in range(®,NumComp):
listcompNAME. append(self.IniCon[@][i].cget("text"))
listcompCONC.append(float(self.IniCon[1][i].get()))
print(listcompNAME, file=fsolB)
print(“time "+str(round(time,2))+":", file=fsolB)
print(listcompCONC, file=fsolB)

listnewcompCONC=1istcompCONC

### at time t (each deltat)
while time<totaltime:
time = time+Cini_deltaT

listcompCONC=1istnewcompCONC
listnewcompCONC=[]

# Here, we take the balance equation generated, replace the text with variables and calculate
for j in range(1,self.Unaapp.ncol+l):

Eqqone=Eqq[j-1]

Eqqone=Eqgone.replace( 00000, str(listcompCONC[j-11))

for k in range(®,NumComp):
Eqqone=Eqgone.replace(listcompNAME[k],str(listcompCONC[k]))

result=eval(Eqgone)

listnewcompCONC.append(result)
listnewcompCONC.insert(®@,time)

# Here we write the different components inside the file
print(listnewcompCONC, file=fsolB)

def OpenFile(self,prococomp,entritri):
BRERBEBRBRBERERBBRERBERERBBRERBERERBERERBERERBERERBERERBBRBRBBRBRBBRBR BB BB BB RR R
### Part for opening files of matrix #i#
BRERBERABRBERERBERERBERERBERERBERERBERERBBRBRBBRERBERBRBBRBRBBRBRBBRRRBBRRRBBRBRBRE
self.welcome_frame.destroy()
# self.input=input
self.input = askopenfilename(initialdir="C:/Users/",
filetypes =(("csv file", "#.csv"),("Text File", "=.txt"),("All File
title = "Choose a file."
)
print(">>>>5>>>>>>")
print(self.input)
if prococomp=="Process":
self.Unaapp = myapp(root,prococomp,3,3,entritri,self.input)
if prococomp=="Compounds":
self.otraapp = myapp(root,prococomp,3,3,entritri,self.input)
self.DownPart()

def OpenKinec(self,prococomp,entritri):
BHABBBRRBBHRBBBRRBBBRRBBBRERBBRBRBBRRRBBRRR BB R BB BB R R B BB BB BR BB BBRRBBRERBBRRRBBH#
### Part to open a file containing the kinetic equations #i#

BHARBEBRARBBRRBBBRRABARRRBBRBRBBRARBERRRBER AR B BR AR BBRRBBBRRBRBBRARBBRARBERRRBBRRRBBH
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BERRBBHARBERRBBBRARBBR BB BBRRRB BB BB R AR BB BB RRRBBR R BB RERBBR R BB RERBBRRB BB RERBRH
self.inKin = askopenfilename(initialdir="C:/Users/",
filetypes =(("Text File", "#.txt"),("All Files","=*.%")),
title = "Choose a file."
)
print(">>>5>55>>>5>5")
print(self.inKin)

# definition of the regex, in that case it would detect 3 columns, but only 2 of them are defined for the match.group (look for the parenthesis)
paternConst = reg.compile(r"(\S+)\s+:\s+(\S+)")

paternEq = reg.compile(r" (\S+)\s+=\s+(\S+)")
# definition of a list of list named dataIR

datalR = []

# definition of the file we would open to look for data

f=open(self.inKin)

# definition of the file where we would write something (output)

out="Salida.txt"

k=-1
## We would like inside the file and look for the regex line by line
lines=f.readlines()
for line in lines:
print(line)
matchl=paternEq.search(line)
match2=paternConst.search(line)
T matchl:
dataIR.append([])
k=k+1
dataIR[k].append(matchl.group(2))

if match2:
dataIR[k].append(match2.group(1))
dataIR[k].append(match2.group(2))
f.close

print(dataIR)

i=1

for 1 in range(k+1):
self.WidK.append([])

self.entry = Entry(self.Kineq_Framel.scrollable_frame, width=65)

self.WidK[1].append(self.entry)

self.widK[1][@].delete(®,END)

self.widK[1][@].insert(@,dataIR[1][8])

self.entry.grid(row=1+j, columnspan=2)

for i in range(1,len(dataIR[1]),2):
self.labelCons = ttk.Label(self.Kineq_Framel.scrollable_frame, text=dataIR[1][i], font=('Helvetica',6 12))
self.labelCons.grid(row=1+j+i, column=8)
self.WidK[1l].append(self.labelCons)
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self.entry = Entry(self.Kineq_Framel.scrollable_frame, width=25)
self.widK[1l].append(self.entry)
self.WidK[1][i+1].delete(®,END)
self.WidK[1][i+1).insert(®,dataIR[1][i+1])
self.entry.grid(row=1+j+i, column=1)

j=j+i

def SaveFile(self,output):
self.output=output

class ScrollableFrame(ttk.Frame):
det __init__(self, container, *args, #**kwargs):

super().__init__(container, #*args, **kwargs)
canvas = Canvas(self)
scrollbar = ttk.Scrollbar(self, orient="horizontal"”, command=canvas.xview)
self.scrollable_frame = ttk.Frame(canvas,borderwidth = 2, relief=SUNKEN, height=50,width=6080)
self.scrollable_frame.bind(

"<Configure>",

lambda e: canvas.configure(

scrollregion=canvas.bbox("all")

)

)

canvas.create_window((®, @), window=self.scrollable_frame, anchor="nw")

canvas.configure(xscrollcommand=scrollbar.set)
scrollbar.pack(side="bottom”, fill="y")
canvas.pack(side="left", fill="both", expand=True)

class ScrollableFrameV(ttk.Frame):
det __init__(self, container, #*args, #**kwargs):

super().__init__(container, #*args, **kwargs)
canvas = Canvas(self)
scrollbar = ttk.Scrollbar(self, orient="vertical”, command=canvas.yview)
self.scrollable_frame = ttk.Frame(canvas,borderwidth = 2, relief=SUNKEN, height=50,width=6080)
self.scrollable_frame.bind(

"<Configure>",

lambda e: canvas.configure(

scrollregion=canvas.bbox("all")
)

)
canvas.create_window((®, 8), window=self.scrollable_frame, anchor="nw")
canvas.configure(xscrollcommand=scrollbar.set)

scrollbar.pack(side="bottom”, fill="y")
canvas.pack(side="left", fill="both", expand=True)
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entries_proc
entries_proc.
entriesP=[]
entriesC=[]

=[]
append([])

BRRBBBRABERARBBURRBER

class myapp:

BHABBBRRBRRRRBBRRB BB R BB BB BB R BB BB R BB R BB R BB R BB R BB R BB B R R B BHRBBBER
### Class which define the 2 parts with matrix on the left #H##
BEHRBBRARBERARBBRARBERARBERARBBRARBBRARBERARBBRRRBERRRBBRHRBBRBRBRRBRBRRRRBRRRRBHR

def __init__(self,master,nom,row,col,entryname,inp):

self.
self.
self.
self.
self.
self.

entryname=entryname
entryname=[]
entryname.append([])
inp=inp

nom=nom

master = master

master.title("my super app")

self.
self.
self.
self.
self.
self.
self.

entered_number = @

n_row_process=@

n=row

ncol=col

name=ll "

Matrix_Frame® = Frame(master,borderwidth = 2, relief=SUNKEN, height=58,width=508)
Matrix_Frame®.grid(row=master.ncolFrame, column=@)

master.ncolFrame=master.ncolFrame+1

self
self.
self.
self.

vcemd

self.
self.
self.
self.
self.

self
self
self.
self.
self.

.process_sizerowp
.process_sizerowm

.Matrix_Framel = ScrollableFrame(self.Matrix_Frame®)

processtit = ttk.Label(self.Matrix_Frame®, text="Matrix "+self.nom, font=('Helvetica', 18, 'bold'))
processtit.pack(side='top"')
Matrix_Framel.pack(side=LEFT)

= master.register(self.validate)

Matrix_Frame2 = Frame(self.Matrix_Frame®, borderwidth = 2, relief=SUNKEN, height=200,width=2008)
Matrix_Frame2.pack(side=RIGHT)

Matrix_Frame2.pack_propagate(False)

processsizetit = Label(self.Matrix_Frame2, text="Options to modify the Matrix")
processsizetit.pack(pady=10)

Button(self.Matrix_Frame2, text="row +",command=self.addrowentry)
Button(self.Matrix_Frame2, text="row —",command=self.removerowentry)
process_sizecolp = Button(self.Matrix_Frame2, text="column +",command=self.addcolentry)
process_sizecolm = Button(self.Matrix_Frame2, text="column -",command=self.removecolentry)
process_print = Button(self.Matrix_Frame2, text="PrintME",command=self.printentries)
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def

self.process_sizerowp.pack(fill=X)
self.process_sizerowm.pack(fill=X)
self.process_sizecolp.pack(fill=X)
self.process_sizecolm.pack(fill=X)

self.process_print.pack(side = BOTTOM, fill=X)

#Defining the menu and the elements of the menus

for i in range(self.n+1):
self.entryname.append([])
for j in range(self.ncol+1):
self.entry = Entry(self.Matrix_Framel.scrollable_frame, width=5)
self.entry.grid(row=1i, column=j)
self.entryname[i].append(self.entry)

self.Matrix_Framel.pack()
i.’ inp != " II:

print("Habemus datum")
self.importdatal()

" addcolentry(self):

self.ncol+=1

for i in range(self.n+1):
print(i)
self.entry = Entry(self.Matrix_Framel.scrollable_frame, width=5)
self.entryname[i].append(self.entry)
print(self.n,"<><><><><>",self.ncol)
self.entry.grid(row=i, column=self.ncol)

removecolentry(self):
if self.ncol>0:
self.ncol-=1
for i in range(self.n+l):
self.entryname[i][self.ncol+1l].destroy()
self.Matrix_Framel.pack() # entries_proc[self.n].pop()

* addrowentry(self):

self.entryname.append([])

self.n+=1

print(len(self.entryname(8]))

for i in range(self.ncol+1):
self.entry = Entry(self.Matrix_Framel.scrollable_frame, width=5)
self.entryname[self.n].append(self.entry)
print(self.n, "<><><><><>",self.ncol)
self.entry.grid(row=self.n, column=i)

self.Matrix_Framel.pack()
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def

def

def

def

def

addrowentry(self):

self.entryname.append([])

self.n+=1

print(len(self.entrynamel8]))

for i in range(self.ncol+l):
self.entry = Entry(self.Matrix_Framel.scrollable_frame, width=5)
self.entryname[self.n].append(self.entry)
print(self.n, "<><><><><>",self.ncol)
self.entry.grid(row=self.n, column=i)

self.Matrix_Framel.pack()

removerowentry(self):

self.n-=1

for i in range(self.ncol+l):
print(self.n, "<><><><><>",self.ncol)
self.entryname[self.n+1][i].destroy()

self.Matrix_Framel.pack()

printentries(self):
print(self.nom)
for i in range(self.n+l):
for j in range(self.ncol+1):

print("i: ",i," >>>>>> J: ",j," ",self.entryname[il[j].get())
importdata(self):
csvfile=open(self.inp, newline='")
csvreader = csv.reader(csvfile, delimiter=';"')

datata=list(csvreader)

self.n=len(datata)-1
self.ncol=len(datatal[@])-1

self.entryname=[]
for i in range(self.n+1):
self.entryname.append([])
for j in range(self.ncol+1l):
self.entry = Entry(self.Matrix_Framel.scrollable_frame, width=5)
self.entry.grid(row=i, column=j)

self.entryname[i].append(self.entry)

self.entryname[i][j].delete(0,END)

self.entryname[i][j).insert(@,datatali]([j])
self.Matrix_Framel.pack()

validate(self, new_text):

if not new_text: # the field is being cleared
self.entered_number = @
return True

try:
self.n_row_process=int(new_text)
self.process4 = Entry(self.Matrix_Framel, validate="key")
self.process4.pack(side = LEFT)
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def printentries(self):
print(self.nom)
for i in range(self.n+1):
for j in range(self.ncol+l):
print(®"i: *,i," >>>>>> j: ",j," ", self.entryname[i][j].get())

def importdata(self):
csvfile=open(self.inp, newline='")
csvreader = csv.reader(csvfile, delimiter=';')
datata=list(csvreader)

self.n=len(datata)-1
self.ncol=len(datata[@])-1

self.entryname=[]
for i in range(self.n+l):
self.entryname.append([])
for j in range(self.ncol+1l):
self.entry = Entry(self.Matrix_Framel.scrollable_frame, width=5)
self.entry.grid(row=i, column=j)

self.entryname[i).append(self.entry)

self.entryname[i][j].delete(®, END)

self.entryname[i][j].insert(®,datatali][j])
self.Matrix_Framel.pack()

def validate(self, new_text):
if not new_text: # the field is being cleared
self.entered_number = @
return True
try:
self.n_row_process=int(new_text)
self.process4 = Entry(self.Matrix_Framel, validate="key")
self.processé4.pack(side = LEFT)
self.entered_number = int(new_text)
for i in range(1):
self.entry = Entry(self.Matrix_Framel.scrollable_frame, width=5)
self.entry.pack(side = LEFT)
self.Matrix_Framel.pack()
return True
except ValueError:
return False

BRABBBRRBBERRBERBBBBERRBER BB BBRERBBRRBBBRERBBERBBEBRERE
#u### end of the definition of the class ####HH#BRHNHEH
BRABBBHRBBRRBBBRRRBBRBRBBRRBBBRRRBBRBRBBERBBBRRRBBRBRY
TheMain=MainWindow(root)

root.mainloop()
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