INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

in the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indigate the deletion.

Oversize maternals (e.9., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand comer and continuing
from left to right in equal sections with smail overiaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6° x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

Bell & Howell Information and Leaming
300 North Zeeb Road, Ann Arbor, Ml 48106-1348 USA
800-521-06800

UMI






Université d'Ottawa - University of Ottawa






FEASIBILITY OF THE BIO-CONVERSION OF
HYDROCARBON FEEDSTOCK TO CITRIC ACID

by

Anna Maria Crolla
B.A.Sc. Chemical Engineering
B.Sc. Biochemistry

A thesis submitted to the School of Graduate Studies
in partial fulfillment of the requirements for the degree of

Master of Applied Science
Chemical Engineering
in the
Department of Chemical Engineering

University of Ottawa
Ottawa, Canada

© Anna Crolla, 1999



i+l

National Library
of Canada

Acquisitions and
Bibliographic Services

395 Wallington Street
Ottawa ON K1A ON4

Bibliothéque nationale
du Canada

Acquisitions et )
services bibliographiques

395, rue Wellington
Ottawa ON K1A ON4

Canada Canada

Your file Votre référence

Our file Notre référance
The author has granted a non- L’auteur a accordé une licence non
exclusive licence allowing the exclusive permettant a la
National Library of Canada to Bibliothéque nationale du Canada de
reproduce, loan, distribute or sell reproduire, préter, distribuer ou
copies of this thesis in microform, vendre des copies de cette thése sous
paper or electronic formats. la forme de microfiche/film, de

reproduction sur papier ou sur format
électronique.

The author retains ownership of the L’auteur conserve la propriété du
copyright in this thesis. Neither the droit d’auteur qui protége cette thése.
thesis nor substantial extracts from it  Ni la thése ni des extraits substantiels

may be printed or otherwise de celle-ci ne doivent étre imprimés
reproduced without the author’s ou autrement reproduits sans son
permission. autorisation.

0-612-45210-7

Canadi



ABSTRACT

-

Currently, the majority of worldwide microbial production of citric acid utilizes
Aspergillus niger in a carbohydrate based submerged fermentation. An innovative
alternative to utilizing carbohydrates are hydrocarbon feedstocks. Due to their high
carbon content, hydrocarbons theoretically have the potential of producing high yields of
citric acid. With the increasing prices in the sugars market, it is of economical interest to
evaluate the feasibility of utilizing hydrocarbons in citric acid production. It is therefore
the focus of this study to examine the feasibility of using hydrocarbon oils as the sole

source of carbon for the production of citric acid and biomass.

Initial lab experiments were conducted using 1875 ml batch flask fermentations to
determine the yeast strain of Candida lipolytica and hydrocarbon feedstock of choice.
The two yeast strains investigated were Candida lipolytica NRRL-Y-1094 and Candida
lipolytica NRRL-Y-1095. The two feedstocks evaluated were kerosene (Kero 1-K) and n-
paraffin solvent (Norpar 15), both obtained from Impenal Oil Ltd. From these tests it
was found that Candida lipolytica NRRL-Y-1095 assimilated both feedstocks more
effectively than Candida lipolytica NRRL-Y-1094. A citric acid productivity of 47 mg/L-
h was obtained when Candida lipolytica NRRL-Y-1095 was used with the n-paraffin
solvent, while a citric acid productivity of 23 mg/L-h was obtained when using kerosene.
Therefore all subsequent studies were conducted using Candida lipolytica NRRL-Y-1095
and n-paraffin solvent.

To determine the optimum level of initial biomass concentration, n-paraffin
concentration, iron concentration and temperature for the production of citric acid, a
central composite design was developed using 200 ml batch flask fermentations. The
design involved conducting 31 batch flask fermentations under various combinations of
high and low values of these four parameters. From this investigation it was found that

the optimum levels of each parameter for citric acid production were, 10-12 % volume for



initial biomass inoculum, 10-15% volume for n-paraffin concentration, 10 mg/L for ferric
nitrate concentration, and 26-30°C for temperature.

These optimum levels of the above operating parameters were implemented in larger
scale (7litre) fermentations. These fermentations were conducted in a 14L Chemap
fermentor. The fermentations investigated the effects of aeration, agitation (mechanical
agitation from the fermentor and an external agitator), and batch versus fed-batch systems
on biomass and citric acid production. It was determined that an aeration increase from
0.5 to 2.0 vvm in batch systems did not affect overall citric acid yield and productivity.
An agitation rate increase from 400 to 800 rpm in batch systems increased average citric
acid productivity by 39%. In fed-batch systems, an agitation increase from 400 to 1000
rpm resulted in a citric acid productivity increase of 125 %. The utilization of an external
agitator running at 1400 rpm (while the fermentor agitator is running at 400 rpm)
increased citric acid productivity by 75% from when an external agitator is absent from
the system. However, an external agitation of 1600 rpm resulted in a 20-30 % increase in
cell lyses. Citric acid yields were increased by 100% when moving from batch to fed-
batch systems. When a three cycle fed-batch system was implemented, citric acid yields
were increased by 100% from fed-batch systems and 200% from batch systems.



RESUME
Actuellement, la majorité de la production microbienne mondiale d'acide citrique utilise
le Aspergillus niger dans une fermentation submergée a base de glucide. L'utilisation de
charges d'alimentation a base d'hydrocarbure plutét que de glucides est une alternative
innovatrice. Vu leur teneur élevée en carbone, les hydrocarbures ont, en théorie, le
potentiel de produire de hauts rendements d'acide citrique. Face i I'augmentation du prix
des sucres sur le marché, on peut avoir intérét, sur le plan économique, i évaluer la
faisabilité d'utiliser des hydrocarbures dans la production d'acide citrique. La présente
étude a donc pour objet d'examiner la faisabilité d'utiliser des huiles d’hydrocarbures

comme source exclusive de carbone pour la production d'acide citrique et 1a biomasse.

Les premiéres expériences en laboratoire ont été effectuées au moyen de fermentations
par lots en ballon de 1875 mL pour déterminer la souche de levure de Candida lipolytica
et la charge d’hydrocarbure optimale. Les deux souches de levure étudiées ont été la
Candida lipolytica NRRL-Y-1094 et la Candida lipolytica NRRL-Y-1095. Les deux
charges d'alimentation évaluées ont été le kéroséne (Kero 1-K) et le solvant n-
paraffine(Norpar 15), tous deux obtenus de la Compagnie pétroliére impériale Ltée. Ces
tests ont révélé que la Candida lipolytica NRRL-Y-1095 assimilait les deux charges plus
efficacement que la Candida lipolytica NRRL-Y-1094. On a obtenu une productivité
d'acide citrique de 47 mg/l-h en utilisant la Candida lipolytica NRRL-Y-1095 avec la n-
paraffine, comparativement a une productivité d'acide citrique de 23 mg/l-H avec le
kéroséne. Toutes les études subséquentes ont par conséquent été effectuées avec la
Candida lipolytica NRRL-Y-1095 et la n-paraffine.

Pour déterminer le niveau optimum de concentration initiale de la biomasse, de
concentration de la n-paraffine, de concentration du fer et de la température pour la
production d'acide citrique, on a mis au point un modéle composite central a l'aide de
fermentations par lots en ballon de 200 mL. Nous avons ainsi effectué 31 fermentations

en utilisant diverses combinaisons de valeurs faibles et élevées de ces quatre paramétres.

iv



A partir de cette étude, nous avons constaté que les niveaux optimums de chaque
parameétre pour la production d'acide citrique étaient de 10 a4 12 % pour le volume de
concentration initiale de la biomasse, de 10 a 15 % pour le volume de concentration de la
n-paraffine, de 10 mg/l pour la concentration de nitrate de fer, et de 26 4 30°C pour la
température.

Ces niveaux optimums pour chacun des paramétres ci-dessus ont ensuite été utilisés dans
des fermentations a plus grande échelle (7 litres) effectuées dans un fermenteur Chemap
de 14L. On a alors étudié les effets de I'aération, de l'agitation (agitation mécanique du
fermenteur et d'un agitateur externe) et des systémes par lots (batch systems) par rapport
aux systémes a écoulement discontinu (fed-batch) sur la biomasse et la production d'acide
citrique. Il a été déterminé qu'une augmentation de l'aération de 0,5 4 2,0 vvm dans les
systémes par lots ne modifiait pas la production globale d'acide citrique ni la productivité.
Une augmentation du taux d'agitation de 400 a 800 tours/minute dans les systémes par
lots a augmenté la productivité moyenne d'acide citrique de 39 %. Dans les systémes a
écoulement discontinu, I'augmentation de I'agitation de 400 a 1000 tours/minute s'est
soldée par une augmentation de la productivité d'acide citrique de 125 %. L'utilisation
d'un agitateur externe fonctionnant a 1400 tours/minute (pendant que l'agitateur du
fermenteur fonctionnait a 400 tours/minute) a augmenté la productivité d'acide citrique de
75 % par rapport a la productivité du systéme sans agitateur externe. Mais, une agitation
externe de 1600 tours-minute a produit une augmentation de 20 a 30 % de lyse cellulaire.
La production d'acide citrique s'est accrue de 100 % lorsque 'on est passé du systéme par
lots au systéme a écoulement discontinu. Lorsque l'on a mis en oeuvre un systéme a
écoulement discontinu en trois cycles, la production d'acide citrique a augmenté de 100 %
dans le systéme a écoulement discontinu, et de 200 % dans le systéme par lots.
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CHAPTER1:
Introduction

Citric acid is widely used in food, pharmaceutical and chemical industries due to its
distinctive properties as an acidulent, flavoring agent, antioxidant and chelating agent.
Commercially, citric acid is produced from molasses, sucrose, or glucose syrups by
Aspergillus niger in surface or submerged oxidative fermentation processes. Several
yeast have also been shown to produce citric acid from a wide variety of carbon sources,
including glucose, n-alkanes, and edible oils, in submerged oxidative fermentation
processes. This thesis focuses on the evaluation of producing citric acid through the
utilization of yeast and n-alkanes, as a potential alternative to the more traditional use of
carbohydrate substrates. The results of the study will be considered for eventual
commercialization possibilities by Touchstone Contracting, Management and

Engineering Services Ltd.

§ 1.1 Citric Acid Production Worldwide

Citric acid is manufactured in over 20 countries with 1994 production at approximately
550 thousand metric tons with a value at over $750 million (Blair and Staal, 1991;
Bradly, 1996). The distribution of worldwide production is shown in Figure 1. Most of
this production is used for foods and beverages, with industrial applications (e.g.

detergents, metal cleaning) becoming more important on a worldwide basis. The world’s



largest producing companies are Bayer and ADM (each of which has a 17% market

share) followed by Jungbunzlauer, Cargill and Citrique Berge (Bradly, 1996).

Figure 1: Worldwide Citric Acid Production (Blair and Staal, 1991)

Western Europe produces more citric acid than any other region, while the United States
is the runner up. The United States is a net importer of citric acid, while Western Europe
is a net exporter. Although domestic consumption volumes in Western Europe and
United States in 1994 were roughly equal at 192-200 thousand metric tons, end-use

market demand in the two regions varies (Bradly, 1996). For instance, Western European



demand for citric acid use in household detergents and cleaners was 30% higher than that
in the United States, even though the United States was still transitioning out of
phosphate builders for laundry detergent formulations in 1994 (Bradly, 1996). Similarly,
the United States utilized more citric acid in food and beverages applications, particularly

in beverages, than did Westemn Europe.

Canada is currently without a citric acid producer, and was estimated in 1995 to have
imported 11.9 thousand metric tons of citric acid from the United States and Europe at
approximately $2.40/kg (Touchstone Engineering Ltd., 1996). Similarly to the United
States, the largest market in Canada for citric acid is as a food acidulent. The U.S. market
is relatively mature and is growing at a rate of 3-5% annually. The Canadian food
acidulent market for citric acid is said to have experienced measurable growth in recent
years; there has been some shifting of the dry drink mixtures business to Canada from the
USS. to take advantage of lower sugar prices (Touchstone Engineering Ltd., 1996). The
major citric acid buyers in Canada are food and pharmaceutical companies situated in
Toronto and Montreal. For this reason, Touchstone Engineering Ltd. is proposing to
establish a Canadian facility in eastern Ontario, to best serve the major consumers of the
two regions. Touchstone Engineering Ltd. has proposed the use of hydrocarbons as a
cheap fermentation feedstock for the production of citric acid. As there is currently no
plant in production utilizing hydrocarbons, the company required an investigation, by the

University of Ottawa, into the feasibility of utilizing hydrocarbon feedstocks.



§ 1.2 Objectives and Scope of Research

The overall purpose of the research was to evaluate the technical feasibility of the
production of citric acid through a fermentation process utilizing yeast and n-alkanes.
Specifically the goals of the research were:

1. To determine a strain of the Candida lipolytica species and hydrocarbon feedstock for

use in the study of citric acid production;

[

To study the effects of temperature, initial biomass inoculum, initial hydrocarbon
concentration and iron salt concentration on the production of citric acid;

3. To observe the effects of aeration and agitation on the production of citric acid, while
also comparing the effects of mechanical agitation in the fermentor itself and
mechanical agitation externally;

4. To compare citric acid production between batch and fed-batch fermentations.

In selecting the strain of Candida lipolytica to be used throughout the study, two strains
were obtained from the United States Department of Agriculture, C. lipolytica NRRL-
Y1094 and C. lipolytica NRRL-Y1095. The two strains were used in batch fermentations
using two hydrocarbon feedstocks, n-paraffin and kerosene. The Candida lipolytica
strain and feedstock used in the subsequent studies of the thesis was the yeast and
hydrocarbon feedstock fermentation mixture with optimum citric acid production; C.

lipolytica NRRL-Y1095 and n-paraffin feedstock.



A central composite design was implemented to determine the effects of four parameters,
temperature, initial biomass inoculum, initial hydrocarbon concentration and iron salt
concentration, on the production of citric acid. From the design, the level of each
parameter for optimal citric acid production was determined. These operating levels for

each parameter were then used for the subsequent study of larger scale fermentations.

The effects of aeration and agitation on citric acid production were investigated using a
Chemap fermentor. An external agitator was also introduced to the fermentor system and
citric yields compared between fermentations under only mechanical agitation from the
fermentor and fermentations under mechanical agitation from both the fermentor and
external agitator. Citric acid yields were also compared between batch and fed-batch

fermentations.

§ 1.3 Layout of Thesis

The thesis has been divided into three sections:
o the selection of a yeast strain and hydrocarbon feedstock;
e the setting of operating values for temperature, initial biomass inoculum, initial
hydrocarbon concentration and iron salt concentration;
o the assessment of the technical feasibility of the production of citric acid
through hydrocarbon fermentation, under the influences of aeration, mechanical

agitation (from both a Chemap fermentor and an external agitator).



The basis for this approach is presented in Chapter 2. This chapter includes a critical
analysis of the development and evolution of citric acid production. Chapter.3 presents
the experimental method and analytical basis for Candida lipolytica strain selection and
the selection of a n-paraffin solvent as the hydrocarbon feedstock. Chapter 4 presents the
design and analysis of the central composite design for the selection of operating values
of temperature, initial biomass inoculum, initial hydrocarbon concentration and iron salt
concentration. Chapter 5 includes the experimental method and comprehensive analysis
of the effects of aeration and agitation on citric acid production under the influence of
both batch and fed-batch systems. This chapter also focuses on examining the effects of
an external agitator, added to the fermentation apparatus, on citric acid production. A
summary of the findings from the entire work and recommendations for further research

are presented in Chapter 6. References are provided in Chapter 7.



CHAPTER 2:
Production of Citric Acid: A Fermentation Approach

§ 2.1 Citric Acid Background

2.1.1 Physical Properties

Citric acid (2-hydroxy-1,2,3-propanetricarboxylic acid), is a natural component and
common metabolite of plants and animals. It is the most versatile and widely used

organic acid in foods, beverages, and pharmaceuticals.

CIHI—COOH
HO — C — COOH (Citric Acid, Anhydrous)
CH,— COOH

Because of its functionality and environmental acceptability, citric acid and its salts
(primarily sodium and potassium) are used in many industrial applications for chelation,
buffering, pH adjustment, and derivatization. These uses include laundry detergents,
shampoos, cosmetics, enhanced oil recovery, and chemical cleaning (Blair and Staal,
1991). Aqueous solutions of citric acid are excellent buffering systems when partially
neutralized because citric acid is a weak acid and has three carboxylic groups, hence three
PK,’s. At 20°C pK, = 3.15, pK, = 4.77, and pK, = 6.39 (Weast, 1989), while the

buffering range for citrate solutions is pH 2.5 to 6.5 (Blair and Staal, 1991).



2.1.2 Chemical Properties

Citric acid undergoes most of the reactions typical of organic hydroxy polycarboxylates:

Decomposition: When heated above 175°C, citric acid decomposes to form aconitic
acid, citraconic acid, itaconic acid, acetonedicarboxylic acid, carbon dioxide, and
water (Blair and Staal, 1991).

Esterification: Citric acid is easily esterified with many alcohols under azeotropic
conditions in the presence of a catalyst such as sulfuric acid, p-toluenesulfonic acid,
or sulfonic acid-type ion-exchange resin. Alcohols typically used in citric acid
esterification are methyl, ethyl, butyl, and allyl alcohols (Blair and Staal, 1991).
Oxidation: Citric acid is easily oxidized by a variety of oxidizing agents such as
peroxides, hypochlorite, persulfate, permanganate, periodate, hypobromite, chromate,
manganese dioxide, and nitric acid. The products of oxidation are usually
acetonedicarboxylic acid, oxalic acid, carbon dioxide, and water (Blair and Staal,
1991).

Salt Formation: Citric acid forms mono-, di-, and tribasic salts with many cations
such as alkalies, ammonia, and amines. Salts may be prepared by direct
neutralization of a solution of citric acid in water using the appropriate base, or by
double decomposition using a citrate salt and a soluble metal salt (Blair and Staal,
1991). Trisodium citrate is more widely used than any of the other salts of citric acid.
Chelate Formation: Citric acid complexes with many multivalent metal ions to form

chelates. This important chemical property makes citric acid and citrates useful in



controlling metal contamination that can affect the colour, stability, or appearance of

a product or the efficiency of a process (Blair and Staal, 1991).

2.1.3 Occurrence of Citric Acid

Citric acid occurs widely in the plant and animal kingdom. It is found most abundantly
in the fruits of the citrus species, but is also present as a free acid or as a salt in the fruit,
seeds, or juices of a wide variety of flowers and plants. The citrate ion occurs in all

animal tissues and fluids (Blair and Staal, 1991).

Citric acid occurs in the terminal oxidative metabolic system of virtually all organisms.
This oxidative metabolic system (Figure 2), variously called the Krebs Cycle (for its
discoverer, H. A. Krebs), the tricarboxylic acid cycle, or the citric acid cycle, is a
metabolic cycle involving the conversion of carbohydrates, fats, or proteins to carbon
dioxide and water. This cycle releases energy necessary for an organism’s growth,
movement, luminescence, chemosynthesis, and reproduction (Blair and Staal, 1991). The
cycle also provides the carbon containing materials from which cells synthesize amino
acids and fats. Many yeasts, molds, and bacteria conduct the citric acid cycle, and can be
selected for their ability to maximize citric acid production in the process. This is the

basis for the commercial fermentation processes used today to produce citric acid.
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Figure 2: A Simplified Metabolic Scheme Showing Citric Acid Production from

Carbohydrates and n-Alkanes (Milsom and Meers, 1985)

§ 2.2 Citric Acid Production Processes: Fermentation
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From among the historically used processes for the production of citric acid the following

are still important: (Milsom and Meers, 1985)

(a) Aspergillus niger

i. Surface fermentation using beet molasses;
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ii. Submerged fermentation using beet or cane molasses or glucose syrup.
(b) Yeast
i. Submerged fermentation using beet molasses or glucose syrup;

ii. Submerged fermentation using n-alkanes.

2.2.1 Processes using Aspergillus niger

2.2.1.1 Surface Fermentation

The surface fermentation using 4. niger with beet molasses as raw material is still being
used by some manufacturers (Milsom and Meers, 1985). The power requirements,
however somewhat labour intensive, are much less than in the submerged fermentation.
Because citric acid manufacturers keep their methods a secret, little authoritative material
has been published. However it is known that when using beet molasses, an initial pH
must be adjusted between 5 to 7 as 4. niger will not germinate at higher hydrogen ion
concentrations. The lack of germination in molasses at low pH is ascribed to the presence
of acetic acid, which is a normal constituent of molasses (Fencl and Leopold, 1957).

Unionized acetic acid is the species that prevents the germination.

Once the molasses based medium is sterilized and cooled, it is run down into a series of
trays supported on racks in a ventilated chamber. The trays, which are usually made of
very high purity aluminum, are filled to a depth of between 0.05 and 0.2 m (Milsom and
Meers, 1985). Spores of A. niger are then distributed over the surface of the medium in
the trays. Sterile air is supplied to the fermentation chamber. The air performs the dual

function of supplying oxygen and carrying away fermentation heat. A temperature of
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30°C is often employed. After a period of 7 to 15 days the trays are emptied, while the
mycelium is separated at the same time from the fermentation broth. The fermentation

liquor is then pumped forward where the citric acid is recovered.

2.2.1.2 Submerged Fermentation

Although the production of citric acid through surface fermentation using strains 4. niger
is still being used today, it is being replaced by a submerged process known as deep tank
fermentation (Blair and Staal, 1991). In submerged fermentation a vegetative inoculum
stage is used to allow spores of 4. niger to germinate in an inoculum medium before
being transferred to the main fermentation medium in a larger fermentation vessel. This
initial growth stage is of the utmost importance to the success of the fermentation. “The
morphology of the mycelium at this point is crucial according to many reports, not only
in relation to the shape of the hyphae themselves, but also in the aggregation of the
growth into small spherical pellets. Thus the hyphae should be abnormally short, stubby,

forked and bulbous.” (Snell and Schweiger, 1951; Kisser et al., 1980)

When a separate inoculum stage is employed, a suspension of spores of A. niger is
introduced into a sterilized medium in the inoculum fermentor. The medium is acrated
and agitated at a temperature of about 30°C for a period of 18 to 30 hours (Hustede and
Rudy, 1976). At which point the sterilized fermentation medium is transferred to the
main fermentor and the grown inoculum incorporated at the ratio 1 L of inoculum to 10 L
of fermentation medium. In molasses based inoculum and fermentation media the initial

pH is normally in the range of 5 to 7. As previously mentioned, 4. niger strains do not
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germinate or grow at lower pH values in this type of medium. However, lower pH values
can be tolerated in glucose or sucrose based media, and are often used with .advantage
(Milsom and Meers, 1985). At lower pH values there is a lesser chance of infection by

adventitious organisms.

When the rate of increase in citric acid concentration has reached a point where it is
uneconomical to proceed, the fermentation is discontinued and the broth pumped to a
filter or centrifuge where the mould is separated from the liquor which is passed forward

for citric acid recovery (Parton and Willis; 1990).

2.2.2 Processes using Yeast

2.2.2.1 Submerged Fermentation using Carbohydrates

In 1965 Tabuchi and Abe (1968) filed a patent for the manufacture of citric acid from
glucose and molasses in which the organisms used were eight genera of yeasts including
Candida. The fermentation was carried out at a neutral pH by being buffered by calcium
carbonate incorporated in the medium. In 1971, a further patent by lizuka (1971) reports
yields of about 65% from blackstrap molasses containing calcium carbonate using strains
of Candida oleophila. However, it was soon found that a limitation on citric acid yield
was the production of quantities of L-(+)-isocitric acid (Kyowa Hakko Kogyo Ltd.,
1972). Kimura et al. (1974) selected a subspecies of Candida guilliermondii producing
only small quantities of iso-citric acid. A continuous fermentation process for the
production of citric acid from blackstrap molasses using Candida guilliermondii has been

described by Miall and Parker (1975).
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An inoculum culture is prepared in a smaller fermentor. When the inoculum is
sufficiently grown it is transferred to a fermentation medium in the larger main fermentor.
The fermentation is conducted at a temperature between 25 and 37°C and a pH that is not
too low (depending on the organism), or yeast growth will be impaired. The pH can
subsequently be allowed to fall. When citric acid accumulation becomes uneconomically

low, the broth is harvested for citric acid and yeast.

The advantages of using yeasts rather than 4. niger, is not only that yeasts are more
tolerant to infection by adventitious organisms, but are also capable of using very high
initial sugar concentrations and have faster fermentation cycles. This combination results

in high productivity rates per run.

2.2.2.2 Submerged Fermentation using n-Alkanes

It has been known for some time that some microorganisms are able to grow on
hydrocarbon substrates (Bushnell and Haas, 1941; Milsom and Meers, 1985). Johnson
(1964) noted that organisms preferred straight chain alkanes to branched compounds and
that the preferred chain length depended on the strain. Takeda Chemical Industries Ltd.
(1970) first reported the production of citric acid by yeasts from n-alkanes in the patent
literature. The patent claims the use of Candida species, in particular C. lipolytica, C.
tropicalis, C. intermedia, C. parapsilosis and C. guilliermondii. The patent has a priority
date in Japan of June 7, 1967 and seems to be a master patent where the use of Candida is

concerned in the production of citric acid from n-alkanes (Milsom and Meers, 1985).
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n-Alkanes are insoluble in aqueous solutions, therefore it is essential during fermentation
to maintain a fine dispersion of the hydrocarbons in the aqueous phase. To aid this
dispersion mechanical agitation must be implemented during the fermentation process.
The submerged fermentation using n-alkanes, as that using carbohydrates, has an initial
inoculum growth phase. Once the inoculum growth is sufficient it is then transferred to
the main fermentor containing the fermentation medium. The fermentation is conducted
at a temperature between 25 and 37°C and a pH that is not too low, between 4 and 7
(depending on the organism), that yeast growth will be impaired. The pH can
subsequently be allowed to fall, anywhere between 2.8 and 4 (again depending on the

organism), as citric acid accumulates (Miall and Parker, 1975).

The advantages of using n-alkanes over carbohydrates are lower substrate costs and
potentially higher citric acid yields. Starting from a highly reduced form of carbon such
as n-alkanes, very high weight yields of citric acid are possible. The ‘theoretical’ yield is
about 250% but allowing for biomass and carbon dioxide production a reasonable value

would be 175% (Milsom and Meers, 1985).

§ 2.3 Citric Acid Producing Yeast: Candida lipolytica

The ability of some microorganisms, including yeasts, to utilize alkanes as a source of
carbon has been known for many years, and during the Second World War these
organisms were identified as causative agents in the biodeterioration of oil supplies

(Rose, 1987). The interest in alkane-utilizing microorganisms grew in the early 1970s as
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they were considered to be potential sources of single-cell protein using oil as a
feedstock. Research became intense when they were seen as potentially very acceptable
food and fodder microorganisms (Rose, 1987). There are many kinds of yeasts capable
of producing citric acid from various hydrocarbon sources (Tabuchi and Igoshi., 1978).
A historical survey of growth of yeasts on alkanes came from Shennan and Levi in 1974
who reviewed production of yeast biomass from alkanes. At least seven genera of
ascomycetous yeasts (Debaryomyces, Lodderomyces, Metschikowia, Pichia,
Saccharomycopsis, Schwanniomyces and Wingea) contain species that can grow at the
expense of hydrocarbons (Rose, 1987). But undoubtedly the most studied yeast genus
with species able to grow on hydrocarbons is Candida, while the genera Rhodotorula,
Selenotila (now considered to be Candida species), Sporidiobolus, Sporobolomyces,
Torulopsis and Trichosporon complete the list of yeast genera with species able to utilize

n-alkanes among the Deuteromycetes (Rose, 1987).

A considerable number of members of the genus Candida will accumulate citric acid
when they are aerobically propagated in a nutrient medium comprising an appropriate
carbon source, intimately mixed with an aqueous phase containing essential minerals and
growth factors. Candida lipolytica, Candida guilliermondii and Candida tropicalis have
successfully shown the ability to assimilate hydrocarbons for the production of citric acid.
The three Candida species have demonstrated citric acid yields in the range of 46-112g/L
(Pfizer Inc., 1975; Takeda Chemical Industries Ltd., 1975). Candida lipolytica has
shown to generally produce higher citric acid yields than Candida guilliermondii

(Teranishi et al., 1974; Shimizu et al., 1974), with a Pfizer Inc. patent (1975) illustrating
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citric acid yields 20 times higher when using Candida lipolytica. However, Candida
lipolytica has not consistently shown higher citric acid yields than Candida tropicalis.
Taked; Chemical Industries Ltd. demonstrated in its two patents (1975, 1972) 5% higher
citric acid yields when using Candida lipolytica over Candida tropicalis, while
Matsumoto et al. (1984) illustrated 25% higher citric acid yields when using Candida
tropicalis over Candida lipolytica. Teranishi et al. (1974) and Shimizu et al. (1974)
studied the respiration (oxidation of substrate) behavior of Candida lipolytica, Candida
guilliermondii and Candida tropicalis on n-alkane substrates. Consistently they found
that despite the fact that Candida tropicalis cells showed a higher n-alkane-oxidizing
capacity than either Candida lipolytica or Candida guilliermondii, the cell yield (based
on the amount of substrate consumed) was relatively low. In their studies, Candida
tropicalis demonstrated a significantly greater sensitivity to respiratory inhibitors,
cyanide and azide, when grown on n-alkanes where respiratory activities were lowered by
about 50%. Teranishi et al. (1974) and Shimizu et al. (1974) concluded from their studies
that each Candida yeast possess a complex respiratory system that is significantly
changeable depending on the growth and fermentation conditions that are applied, like

the carbon substrate used or the cell-cycle phase.

From these studies, all three Candida species have shown both successful biomass
growth and citric acid production rates while assimilating n-alkane substrates, and were
considered as potential candidates for the study. However, Candida guilliermondii and
Candida rtropicalis are classified as human pathogens (Douglas, 1987; Hurley et al.,

1987). While the laboratory used for the fermentation studies in this thesis was not
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equipped to handle pathogenic cultures, C. guilliermondii and C. tropicalis could not be
considered for the study. Therefore the fermentation studies was conducted using

Candida lipolytica species.

2.3.1 Candida lipolytica-The Organism

The discovery in the late 1960s that high yields of citric acid were produced by Candida
lipolytica when grown on n-paraffins signaled a potential dramatic change in the
fermentation industry because this organic acid had been commercially produced since
1919 by Aspergillus niger (Kurtzman, 1988). The findings occurred at a time when sugar
substrates were being increasingly diverted to food use and petroleum was still
inexpensive. Whether C. lipolytica replaces A. niger depends upon the price of

petroleum.

Food and Drug Administration (FDA) regulations (1995) document C. lipolytica as a
food additive that may be safely used as the organism for fermentation production of
citric acid. The food additive is the enzyme system of the organism C. lipolytica and its
associated metabolites produced during the fermentation process. Candida lipolytica is
the only species of the genus Candida recognized by the FDA regulations as an additive
intended for the use in the fermentation process for the production of citric acid from n-

alkanes (FDA Regulations, 1995).

The nonpathogenic Candida lipolytica organism is classified as follows (FDA

Regulations, 1995):
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Class: Deutaromycetes

Order: Moniliales
Family: Cryptococcaceae
Genus: Candida
Species: lipolytica

2.3.2 Using Candida lipolytica in the Production of Citric Acid

Many studies utilizing Candida lipolytica in the production of citric acid have been
conducted on both carbohydrate and hydrocarbon feedstocks. Recently, Rane and Sims
(1996) showed citric acid yields of Candida lipolytica (NRRL Y-1095) grown on glucose,
in a 2 litre mechanically agitated batch system, in the range of 0.38-0.77 g citric acid/g
glucose consumed. While in 1994 Rane and Sims (1995) described citric acid yields of
Candida lipolytica (NRRL Y-1095) grown on glucose, in a 2 litre mechanically agitated
fed-batch system, in the range of 0.48-0.59 g citric acid/g glucose consumed. Wentworth
and Cooper (1996) investigated citric acid production using Candida lipolytica (ATCC
20390) and glucose in a self-cycling fermentation system. The self-cycling fermentor
consisted of a cyclone column fermentor in which the broth is continuously re-circulated.
In this case Wentworth and Cooper described citric acid yields in the range 0f 0.11-0.23 g
citric acid/g glucose consumed. A few years early, Briffaud and Engasser (1979-I) also
described a citric acid yield for Candida lipolytica (D 1805) grown on glucose, in a 2 litre
mechanically agitated batch system, of 0.75 g citric acid/g glucose consumed. They
further described a trickie-flow fermentation (Briffaud and Engasser, 1979-I) with
Candida lipolytica (D 1805) grown on glucose, in a 3 litre spherical flask, with a slightly
lower citric acid yield of 0.63 g citric acid/g glucose consumed. The trickle-flow

fermentor consisted of a glass column fixed in a stirred spherical flask. The column was
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packed with cylindrical wood shavings. The culture medium was pumped from the flask
to the top of the column, then it trickled down the wood packing. Air was introduced at
the top of the column, and was operated in a co-current trickling mode. Simultaneously
in 1979, Aiba and Matsuoka (1979) showed citric acid yields in the range of 0.14-0.33 g
citric acid/g glucose consumed in a 4 litre continuous fermentation process using

Candida lipolytica.

Although research in the area of citric acid production has concentrated on the utilization
of carbohydrate feedstocks, there have been numerous studies conducted on the
utilization of hydrocarbon feedstocks. Most of the work on hydrocarbon fermentation for
citric acid production took place predominantly in the early to mid seventies. Much of
the work in hydrocarbon fermentation was commenced by the Japanese, and soon
followed by the North Americans. This interest in hydrocarbon utilization was driven by
falling petroleum prices, and was quickly abandoned as petroleum prices drastically
increased in the late seventies, early eighties. Today with moderate petroleum prices,
there is a resurfacing of interest in hydrocarbon utilization for the production of citric

acid, and other organic acids.

Much of the initial work in the production of citric acid by yeast growing on
hydrocarbons was started by Takeda Chemical Industries Ltd.  With several of their
patents (Takeda Chemical Industries Ltd., 1970, 1972, 1975), the company developed a
process for the production of citric acid using n-paraffins (having 13 to 15 carbon atoms)

and Candida lipolytica (ATCC 20114). The process involves an 8 day batch fermentation
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resulting in citric acid yields in the range of 0.38-1.2 g citric acid/g n-paraffin consumed.
Takeda Chemical Industries Ltd. stated in their patent that the yeast, while able to utilize
the hydrocarbons, was not able to consume the citric acid being produced, and isocitric
acid was produced in minute quantities (Takeda Chemical Industries Ltd., 1975). In
1974, Pfizer Limited also issued a patent for the production of citric acid using Candida
lipolytica (ATCC 20228 and NRRL Y-1094) grown on a n-paraffin feedstock (having 14
to 16 carbon atoms) (Miall and Parker, 1974; Pfizer Ltd., 1975). This process involves a
6 litre continuous fermentation running for 304 hours (71 hours batch process plus 233
hours continuous process). The patent describes a citric acid yield of 1.27 g citric acid/g
n-paraffin consumed. Also in 1974 Hattori et al. illustrated citric acid yields in the range
of 0.51-0.86 g citric acid/g n-paraffin with Candida lipolytica (KY6221) grown on n-
paraffins (having 12 to 15 carbon atoms) in a 80 hour 3 litre continuous fermentation
process. Gledhill et al. (1973) demonstrated a 7.5 litre semi-continuous cell recycle
system utilizing Candida lipolytica (ATCC 8661) and n-paraffins (containing 12 to 15
carbon atoms). The cell recycle system involved removing a portion of the fermentor
broth and separating the yeast cells under non aseptic conditions by use of a centrifuge.
Yeast cells from the centrifuged pellet and hydrocarbon layer were recombined, diluted to
the original volume in a non sterile recycle medium, and returned to the fermentor.
Gledhill et al. (1973) described citric acid yields of 0.75-0.8 g citric acid/g n-paraffin
consumed.

Following these earlier works, that set the foundation for hydrocarbon fermentation,
Furukawa et al. (1977, 1982) screened mutants of the Candida lipolytica parent and

found a mutant which they classified as a new species called Candida citrica. After
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conducting 7 day 500 mL batch fermentations on a n-paraffin feedstock (containing 14-
17 carbon atoms), they illustrated citric acid yields in the range of 0.77-0.86 g citric
acid/g n-paraffin consumed. In 1974 Hattori et al. (1974) also reviewed the citric acid
yields of a mutant and wild-type strain of the Candida lipolytica parent strain. The wild-
type strain was classified as ATCC 20346 and the mutant strain was classified as ATCC
20324. It was demonstrated that the citric acid yield obtained while using ATCC 20346
and a n-paraffin feedstock hydrocarbon in a 7 day 2 litre fermentation was 0.66 g citric
acid/g n-paraffin consumed. When using ATCC 20324 under the same conditions a 38%
higher yield was obtained, 0.89 g citric acid/g n-paraffin. In 1991, Avchieva and Vinarov
(1993) also screen the Candida lipolytica (917) parent strain for a higher citric acid
producing mutant. They found mutant 977-20 which produced a citric acid yield of 0.71
g citric acid/g n-paraffin consumed, when allowed to grow on a n-paraffin feedstock for
96 hours in a 750 mL flask fermentation. The 917-20 mutant produced a higher citric

acid yield than the parent strain by about 9 folds.

After reviewing the literature survey and a verbal discussion with Dr. Kurtzman, a yeast
taxonomist with the U.S. Department of Agriculture, Candida lipolytica NRRL Y-1094
and Candida lipolytica NRRL Y-1095 were chosen as the candidates for this study. NRRL
Y-1094 was suggested by the Pfizer Limited patent (Miall and Parker, 1974) as a good
culture, and this was confirmed by Dr. Kurtzman. Dr. Kurtzman also suggested NRRL Y-
1095, as the yeast had a successful reputation when used on glucose for citric acid

production and should be as successful on hydrocarbons.



§ 2.4 Composition of Medium

Medium formulation is an essential stage in the design of successful laboratory
experiments, pilot-scale development and manufacturing processes. The constituents of a
medium must satisfy the elemental requirements for cell biomass and metabolite
production and there must be an adequate supply of energy for biosynthesis and cell
maintenance (Stanbury, 1995). This section will focus on the components of the medium
that will be used in this study on citric acid fermentation. These components include,
carbon source, nitrogen source, mineral sources, biomass concentration, pH and

temperature.

2.4.1 Carbon Source

Energy for growth comes from either the oxidation of medium components or from light.
Since most industrial micro-organisms are chemo-oganotrophs (Stanbury, 1995), the
most common source of energy is the carbon source. The most common carbon sources

are carbohydrates, hydrocarbons, lipids, methanol and proteins.

It is now recognized that the rate at which the carbon source is metabolized can often
influence the formation of biomass or production of primary or secondary metabolites.
The main product of a fermentation process will often determine the choice of carbon, as
alternative carbon sources will affect the yield of product and thus the cost of producing

biomass and/or metabolites.



In reviewing the literature survey the most evident feedstock to utilize is n-paraffin
(Hattor et al., 1974; Glendhill et al., 1973; Takeda Chemical Industries Ltd., 1970, 1972,
1975; Miall and Parker, 1974; Pfizer Ltd., 1975; Avchieva and Vinarov; 1991). The n-
paraffin feedstock of choice should contain 9 to 19 carbon atoms, particularly n-paraffins
containing 12 to 16 carbon atoms or 14 to 19 carbon atoms (Miall and Parker, 1974).
However, the Pfizer Ltd. (1975) patent suggests utilizing kerosene as a potential
feedstock. Although kerosene is a mixture of alkanes and alkenes, its significantly
cheaper cost may prove it to be the more economically viable choice. Therefore, the two
feedstocks chosen for screening in this study were n-paraffin (Norpar 15) and kerosene
(Kero 1-K) solvents obtained from Imperial Oil Ltd., Toronto, Canada. Norpar 15
contains more than 97% mixed normal paraffins composed of predominantly 14 to 17
carbon atoms. Kero 1-K is composed of a 46-53% total paraffins mixture, including both
branched (iso) and normal paraffins having predominantly 9 to 13 carbon atoms. Less
than half of the total paraffins content is normal paraffins. Approximately 18% of the
kerosene solvent is composed of aromatic molecules. The main interest in Kero 1-K is its
market value which is half that of Norpar 15. The amount of hydrocarbon feedstocks
utilized in the fermentation process of this study will be determined by running batch
flask fermentation tests and performing a central composite design on the tests to evaluate
hydrocarbon levels for optimum citric acid production. However it has been stated by
Takeda Chemical Industries Ltd. (1970, 1972, 1975) and Pfizer Ltd. (Miall and Parker,
1974) that operating hydrocarbon levels should range between 5-20 % by volume,

although they do state a lesser or higher amount can be used.
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2.4.2 Nitrogen Source

An essential nutrient for biomass reproduction is nitrogen. However citric acid
accumulation occurs in a nitrogen limited environment. Most microorganisms can utilize
inorganic or organic sources of nitrogen. Inorganic nitrogen may be supplied as ammonia
gas, ammonium salts or nitrates. Ammonium salts such as ammonium sulphate will
usually produce acid conditions as the ammonium ion is utilized and the free acid is
liberated. Organic nitrogen can be supplied as amino acids, protein or urea. In many

instances growth will be faster with a supply of organic nitrogen (Stanbury et al., 1995).

The nitrogen source and content in this study has been modeled after the Pfizer Ltd.
patent (Miall and Parker, 1974). Urea was chosen as the nitrogen source in the
fermentation broth as it can be consumed by the organisms quicker than an inorganic
source, therefore reaching a nitrogen limited environment sooner for citric acid initiation.

The concentration of urea utilized in the study was 2.0 g/L.

2.4.3 Mineral Sources

All microorganisms require certain mineral elements for growth and metabolism (Parton
and Willis, 1990; Stanbury et al., 1995; Miall and Parker, 1974). In many media,
magnesium, phosphorus, potassium, sulphur, calcium and chlorine are essential
components. Others such as copper, iron, manganese and zinc are essential as trace
clements. The mineral components used in the study have been modeled after the Pfizer

Ltd. patent (Miall and Parker, 1974). However the iron content is to be determined by
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batch flask fermentation tests where the iron salt level will be determined for optimal

citric acid production.

Iron concentration in the fermentation medium for citric acid production is essential
because it determines the ratio of citric acid to isocitric acid being produced. Too high an
iron concentration will result in high isocitric acid levels, while too low an iron
concentration will result in low citric acid yields (Akiyama et al., 1973). Iron is essential
for activating the citrate synthetase enzyme for citric acid production, however high iron
levels will activate the aconitate hydratase (aconitase) enzyme for isocitric acid
production (Akiyama et al., 1973, Shu and Johnson, 1948). The recommended level of

iron salt concentrations is between 10 to 100 mg/L (Stanbury et al., 1995).

2.4.4 pH and Temperature

Traditionally cell culture medium have been buffered with a bicarbonate/carbon dioxide
system. The normal starting pH range of the most commonly employed culture medium .
is between 6.8 and 7.8 (Lavery, 1990). The optimum for each cell type will vary
depending on the physiology of the culture. In this study, the pH will be allowed to drop
as citric acid is being produced. The pH will be maintained at 4.0 with a 1.0 N NaOH/1.0
N HCI system. Takeda Chemical Industries Ltd. (1970, 1972, 1975), Pfizer Ltd. (Miall
and Parker, 1974) state that the pH in the fermentation medium during citric acid
production can be maintained between 2.8 and 3.5. They state that the yeast can function
in such an acidic environment. They also suggest keeping the pH this low so that

contamination can be kept at a minimum. However, Rane and Sims (1993, 1994, 1995)
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suggested that the pH of the medium be kept at 4.0 when using Candida lipolytica NRRL

Y-1095.

Maintenance