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ABSTRACT

Food processing industries typically produce large quantities of high strength organic
wastewater. The standard approach for such wastewater would be anaerobic pretreatment.
However, the wastewater from the Quaker Oats Company located in Cedar Rapids, Iowa

USA contained furfural, which was found to be toxic to anaerobic microorganisms.

In this study, batch and continuous laboratory scale experiments were performed to
investigate the treatment of furfural-based wastewater using aerobic yeast. Three yeasts,
Candida guillermondii, C. tropicalis, and C. utilis, were first studied in batch tests. All yeast

cultures could lower the COD in the wastewater by more than 90%.

As the work was done under non-aseptic conditions, bacterial growth also occurred. Much of
the work focused on finding operational conditions to minimize bacterial growth. At a pH of
4.5, the maximum specific growth rate, pmax, of C. utilis and bacteria were 0.13 h™' and 0.03
h! and the value of half-saturation coefficient for substrate, K, were 160 mg COD/L and 12
mg COD/L, respectively. Accordingly, when substrate concentrations were higher than 30
mg COD/L, yeast grew faster than bacteria.

Yeast cultivation in continuously stirred aerobic reactors was studied with different yeast
cultures. The effect of the age of the yeast or solids retention time (SRT ) on reactor
performance was investigated initially. SRT values of 1.0, 1.3, 1.5, 1.75, and 2 days were
investigated and the reactors were controlled at a constant pH of 4.5 and temperature of
35°C. C. tropicalis and C. utilis and mixed cultures of these two yeast were used. The results
showed that an SRT of 1.5 days was optimal to treat wastewater, maintain the yeast culture,
and minimize bacterial contamination. All three yeast cultures could remove COD from the

wastewater up to 90% at this SRT.
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Subsequently, the effect of temperature on yeast performance was studied. C. tropicalis and
C. utilis were studied in separate reactors. Two reactors were run at temperatures of 25, 30,
35, and 40°C. The SRT and pH were controlled. at 1.5 day of 4.0 respectively. The results
indicated that the optimum operating temperature in terms of removal efficiency, yeast
biomass yield, and prevention of bacterial contamination was 30°C. Under these conditions,

both C. tropicalis and C. utilis could remove COD by 90%.

Finally, the effect of pH on yeast performance was investigated. C. tropicalis and C. utilis
were studied in separate reactors. The reactors were operated at different pH values, i.e. 3.0,
3.5,4.0,4.5,5.0, and 5.5. The SRT and temperature of 30°C were controlled at 1.5 days and
30°C respectively. The higher pH increased the removal efficiency. Bacterial contamination
was significant at pH values of 5.0 and 5.5. Therefore, the optimum pH range in terms of
treatment efficiency, yeast biomass yield, and preventing bacterial contamination was
between 4.0 and 4.5. At this pH range, more than 90% COD removal was accomplished in

both reactors.



CHAPTER 1 GENERAL INTRODUCTION

1.1 INTRODUCTION

Food processing industries typically produce large quantities of high strength organic
wastewater. Many food processing plants discharge waste streams into municipal sewers for
combined treatment with municipal wastewater. The disadvantages of discharging high
strength wastewater to the municipal sewer are as follows:

o High treatment cost surcharge to be paid to wastewater treatment plant municipalities.

e High readily degradable loadings, particularly volatile fatty acids, cause septic
conditions in collection systems and can promote filamentous bulking in activated
sludge plants.

e Many municipal wastewater treatment plants are not designed for such high
concentrations of organic content of up to 10,000 mg/L BOD or COD from food
processing industries. Typically, the organic matter concentration of municipal
wastewater ranges from 110 to 400 mg/L in terms of BOD and 250 to 1,000 mg/L in
terms of COD (Britton, 1999). Incorporating high strength wastewater into a city’s
incoming wastewater can significantly increase the loading on wastewater treatment

plants and even lead to over-loading.

The other option is to pretreat high strength wastewater separately. The disadvantages of this
option are clear in that it requires unattractive capital investment in equipment and land and
expenditure of non-productive operating costs on personnel, power, and sludge disposal.
These disadvan‘;ages can be offset if the organic matter in industrial wastewater can be
converted into a valuable by-product such as microbial biomass that can be used as a protein
supplement. Yeast is one example of single cell protein that can be sold as animal feed.
Candida utilis is an example of yeast that is more popular for the production of a single cell

protein and contains about 50% protein on a dry basis (Forage, 1978; Prior et al, 1981).



Another option is to treat high strength wastewater by anaerobic pretreatment to reduce the
organic content in wastewater before discharge to the municipal wastewater treatment plant.
However, the wastewater from the Quaker Oats Company located in Cedar Rapids, Iowa
USA contained furfural, which was found to be toxic to anaerobic microorganisms (Koh and
Ellis, 2002). Furfural was a by-product of the process stream. The wastewater was
discharged to the municipal wastewater facility subject to a considerable surcharge due to the
organic loading. The average wastewater flow rate was approximately 565 m>/d, and the
range of COD varied from 10,000 to 20,000 mg/L including 100 to 2,000 mg/L of furfural.

Aerobic yeast cultivation with simultaneous treatment of this high strength wastewater
containing furfural appeared to be a feasible option. An investigation of this possibility and

optimization of the operating conditions formed the basis of this dissertation.

1.2 DISSERTATION ORGANIZATION

This dissertation consists of Chapter 1, a general introduction, Chapters 2-5, each written as a
paper or publication, Chapter 6, general conclusions, and appendix that shows raw data used
in this dissertation and some related research data based on this research but not presented in

this dissertation. The cited references are included at the end of each separate chapter.

The title of the first paper is “Bioconversion of waste organic matter into a microbial biomass
protein”. It was presented at the 75™ Annual Technical Exhibition & Conference, Chicago,
IL USA and published in the Proceedings by the Water Environment Federation.

The second paper entitled “Treatment of food processing wastewater containing furfural
using aerobic yeast” was presented at the Asian Waterqual Conference, Bangkok, Thailand,

IWA-Asia Pacific Region and was published in the Proceedings.
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The title of the third paper is “Production of aerobic yeast from food processing wastewater”.
It has been accepted by IWA~—Asia Pacific Region and will be presented in July 2005 at the

Waterqual Conference, Singapore and published in the Proceedings.

The fourth paper entitled “Effect of pH on the treatment of furfural-based wastewater by
yeast” will be submitted to Water Science and Technology.

Each of these papers was written in a manuscript format appropriate for the target conference

and journal.

1.3 LITERATURE REVIEW

1.3.1 The advantages of yeast

Yeast are more tolerant to furfural than bacteria. In addition, some yeast can reduce the
toxicity of furfural by conversion to the less harmful furfuryl alcohol (Taherzadeh et al.,
1999).

Kazmi (2003) concluded the advantages of yeast in wastewater treatment in his report as
follows:

High organic treatment and direct decomposition of oils. High organic content wastewater
from food procéssing, marine products processing, and other industries where the BOD
exceeds 1,000 mg/L is suitable for treatment by yeast. The ability of yeast to directly treat
oils is a distinct advantage over other treatment methods that would require oil and grease
removal pretreatment with chemical coagulants and separation by, for instance, dissolved air

floatation (DAF).

High BOD and SS loading. BOD removal by yeast treatment is stable over a wide range of
loading (F/M ratio). The optimum loading for yeast treatment is about 1-2 kg BOD/kg yeast



per day. This is 3-5 times higher than the F/M ratio of the conventional activated sludge
process that is about 0.2-0.4 kg BOD/kg SS per day.

Reduced sludge generation. The generation of excess yeast is 0.2 kg per kg of BOD removed
on a dry basis weight. It is about one third of the excess sludge produced by the activated

sludge process that is about 0.4-0.8 kg per kg of BOD removed.

Good settling and dewatering properties. In a conventional activated sludge process,
coagulation and flocculation induced by biopolymers may be needed. Yeast are larger than
bacteria. Yeast can physically intertwine the mycelia/pseudo mycelia to form flocs. With the
mentioned properties of yeast, floc forming by yeast treatment system settles easily. The SVI
of yeast sludge is about 50-60 ml/g. This allows the maintenance of yeast concentrations in
the reaction tanks up to 10,000 mg/L.

Low oxygen requirements. The supplied airflow can be reduced to about 60% of that required
in the activated sludge process. It is because the net-structured yeast floc facilitates oxygen

diffusion and eliminates the necessity of excessive dissolution of oxygen in water.

Effective use of excess yeast. Y east contains about 50% protein as previously mentioned.
Yeast also contain vitamins Therefore, the cultivation of yeast single cell protein on many

kinds of wastewater should make this an attractive additive to animal feeds.

1.3.2 Some examples of the application of yeast in wastewater treatment

Arnold et al. (2000) used Candida utilis and Galactomyces geotrichum to reduce the
polluting potential of silage effluent in their study. Silage effluent is one of the most potent
agricultural wastes. It contains BOD ranging from 30,000 to 80,000 mg/L and pH about 3.0-
4.5. Both yeast reduced COD of 50/50 dilution wastewater/water up to 74-79% and 25/75
dilution wastewater/water 91-95%. The highest yeast biomass was found to be 7.0 and 8.6 g
dry weight/L for C. utilis and G. geotrichum respectively.



An anaerobic acidogenic reactor followed by yeast reactor (i.e.in series) was used to treat
high strength wastewater from food processing industries (Elmaleh et al., 1999). C. utilis was
selected for their study. Effluent from an anaerobic acidogenic reactor was mainly volatile
fatty acids such as acetic acid, propionic acid, and butyric acid and pH was very low. Yeast
treatment was a compromise alternative. Volatile fatty acids in term of TOC were reduced by
97%.

The biosurfactant, BS-UC, was produced by Candida antarctica using n-undecane as the
substrate (Hua ez a/, 2003). They concluded that BS-UC increased the emulsification and the
biodegradation of several n-alkane substrates. BS-UC also changed the hydrophobicity and
zeta potential of the cell surface. As a consequence, the microbial cells attached to the
hydrophobic substrate easily. Cell transport experiments were carried out, and the results
showed that BS-UC changed both zeta potential of the cell and that of the porous media, and

thus improved the retention time of the cells in the media.

Blanch water from potato processing industries was treated and used as a substrate to
produce single cell protein (SCP). A mixture of Saccharomycopsis fibuliger and C. utilis was
used. S. fibuliger is an amylolytic yeast that can hydrolyze starch to simple sugars for growth
of C. utilis that is an important SCP. The optimum temperature for this study was found to be
32°C, and the pH of 4.3 to 4.8 increased the amount of protein production (Lemmel e al.,

1979).

C. rugopelliculosa and Brachionus plicatilis were used as co-culture to treat fish processing
wastewater (Lim et al, 2003). C. rugopelliculosa reduced the soluble chemical oxygen
demand from the influent fish processing wastewater up to 70% at 6.3 h hydraulic retention
time and stimulated the growth of the rotifer, B. plicatilis, by 18.3% over the commercial diet

of Saccharomyces cerevisiae.

C. tropicalis can directly grow on soluble starch, corn, and cassava powders because it

contains the enzyme needed to hydrolyze starch, a-amylase. Therefore, it was not required



pre-hydrolyzed. This property was used to develop a fermentation process of corn or cassava
powders by C. tropicalis so that the resultant mixture of biomass and residual corn or cassava
had an improved protein content from 10% of corn or 3% of cassava up to 20% that could be

utilization as animal feed (Azoulay et al, 1980).

Zheng et al. (2001) studied the treatment of salad oil manufacturing wastewater by yeast.
Five yeast including C. tropicalis and C. utilis were isolated from soil spots of a salad oil
factory and utilized for continuous treatment of salad oil manufacturing wastewater. The
results showed that oil removal over 97% and COD removal over 93% were achieved for the
first 10 days regardless of variation of sludge load from 1.0 to 3.5 kg COD kg/MLSS/d (or
volumetric load from 5 to 14 kg COD/m’/d.

Scioli et al. (1997) used the yeast Yarrowia lipolytica ATCC 20255 to treat olive mill
wastewater in their study. COD concentrations of this wastewater ranged from 100-200 g/L
and were reduced up to 80% in 24 h by the treatment of Y. lipolytica. Biomass concentrations

up to 22.45 g/L were produced.

1.3.3 Furfural

Furfural, according to http://www.encyclopedia.com/html/fl/furfural.asp (fir ferel) or
furfuraldehyde [Lat. = bran], C4H30CHO, is a viscous, colorless liquid that has a pleasant
aromatic odor; upon exposure to air it turns dark brown or black. It boils at about 160°C. It is
commonly used as a solvent; it is soluble in ethanol and ether and somewhat soluble in water.
Furfural is the aldehyde of pyromucic acid; it has properties similar to those of benzaldehyde.
A derivative of furan, it is prepared commercially by dehydration of pentose sugars obtained
from comstalks and corncobs, husks of oats and peanuts, and other waste products. It is used
in the manufacture of pesticides, phenolfurfural resins, and tetrahydrofuran. Tetrahydrofuran
is used as a commercial solvent and is converted in starting materials for the preparation of

nylon.



Furthermore, the Occupational Safety & Health Administration U.S. Department of Labor
reported that the almond-like odor of furfural is detectable when an air odor threshold
concentration of 0.078 part per million (ppm) part of air is reached.
(http://www.osha.cov/SLTC/healthguidelines/furfural/recognition.html).

According to http://www.osha.gov/SLTC/healthguidelines/furfural/recognition.html the

toxicity of furfural to animals and humans is summarized as below:

Effects on animals: Furfural is an irritant of the skin, eyes, mucous membranes, and
respiratory tract. It is a toxin to the central nervous system, liver, kidney, blood, and bone

marrow. The oral LD (50) in rats is 65 mg/kg; and the inhalation LD (50) in rats is 260 ppm.

Exposure of rats to furfural by ingestion or subcutaneous injection caused unsteadiness,
paralysis, seizures, coma, and changes in liver, kidneys, blood, and bone marrow. Chronic

dietary exposure to furfural caused liver cirrhosis in rats.

Cats exposed to 2,800 ppm for 30 minutes developed fatal pulmonary edema.

Solutions of 10 percent and 100 percent furfural instilled in rabbits' eyes caused pain in
addition to transient swelling and redness of the lids and conjunctiva. Rabbits exposed to
furfural vapors for several hours daily developed liver and kidney lesions and changes in

their blood profiles.

Dogs exposed at 130 ppm for 6 hours a day for 4 weeks developed liver damage, but dogs
exposed at 63 ppm did not.

Furfural is mutagenic in at least one bacterial species.


http://www.osha.gov/SLTC/heaIthguidelines/furfural/recognition.htinI

Effects on Humans: Furfural is an irritant of the skin, eyes, mucous membranes, and the
respiratory tract. Concentrations of 1.9 to 14 ppm produced headache, itching of the throat,

and redness and tearing of the eyes in some exposed workers.

Workers exposed to furfural vapors in a plant with inadequate ventilation reported numbness
of the tongue and mucous membranes of the mouth, loss of taste sensation, and difficulty in

breathing.

Exposure to high concentrations has produced pulmonary edema. Damage to the eyesight of
some individuals has also been reported. Chronic skin exposure may produce eczema,

allergic skin sensitization, and photosensitization.

Furfural may cause a disulfiram-type reaction; that is, a worker exposed to furfural who has
consumed alcohol may experience warmth and redness of the fact, a throbbing sensation and
pain in the head and neck, difficulty in breathing, nausea, vomiting, sweating, thirst, chest
pain, uneasiness, weakness, dizziness, blurred vision, and confusion. This effect may last

from 30 minutes to several hours but does not appear to have residual side effects.

By analogy with effects seen in animals, furfural may affect the central nervous system, liver,
kidneys, blood, and bone marrow of humans; however, these effects have not been reported

in exposed workers.

Since the wastewater from Quaker Oats Company ranged from 100 to 2000 mg/L, it was
potentially toxic to anaerobic bacteria (Koh and Ellis, 2002). Therefore, anaerobic treatment,
normally suitable for the high strength wastewater from a food processing industry like the
Quaker Oats Company in Cedar Rapids, Iowa was not considered possible. Aerobic
treatment by yeast is an alternative for this wastewater. Kasper (2004) cited that yeast can
tolerate concentrations of furfural up to 2g/L. The wastewater used in this study contained
furfural at about 180 to 190 mg/L, which was not expected to have an effect on wastewater

treatment by yeast.



1.3.4 Retention times in wastewater treatment

A retention time is defined as the average amount of time a constituent stays in a system
(Grady ef al, 1999). Two constituents are considered in retention time i.e. soluble and
particulate fractions and their retention times are not necessary the same. Soluble
constituents are intimately associated with the fluid and cannot be separated from it.
Therefore, the retention time of soluble parts is equal to the mean hydraulic retention time as

written in equation 1.1:

14
T=— 1.1
= (1.1)
Where: 7 = hydraulic retention time (HRT), d’

V= volume of liquid, m’

F = flow rate, m3/d

Particulates or biomass can be separated from fluid by physical means such as filtration or
settling. As a result, biomass can be controlled and retained within the bioreactor. This
biomass is normally called return sludge in activated sludge systems. Thus, it results in the
retention time of biomass to be greater than that of the soluble part. The retention of biomass
is called solids retention time or mean cell residence time and can be expressed as equation

1.2:

o=V X (1.2)
Fw- Xw
Where: Oc= solids retention time (SRT), d’!

X = biomass concentration in reactor, mg/L
F,, = flow rate out of reactor, m’/d

X,» = biomass concentration out of reactor, mg/L
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In this study, the reactors were operated as chemostats i.e. HRT equal to SRT or biomass
concentration in the reactor (X) was equal to biomass concentration out of reactor (X,).

Consequently, equation 1.2 is simplified to:
b =— (1.3)

The effluent concentration can be predicted by using SRT as shown in equation 1.4:

_ Ks(1+kab)
T O max— ) 1

(1.4)

Where: S, = effluent concentration of organic matter, mgCOD/L
K = half-saturation coefficient, ngCOD/L
kq = decay coefficient, d!

fmax = Maximum specific growth rate, d”

The SRT value below which microorganisms are washed out is called the critical SRT and

can be estimated as follow:

bc,o= 1 (1.5)
M max— ka
Where: éc o = critical SRT, d”'

1.3.5 Temperature in wastewater treatment
Temperature is one of the most important environmental factors influencing the growth and

survival of organisms. Madigan et al. (1997) explained this as follows:
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“For every microorganism, there is a minimum temperature below which growth no longer
occurs, an optimum temperature at which growth is rapid, and a maximum temperature above
which growth is not possible. The optimum temperature is always nearer the maximum than

the minimum”.

These three temperatures are often called “cardinal temperatures” and generally characteristic
of each microorganism but not completely fixed because they can be modified slightly by

other environmental factors.

Microorganisms can be classified according to temperature range into 4 groups (Madigan et
al, 1997).

e A psychrophile is a microorganism with a growth temperature optimum of 15°C or
lower and maximum growth temperature below 20°C.

e A mesophile is an organism that grows well between temperatures of 20 and
45°C,

e A thermophile is an organism with an optimum temperature between 45 and 80°C.

e A hyperthermophile is a microorganism that grows better at temperatures of 80°C and

higher.
All yeasts used in this study were mesophiles.

Temperature can affect biological reactions in two ways, i.e. it influences the rate of
enzymatically catalyzed reactions and affects the rate of substrate diffusion to the cells

(Grady et al, 1999).

The Arrhenius equation is used to explain the microbial growth rate related to temperature as

shown in equation (1.4) (Grady et al, 1999; Bitton 1999):
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k=de"RT (1.6)

Where: k = temperature independent rate coefficient, h’!
A = constant
u = temperature coefficient, kJ/mole
R = gas constant, 8.3143 J/K.mole

T = absolute temperature, K

For two rate coefficients at different temperature, the Arrhenius equation can be rearranged

as follows:
In (ki/kz) = u(Ti-T2)/(R-T1Ty) (L.7)

Since the mesophilic temperature range is small when T is expressed in K, the term (R-T;-T,)

does not vary significantly and is considered as constant. Hence equation 1.5 is simplified as:
ki =kpe® 0,7 (1.8)

Where: C=u/(R'T1-T2) = 0.0015u

When equation 1.6 is used, the temperature can be written in °C because only the difference

in temperature is applied in the equation. The value of C may be obtained by plotting In (k)

versus T, and the slope is equal to C.

Since C = In (0), the equation 1.6 is simplified as:

ki =k, 07 (1.9)

As mentioned previously, the mesophillic temperature range is between 20 and 45°C. The

increase in temperature is independent of the rate coefficient, growth rate, reaction rate, etc.
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However, Ahmad et al. (1995) referred in his report that temperatures above 34°C affected

the metabolism of the cells negatively.

1.3.6 pH in wastewater treatment

The pH plays a part in the activity of microbial enzymes. It involves the ionization of the
chemicals and plays a role in the transport of nutrients and toxic substrates to the cells
(Bitton, 1999).

The optimal growth pH represents the pH of the extracellular environment only. The
intracellular pH must be maintained near neutral in order to prevent the destruction of acid-

or alkaline-labile macromolecules in the cells (Madigan, 1997).

Biological wastewater treatment is generally optimal at neutral pH values, i.e. between 6 and
8. Bacteria typically grow better at a pH near 7, though some species are obligated to a lower
pH i.e. Thiobacillus, and Sulfolobus spp. thrive at pH less than 2. Fungi (including yeast)

prefer a pH of 5 or lower. The optimum pH of Cyanobacteria is higher than 7 (Bitton, 1999).
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CHEPTER 2 BIOCONVERSION OF WASTE ORGANIC MATTER
INTO A MICROBIAL BIOMASS PROTEIN
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Boris Eliosov, Timothy G. Ellis "', Monchai Wongkarnka and Johannes van Leeuwen
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2.1 ABSTRACT

Food processing industries produce large quantities of wastewater with a high organic
content. It is expensive to treat and dispose of this wastewater, and it is a waste of organic
resources. These waste streams can be converted from an economic liability to a source of
revenue in the production of a high quality single cell protein. Several studies have been
carried out on the production of microbial biomass protein from food processing wastewater
using aerobic yeast cultures. The main challenge seems to be prevention of bacterial infection
and maintaining the selected cultures in a full-scale continuous flow reactor. The hypothesis
behind this research is that there is a range of operating conditions (e.g., SRT, pH,
temperature) at which selected microorganism cultures have a competitive advantage and can
be maintained in the system by a natural selection process. The concept was demonstrated
with wastewater from the production of furfural, but the proposed methodology can be
applied to any organic contaminants and microorganism cultures. The results of this study
indicated that furfural production wastewater could be effectively treated by aerobic yeast

cultures to produce high quality microbial biomass.

A COD removal efficiency of 92-95% and complete furfural degradation was achieved in a

single stage process. A new approach for the design of biological processes aimed at the

" Corresponding author (Tel.: 515 294-8922; Fax: 515 294-8216; E-mail: tge@jastate.edu).
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production of microbial biomass protein was proposed. The proposed approach is based on
maintaining the selected microorganism cultures in the system using natural selection
processes. A methodology to define the range of operating conditions that prevent bacterial
growth was proposed and verified in continuous flow experiments. Effluent soluble COD
was significantly higher than the effluent biodegradable COD predicted possibly due to

formation of SMP associated with substrate biodegradation.

Keywords Wastewater, aerobic yeast, microbial biomass protein, design

2.2 INTRODUCTION

Food processing industries produce large quantities of wastewater with a high organic
content. Many food-processing plants discharge waste streams into municipal sewers for
combined treatment with municipal wastewater. Discharge to the municipal sewer has
several significant disadvantages:

¢ High treatment fees charged by wastewater treatment plants.

e Many municipal wastewater treatment plants were designed to treat conventional
domestic wastewater with organic matter concentrations of 300-500 mg/L.
Incorporating high strength wastewater (e.g., as that from food processing) into the
influent can significantly increase the influent concentration of organic matter. Thus,
in order to achieve the required effluent quality (i.e., to maintain the design solids
retention time, SRT), the plant would have to operate at a higher suspended solids
concentration. This can negatively affect operation of secondary clarifiers and overall
process performance.

e Highly biodegradable substances in high concentrations lead to septic conditions in
interceptors. Volatile fatty acids could then be produced and these could lead to the
growth of specific filamentous bacteria such as Thiothrix species within activated

sludge processes leading to sludge bulking and poor settling (Conner and van
Leeuwen, 2003).
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¢ In some cases municipal wastewater treatment plants do not have the capacity to

accept additional organic loading.

The other option is to treat high strength wastewater separately. The disadvantages of this
option are clear: it requires unattractive capital investment in equipment and treatment area
and expenditure of non-productive operating costs. These disadvantages can be eliminated if
the organic matter in industrial wastewater can be converted into a valuable by-product (e.g.,

microbial biomass that can be used as a protein supplement).

Several studies have been carried out on the production of microbial protein from food
processing wastewaters (e.g., Zheng et al., 2001; Tauk, 1982). Of all the possible
microorganismé, the most suitable seem to be fungi, molds andyeasts. (Note: yeasts are also
fungi) Bacterial cultivation is easier, but it results in an inferior quality protein with a high
nucleic acids content. Jin et al. (1998; 1999a; and 1999b) studied wheat starch processing
wastewater treatment with filamentous microfungi. This process had a high bioconversion
efficiency of starch materials and a short HRT. The fungal biomass contained 38-48%
protein, and 90% organic matter removal was accomplished. Barker et al. (1982), Malnou et
al. (1987), and Moriya et al. (1990) have shown that there is a potential for the production of
microbial biomass protein from ethanol distillery wastewater using filamentous fungi and

acrobic yeast cultures.

A variety of organic compounds have been studied as potential substrates for yeast growth.
Braunegg (1975) reported results indicating that methanol could be used as a substrate for
generating yeast biomass. Yeast cultures that have an ability to utilize methanol are Candida
boidinii, Hansenula hennicii, and Torulopsis molischiana. Fukui and Tanaka (1981) studied
biodegradation of alkanes by various yeast cultures and found that C. tropicalis, C. oleophia,
and Saccharomycopsis lipolytica can be used to produce useful microbial biomass. British
Petroleum has developed a process for yeast biomass production using alkanes from gas oil.
C. tropicalis and Saccharomycopsis lipolytica were successfully used. The use of alkanes is

limited, however, by their poor solubility and low yield coefficient values (Rehm and Reiff,
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1981). Several processes have been proposed for production of yeast biomass from starch
containing wastes (e.g., Potter, 1998; Chigusa and Matsamaru, 1991). The biomass produced
from the above waste streams was reported to have a potential use as a protein and vitamin

source in animal feed (Vazza, 1994 and Evich et al., 1981).

In spite of the significant research conducted on the production of microbial biomass protein,
there is no generally accepted approach to the design of this process. The main problem
seems to be prevention of bacterial contamination in continuous flow system without need to
continuously reseed the reactor with the selected culture of microorganisms. The hypothesis
behind this research is that there is a select range of operating conditions (e.g., SRT, pH,
temperature) at which the aerobic yeast cultures have a competitive advantage and can be
maintained in the system by a natural selection process. This concept was demonstrated with
wastewater from the production of furfural, but the proposed methodology can be applied to

a variety of organic contaminants and microorganism cultures.

2.3 OFJECTIVES
The main goal of this study was to provide the scientific background for selecting operating
conditions at which yeast cultures can be reliabiy maintained in a continuous flow system fed
with industrial wastewater. The specific objectives wereas below.
e To select yeast cultures that have an ability to degrade organic matter from the
specific wastewater
e To evaluate the value of biokinetic parameters for yeast and competitive bacterial
cultures’
e To define the range of operating conditions at which bacterial growth can be
prevented

e To evaluate the effluent quality that can be achieved



20

2.4 METHODOLOGY

2.4.1 Materials

Wastewater. Wastewater from the furfural production unit of Quaker Oats Co., Cedar Rapids,
Towa was used in this study. Grab samples of the wastewater were received at the Iowa State
University within 6 h from sampling, acidified to pH 1.2-1.7 with sulfuric acid and stored at

room temperature.

Yeast cultures Freeze dried cultures of Candida utilis, C. guiliermondii, and C. tropicalis
were obtained from the American Type Culture Collection. After rehydration over a24 h
period, the cultures were revived using YM nutrient broth with glucose as a carbon source at
35°C. Revived yeast cultures were seeded into 250 mL flasks containing 50 mL of diluted
(1:10) wastewater with pH 4.5-5 and placed on a shaker at 300 rpm and 35°C. After 1 week,

the mixed liquor from the flasks was used to seed the continuous flow reactor.

Mixed bacterial culture Mixed liquor from the Cedar Rapids Water Pollution Control
Facility was used to evaluate the kinetic parameters of bacterial growth on the selected

wastewater. The biomass was shipped cold and tested within 24 h after sampling.

2.4.2 Experimental methods
Evaluation of kinetic parameters The Monod equation was used to describe the growth rate

for both yeast and microbial cultures:

M= Hmax (21)

Ks+ 8

Where: = specific growth rate, h
Umax = maximum specific growth rate, h!
K = half-saturation coefficient, mgCOD/L

S = organic matter concentration, mgCOD/L
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Mixed bacterial culture Extant Kinetic parameters (4., Ks, and ¥) for the mixed bacterial
culture were determined using the procedure described by Ellis et al. (1996). Respirometers
with an internal volume of 230-250 mL were used. The respirometers were water-jacketed,
and the temperature during the tests was maintained by a circulating constant temperature
water bath. The temperature was 25°C in all the tests except for the test in which the effect of
the temperature'was studied. Mixing during the tests was provided through magnetic stir
bars. The concentration of DO was measured by a DO meter (YSI Model 5300 Biological
Oxygen Monitor, YSI Inc., OH) that was interfaced with a personal computer. Data
acquisition was automated with an analog to digital interface (Computer Boards,
Middlebrow, MA) and Labtech Notebook software (Andover, MA). DO concentrations were
measured at a rate of 10 Hz. Prior to the beginning of the test, the DO meter was calibrated,
and the biomass was aerated for approximately 1 h to consume any residual substrate. The
biomass was placed into a respirometer, the DO concentration was adjusted to 12-18 mg/L
with pure oxygen, and data collection was initiated. The data on endogenous respiration was
collected during the first 3 to 5 min. prior to injection of 0.2 mL of the wastewater. The DO
data continued to be collected until the OUR returned to the background endogenous rate.

Four to eight extant kinetic tests were performed with each biomass sample.

Yeast cultures An attempt to apply the technique described above to estimate the kineti