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PREFACE

Formaldehyde and iso-propanol are the common compounds that can be encountered
in many industrial wastewaters in high concentrations. Formaldehyde is definitely a
toxic and inhibitory compound, which can react directly with the protein, DNA, and
RNA of organisms and damage cells, which may cause death of microorganisms or
inhibit their activity in anaerobic processes. High concentrations of iso-propanol are
also very dangerous for living organisms, for reclamation systems and for
environment. For today, the anaerobic biodegradation of these compounds by using
other high-rate anaerobic processes than fluidized bed process seems very difficult
because of their own process capabilities. So, in the beginning of the present study,
our assumption was that the fluidized bed bioreactor would be useful in treating such
kind of wastewaters containing high concentrations of organic pollutants, and toxic
and inhibitory compounds.

Therefore, in this present study, the determination of the effectiveness of an
Anaerobic Fluidized Bed Granular Activated Carbon (AFBGAC) bioreactor in
treating a high-strength wastewater including high concentrations of iso-propanol and
an inhibitory and toxic compound such as formaldehyde, the determination of the
process parameters, and the kinetics of anaerobic biodegradation were under
investigation. In this manner, obtaining of reliable and useful data in enlightening the
use of the biosystem on pilot- and full-scale applications has been aimed.

I would like to express my deepest gratitude and appreciation to Professor Nuran
Deveci for her guidance, encouragement and for initially stimulating my interest in this
area.

I am grateful to Professor Makram T. Suidan, Head of the Department of Civil and
Environmental Engineering of University of Cincinnati, Ohio, USA, for his interest,
collaboration and support. Special thanks to Professor Gedahlia Shelef and Dr.
Shlomo Kimchie, Faculty of Environmental and Water Resources Engineering of
Technion, Haifa, Israel, for their real contribution to my study.

Finally, 1 wish to express to my deepest appreciation to my family who gave me full
support and encouragement when it was most needed.

June, 1999 Moiz ELNEKAVE
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FORMALDEHYDE AND ISO-PROPANOL TREATMENT IN AN
ANAEROBIC FLUIDIZED BED REACTOR AND KINETIC EVALUATIONS

SUMMARY

In this present study, an Anaerobic Fluidized Bed Granular Activated Carbon
(AFBGAC) bioreactor (10 L in volume) was used to determine the biotreatability of a
synthetically prepared high-strength wastewater (~ 7000 mg/L. of Chemical Oxygen
Demand-COD) containing formaldehyde as an inhibitory and toxic compound
(maximum concentration of 1474 mg/L) and high concentrations of iso-propanol
(maximum concentration of 2948 mg/L). For individual, double and triple substrate
combinations, biodegradation experiments (biochemical methane potential-BMP)
were performed in an anaerobic respirometer by applying different initial
concentrations to determine the correlation between different substrate concentrations
and their biodegradabilities. Kinetic parameters were obtained by manipulating the
results which had been obtained from the BMP tests, to the corresponding Haldane
and competitive inhibition kinetic model expressions to determine the mechanism of
the substrate biodegradations.

The AFBGAC bioreactor followed by an activated sludge reactor was used to
biodegrade the high strength organic waste stream. After having achieved 99.9 % of
pollutant removal with respect to formaldehyde and iso-propanol mostly in the first
stage alone the activated sludge reactor was discontinued on the day of 325 and the
rest of the experiments were conducted in the AFBGAC bioreactor alone. Feed flow
rates of the buffer and nutrient solutions, and organic waste stream, temperature,
effluent pH, and gas production were monitored daily while the off-gas composition
was analyzed weekly. Aqueous effluent samples were analyzed weekly for alcohols,
formaldehyde, Volatile Fatty Acids (VFA), Chemical Oxygen Demand (COD),
Dissolved Organic Carbon (DOC), and ammonia.

Kinetic evaluations have been established based on the experimental results. Initially,
the kinetic parameters for each substrate (formaldehyde, iso-propanol, acetate) were
obtained individually. Intrinsic substrate kinetic parameters for the double and triple
substrate combinations were obtained to determine the toxic and/or inhibitory effect
of formaldehyde on the other substrates and on itself. At the last stage of the kinetic
investigation, the anaerobic biotransformation of formaldehyde was applied to the
competitive inhibition kinetic model. In each case, estimation and optimization was
performed using corresponding modified Haldane kinetic expression and for all cases,
Levenberg-Marquardt algorithm was used in order to obtain the corresponding kinetic
data.
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Formaldehyde and iso-propanol removal efficiencies were obtained as 99.9 % and the
total COD reduction was found more than 98.8 % in the system. In the anaerobic
bioreactor the average biogas production rate was 51.6 liters per day and the methane
gas production efficiency was determined as 0.38 m'/kg COD,er,.. During performing
the BMP tests, it was observed that all the substrates were biodegraded, however,
most of the substrates exhibited strong to moderate inhibition effects upon the

biodegradation process.

xvii



HAVASIZ AKISKAN YATAKLI BIR REAKTf)RDE FOBMALDEHiT VE
iSO-PROPANOL ARITIMI VE KINETIiK DEGERLENDIRMELER

OZET

Bu ¢aligmada, sentetik olarak hazirlanan ve igerisinde toksik ve inhibe edici bilesen
olarak formaldehit (maksimum konsantrasyonu 1474 mg/L) ve yiksek
konsantrasyonlarda iso-propanol (maksimum konsantrasyonu 2948 mg/L) igeren
kuvvetli bir atiksuyun (~7000 mg/L Kimyasal Oksijen Ihtiyaci-KOI) antilabilirliginin
belirlenmesinde havasiz akigkan yataklt biyolojik bir reaktor kullanilmigtir. Degisen
substrat konsantrasyonlart ile bu substratlarnin aynsabilirlikleri arasindaki iligkinin
tespiti maksadiyla tekil ve ikili ve Ugli substrat kombinasyonlarmin degisik giris
konsantrasyonlarinda biyolojik olarak ayrsabilirlik deneyleri (Biyokimyasal Metan
Potansiyeli-BMP) bir havasiz respirometre cihazinda gergeklestirilmigtir. Substrat
aynigabilirliklerinin mekanizmasinin belirlenmesi igin, BMP testlerinden elde edilmis
olan sonuglann ilgili Haldane ve yangmali inhibisyon kinetik model ifadelerinde
kullanilmasi ile kinetik parametreler elde edilmustir.

Kuvvetli organik atiksuyun aritiminda, igerisinde graniil aktif karbon bulunan havasiz
akigkan yatakli biyolojik bir reaktér ve bunu takip eden bir aktif ¢amur reaktorii
kullanilmugtir. Sadece itk kademede formaldehit ve iso-propanol i¢in % 99.9 oraninda
kirletici giderimi saglandigindan, 325. giinden itibaren aktif ¢amur reakt6rii devreden
cikarilmig ve geriye kalan biitiin deneyler sadece havasiz akigkan yatak biyolojik
reaktoriinde yaritilmagtir. Organik atik akiminin ve tampon ve besi ¢ozeltilerinin
besleme akis debiler1, sicaklik, ¢ikig pH'st ve gaz Gretimi gunliik olarak takip edilirken,
gaz bilesimi haftalik olarak analiz edilmistir. Sivi ¢ikis numunelerinin; alkoller,
formaldehit, ugucu yag asitleri, kimyasal oksijen ihtiyaci, ¢6ziinmus organik karbon ve
amonyak igerikleri haftalik olarak analiz edilmiglerdir.

Kinetik degerlendirmeler, deneysel sonuglara dayandinilarak yapilmigtir. Baglangigta,
kinetik parametreler her bir substrat igin (formaldehit, iso-propanol, asetat) tekil
olarak elde edilmigtir. Ikili ve tiglii substrat kombinasyonlarimn tekil substrat kinetik
parametreleri ise formaldehit'in kendi ve diger substratlar (izerindeki toksik ve/veya
inhibe edici etkisini belirlemek amaci ile elde edilmistir. Kinetik arastirmanin son
kademesinde, formaldehit'in havasiz biyolojik donigimi, yarismali inhibisyon kinetik
modeline uygulanmistir. Her durumda, tahmin ve optimizasyon, ilgili modifiye edilmig
Haldane kinetik ifadesinin kullaniimasiyla yapilmigtir ve biitiin durumlar igin ilgili
kinetik datalarin elde edilmesinde Levenberg-Marquardt algoritmast kullandmugtir.

Formaldehit ve iso-propanol giderim verimleri % 99.9 olarak elde edilmis ve
sistemdeki toplam KOI azalmasi % 98.8'den daha fazla olarak bulunmustur. Havasiz
biyolojik reaktorde, giinliik biyolojik gaz tretimi ortalama 51.6 litre ve metan gazi
iiretim verimi 0.38 m'/kg KOl olarak belirlenmistir. BMP testlerinin yiiritilmesi
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sirasinda, biitiin substratlar biyolojik olarak aynstinlmiglardir, ancak substratlarin
¢ogunun biyolojik ayrisma prosesi iizerinde kuvvetli derecelerden orta derecelere
kadar inhibisyon etkileri gosterdikleri gozlenmigtir.

Xix




1. INTRODUCTION

1.1.  Significance of the Study

Biodegradation and biotransformation have been extensively studied for the treatment
of organic compounds in wastes including wastewaters, solid wastes, hazardous
wastes and contaminated ground waters and soils. Much effort has been expended in
collecting experimental data on the biodegradability of individual organic compounds
because the environmental scientists and engineers in industries and regulatory

agencies need these data to assess their fate in natural and synthetic environments.

Anaerobic wastewater purification processes are increasingly used on industrial scale.
Since these processes have the advantages of high organic load, low energy
consumption, small amount of sludge produced and simple equipment requirements,
and can recover methane gas as useful energy, it is widely investigated and generally
recognized to have great potential as an economical and effective approach to

wastewater treatment.

In the last twenty years some new processes and devices which are generally known
as "high-rate processes", have been developed for anaerobic treatment, such as the
anaerobic filter, the up-flow anaerobic sludge blanket reactor, the anaerobic expanded
or fluidized bed reactor, etc. Several kinds of industrial wastewater have been
successfully treated by means of these new anaerobic processes in laboratory research,

pilot-scale studies and full-scale operations.

Many studies have been carried out during the last 15 years on the application of
fluidized bed for the treatment of different substrates, enlightening of the
circumstances which provide good efficiencies and description of the performance.
Although the application of the fluidized bed technology in the anaerobic treatment of

wastewaters has been studied to a great extent, only a few full-scale reactors have




been constructed and tried in industry and limited success has been accomplished.
Some of the reasons for this imbalance stem from the difficulties of process control
and periodic substrate perturbations during the process. Besides, biological treatment
of industrial wastes containing high levels of toxic and inhibitory compounds can be

difficult and can affect the performance of the system.

On the other hand, increased water usage in recent years has resulted in higher
volumes of wastewater, rich in organic pollutants. Formaldehyde and iso-propanol are
the major compounds that can be encountered very frequently in the industrial

wastewater.

Formaldehyde has been classified as a "Probable Human Carcinogen" by the
Environmental Protection Agency (EPA) and is a chemical that is widely used in many
products and processes in industry such as chemical industry, textile processing, paper

industry, wood processing and etc.

Iso-propanol is also one of the commonly used solvents and easily found in an
industrial effluent. Wastewaters from pharmaceutical, cosmetic, textile, rubber and
other industries will inevitably contain solvents, often in high concentrations. The
presence of solvents is undesirable in an industrial effluent. Direct disposal of them in
a river or to the sewer system is prohibited in almost every country of the world
because of their effect in living organisms, on sewage reclamation system itself and

also because of their flammability.

The Anaerobic Fluidized Bed Granular Activated Carbon (AFBGAC) bioreactor has
been proven effective in the treatment of the toxic and inhibitory waste such as coal
gasification wastewater and wastewaters containing chlorinated hydrocarbons,
phenols, catechol, p-cresol, indole and quinoline both under steady-state and shock

loading experiments.

The adsorptive capacity of GAC acts as a buffer for the liquid phase organic
concentration, which promotes greater reactor stability relative to shock loads and

perturbations in operation. GAC was also found to be a superior attachment medium.



1.2.  Purpose of the Research

The purpose of this study was to determine the effectiveness of an Anaerobic
Fluidized Bed Granular Activated Carbon (AFBGAC) bioreactor system for treating a
synthetic high-strength industrial wastewater bearing toxic and inhibitory

concentrations of formaldehyde and iso-propanol.

The biodegradation of formaldehyde and iso-propanol was investigated under

anaerobic conditions.

The performance of the bioreactor was evaluated mainly by, detecting the
contaminant levels in the effluent, checking the operating parameters at both
ascending and constant formaldehyde and iso-propanol influent concentrations and
determining the viable potential of the microorganisms by means of periodic GAC

extraction from the reactor.

The main subjects that were under investigation during the experiments can be

summarized as follows:
Determination of;

e the effect of the continuous feeding on the efficiency of the system,

e the effect of the toxic and inhibitory compounds on the performance of the system
¢ while applying high concentrations,

e the relationships between the hydraulic parameters and the treatment process,

o the degradation kinetics of the main constituents of the wastewater,

e the viable biomass activity,

e the biochemical methane potential of the system.




2. BIOLOGICAL TREATMENT OF INDUSTRIAL WASTEWATERS

2.1.  Objectives of Biological Treatment

The objectives of the biological treatment of wastewater are to coagulate and remove
the non-settleable colloidal solids and to stabilize the organic matter. For domestic
wastewater, the major objective is to reduce the organic content and, in many cases,
the nutrients such as nitrogen and phosphorus. In many locations, the removal of trace
organic compounds that may be toxic is also an important treatment objective. For
agricultural return wastewater, the objective is to remove the nutrients, specifically
nitrogen and phosphorus, that are capable of stimulating the growth of aquatic plants.
For industrial wastewater, the objective is to remove or reduce the concentration of
organic and inorganic compounds. Because many of these compounds are toxic to

microorganisms, pretreatment may be required [1,p 359].

2.2. Biological Treatment Processes

The major biological processes used for wastewater treatment and their applications
are identified in Table 2.1. Aerobic processes, anoxic processes and anaerobic
processes are the major groups. The individual processes are further subdivided,
depending on whether treatment is accomplished in suspended-growth systems,

attached-growth systems, or combinations thereof [1,p 378, 2].

The principle applications of these processes, also identified in Table 2.1, are for (1)
the removal of the carbonaceous organic matter in wastewater, usually measured as
biochemical oxygen demand (BOD), total organic carbon (TOC), chemical oxygen
demand (COD); (2) nitrification; (3) denitrification; (4) phosphorus removal; and (5)

waste stabilization [1,p 378, 3].




Table 2.1. Major biological treatment processes used for wastewater treatment
[1,p 380-381].

Type Common Name Use®
Acrabic
processes: Activated Sludge process Carbonaceous BOD removal (nitrification)

Suspended-growth

Attached-growth

Combined
suspended- and

attached-growth

Anoxic processes:
Suspended growth
Attached growth
Anaerobic
processes:

Suspended-growth

Attached-growth

Suspended-growth nitrification
Acrated lagoons

Aerobic Digestion

Trickling filters

Rotating biological contactors
Packed-bed reactors

Activated biofilter process

Suspended-growth denitrification

Fixed-film denitrification

Anaerobic digestion
Anaerobic contact process
Up-flow anaerobic sludge blanket

Anaerobic filter process

Fluidized/Anacrobic bed

Nitrification

Carbonaceous BOD removal (nitrification)
Stabilization, Carbonaceous BOD removal
Carbonaceous BOD removal. nitrification

Carbonaccous BOD removal (nitrification)
Carbonaceous BOD removal (nitrification)

Carbonaceous BOD removal (nitrification)

Denitrification

Denitrification

Stabilization, Carbonaceous BOD removal
Carbonaceous BOD removal
Carbonaceous BOD removal
Carbonaceous BOD removal, waste
stabilization, denitrification
Carbonaccous BOD removal, waste

stabilization

* Major uses are presented first; other uses are identified in parentheses.

2.2.1.

Anaerobic digestion

2.2.1.1. Process description

Anaerobic digestion (or methanogenic fermentation) is an effective method for the

treatment of many organic wastes. This method has been widely and successfully used

in a number of both developed and developing countries. This treatment is affected by

facultative and obligate anaerobic microorganisms, which in the absence of oxygen,




convert complex organic materials (both soluble and insoluble) into gaseous end
products called "biogas". Biogas consists of a mixture of CH, and CO, (about 99 %
of biogas) and traces of other gaseous products including NH;, H,, H,S, H,O and N,.
The ratio of methane to carbon dioxide in biogas is typically 1:1.4, and can vary
according to the original composition of the organic material, the microflora present

and the fermentation regimen employed [4].

Anaerobic digestion reduces the odors and bacteria levels in the studge feed, leaving
the stabilized sludge relatively inert. Stabilization also reduces the amount of solids
present in the sludge, although the overall sludge volume remains unchanged unless
the supernatant is removed. Anaerobic digestion is often the most economical
stabilization option because this process can actually produce energy in the form of
methane gas [5,p 1066]. The process is carried out in an airtight reactor. Sludge,
introduced continuously or intermittently, is retained in the reactor for varying periods
of time. The stabilized sludge, withdrawn continuously or intermittently from the

reactor, is reduced in organic and pathogen content and is non-putrescible [1,p 420].

2.2.2. Steps of anaerobic digestion

The anaerobic conversion of polymeric organic substrates into methane and carbon
dioxide is a complex process in which various microbial populations play a part
because of their different substrate and product specifications (food chains) [6,p 447].
Any description can only be simplified of the real and complex processes taking place

in an anaerobic system. Such an account is given in Figure 2.1[7].
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Decarboxylation  (3) Formation (3)
CH, + CO, CH, + H,O

Figure 2.1. The stages of anaerobic digestion [7].

Hydrolysis and acidogenesis phase:

This phase is performed by a wide variety of species like mesophilic, thermophilic,
obligate or facultative anaerobs. This phase results in a mixture of volatile fatty acids,
such as acetic, lactic, propionic, butyric, etc., neutral compounds such as ethanol,

gaseous products such as carbon dioxide and hydrogen, and ammonium.

These microorganisms often have shorter generation times than those in the following

phases.

Acetogenesis phase:

This singular acetogenesis (acetate production) phase is brought about by bacteria
that are obligate producers of hydrogen (or obligate proton reducers). The process
uses reduced metabolites from the hydrolysis and fermentation phases (lactate,

ethanol, propionate, butyrate). The dehydrogenation of these compounds is a process



which, in the absence of microorganisms capable of using hydrogen (or a combination
of hydrogen with sulfur, for example, to form H2S) is thermodynamically unfavorable,

if not impossible:

Lactate + H20 <> acetate + 2 Hz + CO2+ 4.18 kJ. mole™ 2.0
Ethanol + H20 <> acetate + 2 Hz - 9.6 kJ. mole™ (2.2)
Butyrate + 2 H20 <> acetate + 2 H2 - 48.1 kJ. mole™ (2.3)
Propionate + 2 H20 <> acetate + 3 H2 + COz - 76 kJ. mole™ (2.4)

Methanogenesis phase:

Two general methods of methanogenesis are identifiable. In the first, the H,/CO,
couple forms H,O and CHs. In the second, which is known as acetate-cleaving,
acetate is broken down into CO, and CH,. The second method produces about 70%

methane.

Other sources of carbon such as methanol, formaldehyde, and methylamines may aiso

be used by methane-producing microorganisms [8,p 316].

If sulfate is present, sulfate-reducing bacteria can partially or completely mineralize
the fermentation products to hydrogen sulfide and carbon dioxide via sulfate
reduction. Some species can also perform as syntrophic acetogens, especially in the

case of ethanol degradation.

The rate-limiting step in anaerobic degradation depends on the nature of the waste

undergoing treatment.

It may be hydrolysis for suspended, polymeric organic particles; fermentation for
aromatic compounds; syntrophic acetogenesis for propionate, or even methane
production from acetate [9]. In general hydrolysis is considered to be the rate limiting

step for fermentation of soluble substrates [10].



2.2.3. Important microorganisms in biological treatment

2.2.3.1. Bacteria

2.2.3.2. Cell structure

Bacteria are single-celled procaryotic organisms. Their general forms are spherical,
cylindrical (rods), and helical (spiral). As shown in Figure 2.2, the interior of the cell,
called the cytoplasm, contains a colloidal suspension of proteins, carbohydrates, and

other complex organic compounds [1,p 364].

Cell wall

Nuclear
area

(DNA)

¥ Capsule

Ribosomes
Cytoplasm
Figure 2.2. Generalized schematic of a bacteria cell [1,p 364].

The cytoplasmic area contains ribonucleic acid (RNA), whose major role is in the
synthesis of proteins. Also within the cytoplasm is the area of the nucleus, which is
rich in deoxyribonucleic acid (DNA). DNA contains all the information necessary for
the reproduction of all the cell components and may be considered the blue print of

the cell.

2.2.3.3. Environmental requirements

Environmental conditions of temperature and pH have an important effect on the
survival and growth of bacteria. According to the temperature range in which they

function best, bacteria may be classified as psychrophilic, mesophilic, or




thermophilic. Typical temperature ranges for bacteria in each of these categories are

presented in Table 2.2 [1,p 365-366].

The pH of the environment is also a key factor in the growth of organisms. Most
bacteria cannot tolerate pH levels above 9.5 or below 4.0. Generally, the optimum pH

range for bacterial growth is between 6.5 and 7.5 [1,p 366].

Table 2.2. Some typical temperature ranges for various bacteria [1,p 366].

Temperature, (°C)

Type Range Optimum
Psychrophilic® (-10)-(30) 12-18
Mesophilic 20-50 25-40
Thermophilic 35-75 55-65

* Also called Cryophilic.

2.2.4. The microbiology of anaerobic digestion

Anaerobic methanogenic digestion can be considered as a three-stage process, which
requires the syntrophic interaction of metabolically different groups of bacteria

(Figure 2.3) [4].

1) Hydrolytic and fermentative bacteria: This first stage (full line in Fig. 2.3) of the
anaerobic biodegradation is carried out by a diverse cluster of anaerobic and
facultative bacteria of the genera Clostrida, Bacteroides, Selenomonas, Butyrovibrio

and Eubacterium.

These bacteria, using extracellular enzymes, hydrolyze biopolymers such as protein,

carbohydrate and lipids into their respective amino acids, sugars and fatty acids.
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Carbohydrate Lipid

v
Cellulose
Starch
Pentosan (Hemicellulose)

Pectin
P Glycerol Fatty acids

Amino acids Methanol Sugars l

NH; Ethanol
Lactate
Succinate
Propionate
Butyrate
CH, 4
v

Figure 2.3. Anaerobic breakdown of complex organic matter [4].
Primary: hydrolytic and fermentative fermentation
processes ( —); Secondary: acetogenic fermentation process (~--)
Tertiary: methanogenic fermentation processes (—).

These are then broken down further in this primary fermentative stage (see Fig. 2.3)
to yield acetate, formate, CO, and H,, in addition to ethanol, lactate, succinate,

propionate and butyrate [4].

2) Acetogenic bacteria: Two types of reactions yielding acetate are included within
this fermentation stage, H,-producing and H,-consuming, which serve as the basis for

further subdivision.

a) H,-producing acetogenic bacteria: These include both anaerobic and facultative
H,-reducers species that can ferment organic acids larger than acetate (e.g.,
propionate, butyrate, succinate) and neutral compounds larger than methanol (e.g.,
ethanol, propanol) to H, and CO, (secondary fermentation processes, indicated by
dashed line in Fig. 2.3). An example of such organisms is S-organism that grows in
obligate symbiotic association with Methanobacterium bryantii, an association which
for many years was thought to be a single organism, Methanobacillus omelianskii,
which is able to ferment ethanol to acetate, CO, and CH, directly. The fatty acid
degrading bacteria Syntrophomonas sp. (e.g., S. wolfei which degrades butyrate,

caproate and caprylate to acetate. S. wolinii which degrades propionate to acetate)
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are additional examples of obligate proton reducers found in methanogenic
fermentors. Other bacteria belonging to the acetogenic group include members of the
genus Desulfovibrio (e.g., D. vulgaris, D. desulphuricans) which oxidize ethanol and

butyrate to acetate [4].

b) Homoacetogenic bacteria: These are H;-oxidizing, acetate-producing bacteria
that can ferment a wide spectrum of multi or one carbon compounds by C;-C,
condensation to acetic acid. For example, members of the genera Acetobacterium
(e.g., A. wodii, A. aceticum), and the genus Clostridium (e.g., C . thermoaceticum, C
. formiaceticum) and Butyribacterium (e.g., B. methylotrophicum) belong to the

homoacetogenic group [4].

3) Methanogenic bacteria: The tertiary and final fermentation process in
biodegradation involves the methanogenic bacteria (dotted line in Fig. 2.3). They are
strict obligate anaerobes which can only use a limited range of substrates for growth
and energy production, including one carbon compounds (e.g., CO,/H,, formate,
methanol, methylamines, CO) and acetate. In anaerobic digesters two major pathways
of methane generation operate: (a) acetate decarboxylation (or aceticlastic
methanogenesis) and (b) carbon dioxide reduction (or hydrogenophilic

methanogenesis) [4, 11].
2.2.5. Environmental effects on anaerobic digestion

2.2.5.1. The effect of temperature

Anaerobic digestion is subject to temperature influences just as any other biological or
chemical process [7]. Typically, microorganisms growth and activity increase as
temperatures increase; the microorganisms therefore process food faster. Faster
growth allows more sludge withdrawals (shorter detention times) while maintaining

an adequate supply of microorganisms in the digester for stable operation.

Digestion almost ceases at approximately 10°C. Most digesters operate in the
mesophilic temperature range of 32 to 38°C. The thermophilic range of 50 to 60°C
digester operation is also used by wastewater treatment plants (WWTPs) for its

improved dewatering efficiency. Regardless of the operating temperature selected, the
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tank temperature must not deviate more than 0.6°C per day from that temperature.
Each group of methane-forming microorganisms has an optimum temperature for
growth. If the temperature fluctuates, no group of methane formers can develop the
large, stable population required to optimize the process. It is good practice to log the

digester temperature twice a day and watch for temperature swings [5,p 1070, 12].

The Arrhenius equation in the logarithmic form is used to describe the effect of

increasing temperature on the rate limiting reaction as follows:

In (k;) = In (A,) - E/Rg. (1/T) (2.5)

where k, is the rate constant at a given temperature T (°K), Rg is the gas constant,
8.314 J/K/mole, E is the activation energy (kJ/mole), and A, is the Arrhenius constant.
Thus the activation energy E can be obtained from the slope of the linear plot of In (k)
against the reciprocal of the absolute temperature. The Arrhenius law is applicable in
biological systems within a limited temperature range , because enzymes present in
these systems are deactivated at high temperatures, due to the denaturation of the

protein [7].

2.2.5.2. The effect of pH

Anaerobic digestion requires a stable pH within the range of 6.5-7.5, which is
maintained in anaerobic reactors by the adjustment of a carbonic acid/bicarbonate

system [13].

The need for pH control in anaerobic digestion also arises from the nature of the
process. Although several different conversion processes have been identified in the
degradation of complex organic matter to methane [14] the entire process is generally
considered to be di-phasic, dominated by the activities of two major groups of
microorganisms that are very different from each other in terms of physiology,
nutritional requirements, growth rate, and sensitivity to environmental stresses [I5].
Whenever the equilibrium of the activities of these two groups of bacteria is upset, a
sudden increase in volatile fatty acid concentration and a subsequent decrease in pH in

the reactor may result. It is necessary that some measure of pH control be taken to
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prevent a further fall in pH. Without adequate pH control, a prolonged imbalance in

the digester could lead to total inhibition [16].

There are four groups of chemical and biochemical reactions that are significant in
regulating the pH of a digester. These reactions are (1) Ammonia consumption and
release; (2) volatile fatty acid production or consumption; (3) sulfide release by sulfate
or sulfite dissimilatory reduction; (4) conversion of neutral carbonaceous organic
carbon to methane and carbon dioxide [13]. If the pH falls below 6, unionized volatile
acids become toxic to methane-forming microorganisms. Above pH of 8, unionized
aqueous ammonia (dissolved ammonia) becomes toxic to methane-forming
microorganisms. These key pH values reflect the ionization constants for ammonia

and acetic acid [S5,p 1071].

2.2.5.3. Chemical effects

Alkalinity

Calcium, magnesium, and ammonium bicarbonates are examples of buffering
substances typically found in a digester. The digestion process produces ammonium
bicarbonate; the others are contained in raw sludge. A well-established heated digester

has a total alkalinity of 2,000 to 5,000 mg/L [S,p 1070].
Volatile Acids

Volatile acids are intermediate digestion products. Although typical volatile acid
concentrations range from 50 to 300 mg/L, higher levels are possible if sufficient
alkalinity exists to buffer the acid level. Because of the required balance between
volatile acids and alkalinity, the volatile acid: alkalinity ratio provides an excellent
indicator of the efficiency of the digester. Careful monitoring of the rate of change of
that ratio can indicate a problem before a critical change in pH occurs. If the ratio
exceeds 0.8, pH depression and inhibition of methane production occurs. Increases
above ratios of 0.3 to 0.4 indicate the inefficiency and the need for corrective action

[5.p 1070-1071, 17].
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Toxicity

The most typical types of toxins are organic compounds, heavy metals, ammonia,
sulfide, oxygen, and salt. While typical inhibitory levels are shown in Table 2.3
through 2.6, a given digester can, over a period of time, acclimate to a higher
tolerance level. Most of the toxins affect the microorganisms only if they are in
solution. Otherwise, the toxin will not penetrate the cell wall and inhibit performance.
Precipitation of the toxin from solution will eliminate its inhibitory effect [5,p 1071,

18, 19].

Table 2.3. Effect of ammonia nitrogen on anaerobic digestion [5,p 1071].

Ammonia concentration,

as N° mg/L Effect
50 - 200 Beneficial
200 - 1000 No adverse effects
1500 - 3000 Inhibitory at pH 7.4 to 7.6
> 3000 Toxic

* Nitrogen

Table 2.4. Total concentration of individual metals required to severely inhibit
anaerobic digestion [5,p 1072].

Concentration in the contents of the digester

Metal Dry solids, % Moles metal / kg dry solids Soluble metal, mg/L
Copper 0.93 150 0.5
Cadmium 1.08 100 -
Zinc 0.97 150 1.0
Iron 9.56 1710 -
Chromium

6 2.20 420 3.0

3’ 2.60 500 -
Nickel - - 2.0
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Table 2.5. Stimulating and inhibitory concentrations of light metal cations
[5.p 1072].

Concentration, mg/L

Cation  — o mulatory __ Moderately inhibitory __ Strongly inhibitory
Calcium 100 - 200 2500 - 4500 8000
Magnesium 75 - 150 1000 - 1500 3000
Potassium 200 - 400 2500 - 4500 12000
Sodium 100 - 200 3500 - 5500 8000

Table 2.6. Synergistic and antagonistic cation combinations [5,p 1072].

Toxic cations Synergistic cations Antagonistic cations
Ammonium Calcium, magnesium, potassium  Sodium
Calcium Ammonium, magnesium Potassium, sodium
Magnesium Ammonium, calcium
Potassium - Ammonium, calcium,
magnesium

Sodium Ammonium, calcium, Potassium

magnesium

Anaerobic Toxicity of Formaldehyde

The processes that deal with formaldehyde release wastewaters with high COD and
high concentrations of formaldehyde. Even these wastewaters are diluted with
effluents from processing, the treatment of these wastewaters still consume high
amounts of energy and may lead to inhibition of degradation and disturbance of the
process due to the high organic and toxicant concentration [20, 21]. Formaldehyde, as
a disinfectant in the wastewater, was found to be toxic for the anaerobic biological
digestion process [22-24]. In addition, formaldehyde can react directly with protein,
DNA, RNA of organisms and damage cells which may cause death of microorganisms
or inhibit their activity in anaerobic processes [20]. Mostly, the toxicity depends not
only on the formaldehyde concentration, however on the type of substrate, test time,
and possibly other conditions. The gas production rate and COD removal efficiency
decreases generally with the increase in formaldehyde concentration. Sometimes the
inhibition changes with time, if the formaldehyde is under the critical concentration,
but when it is over the critical concentration, the inhibition becomes high, and it
would not decrease with time. Formaldehyde degradation rate 1s also affected by its

concentration. At low formaldehyde concentration, a great portion of the
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formaldehyde can be degraded. But particularly, at high formaldehyde concentration,

removal efficiency drops significantly.

High formaldehyde concentrations can lead to inhibitory effects on the anaerobic
methanogenic activity as well as acidogenic activity. If a wastewater with high
concentration of formaldehyde is treated directly by an anaerobic process, the process
could be unstable and could need a very long hydraulic retention time. At low
concentration the formaldehyde can be removed in an anaerobic system by the
formaldehyde-resistant bacteria. If the process is overloaded, the anaerobic treatment

system may be disrupted [20, 22].

2.2.5.4. Effect of inhibitors

Environmental conditions such as pH, HRT, TS, and OLR, influence the sensitivity
the response to toxicity and acclimatization characteristics of the bacteria [25]. For
example, long HRT maximizes the potential for acclimatization and, in general,
minimizes the severity of response to toxicity. Another important environmental
factor involves toxicities of excessive quantities of many common, relatively non-
toxic, organic or inorganic substances which become inhibitory at high OLR values.
The threshold toxic levels of inorganic substances vary depending on whether these
substances act singly or in combination. Certain combinations have synergistic effect,

whereas others display antagonistic effect [26, 27].

Many substances are mentioned in the literature as being toxic or inhibitory to
anaerobic digestion. The chlorinated analogues of CH,, carbon tetrachloride (CCly),
chloroform (CHCIls) and methylene chloride (CH,Cl,) have been reported as specific

inhibitors of methanogenic bacteria [28].

Activity of methane forming bacteria was reduced to zero by 3 uM CHCI;, while
acetogenic bacteria remained unaffected. Other organic compounds reported as being
toxic to methanogenesis at low concentrations include ethylene and other unsaturated
hydrocarbons, azides, amines and hyrazines, and antibiotics. Cyanide was
reported to inhibit methanogenesis at relatively low concentrations (10 uM).

Bromoethanesulfonic acid was reported as a specific inhibitor of methanogens [4].
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There is ample evidence in the literature to indicate that heavy metals (e.g., Cd, Ni,
Pb, Zn, Cu, Se) are toxic to anaerobic digestion even at quite low concentrations

(107210 M).

Inorganic cations such as Ca'", Mg"*, Na', K*, Fe™ or NH," which have stimulatory
effect at low or normal concentration, exhibit inhibitory effect at higher
concentrations. Inorganic ions such as SO4~, NO;~ are potential inorganic inhibitors of
methanogenesis in regards to their ability of being alternative electron acceptors.
Sulfide (S7) which is essential for most methanogens, is toxic above 200 mg/L,

however, can be rendered insoluble when heavy metals are present.

Another source of toxicity is the overproduction of VFAs (acetate, propionate and
butyrate) which result in a drop of pH. At the present there has been considerable
controversy in the literature as to whether VFA are toxic, or merely a byproduct of
toxicity. On the other hand, the question if VFA directly inhibits methanogens or
other bacterial groups is still under discussion. Acetate, of all the VFA produced in
the digester, appears to be the least toxic. It has been found that a concentration of 12
g/L. acetate did not inhibit methanogenesis and neither acetate nor butyric acid had
any significant toxic effect on methanogenesis at concentrations up to 10 g/L, whereas
concentrations of propionic acid as high as 8 g/l were necessary for the inhibition of
anaerobic digesters. VFA toxicity should be directly related to the concentration of
the unionized VFA, an effect which increased when pH decreased. Excess of long
chain fatty acids such as palmitic, stearic or oleic acids, were also reported to be toxic

to anaerobic digester microorganisms [4].

2.2.6. Comparison of aerobic and anaerobic processes

There are basic differences between the aerobic and anaerobic process sequences in
eliminating the high-energy organic substances from wastewater. Aerobically, the
organic impurities are largely reduced simultaneously to carbon dioxide and water

during respiration by the mixed bacterial culture by means of "biological combustion".

18



Anaerobic degradation is similarly carried out by a mixed culture. However, in this
case the wastewater constituents are largely fermented one after the other by various

bacteria into methane and carbon dioxide by a type of "biological pyrolysis".

The synthesis of new cell substance depends on the energy released for the cell. Thus,
during continuous anaerobic wastewater purification up to 50 % of the organic
carbon obtained is incorporated into the cell mass, compared to only approximately 3

% during aerobic purification (Figure 2.4) [6,p 446].

Carbon in biogas

_0R O,

Organic 90-98 %
Organic Carbon 1n
Car%)on in Carbon ig CO, raw effluent
raw effluent ~50 % 100 %
100 %
A\
L

|\ Carbon in
\ / sludge
~50% D Residual org.
p carbon in

Residual organic excess sludge
carbon in treated 1-5 %
effluent 1-5 %

Residual carbon in
effluent ~ 1%

Figure 2.4. Comparison of the aerobic (left) and anaerobic (right) degradation of
carbon [6,p 446].

2.2.7. Advantages and disadvantages of anaerobic digestion

The disadvantages and advantages of the anaerobic treatment of an organic waste, as
compared to aerobic treatment, stem directly from the slow growth rate of the
methanogenic bacteria. Slow growth rates require a relatively long detention time in

the digester for adequate waste stabilization to occur.

However, the low growth yield signifies that only a small portion of the degradable
organic waste is being synthesized into new cells. Typical kinetic coefficients for

anaerobic digestion are reported in Table 2.7 [I,p 425]. With the methanogenic
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bacteria, most of the organic waste is converted to methane gas , which is combustible
and therefore a useful end product. If sufficient quantities are produced, as is
customary with municipal wastewater sludge, the methane gas can be used to operate

dual-fuel engines to produce electricity and to provide building heat.

Table 2.7. Typical kinetic coefficients for the anaerobic digestion of various
substrates [1,p 425].

Value®
Coefficient Basis Range Typical
Domestic sludge Y mg VSS/mg BODs  0.040-0.100 0.06
B d" 0.020-0.040  0.03
Fatty acid Y mg VSS/mg BODs  0.040-0.070 0.05
B d’ 0.030-0.050  0.04
Carbohydrate Y mg VSS/mg BODs  0.020-0.040  0.024
B d! 0.025-0.035  0.03
Protein Y mg VSS/mg BODs  0.050-0.090  0.075
B d’ 0.010-0.020  0.014

® Values reported are for 20°C

Because of the low cellular growth rate and the conversion of organic matter to
methane gas and carbon dioxide, the resulting solid matter is reasonably well
stabilized. After drying or de-watering, the digested sludge may be suitable for
disposal in sanitary landfills, for composting, or for other applications on land.
Because of the large proportion of cellular organic material, the sludge solids resulting

from aerobic processes are most commonly digested, usually anaerobically.

The high temperatures necessary to achieve adequate treatment are often listed as
disadvantages of the anaerobic treatment process, however, high temperatures are
necessary only when sufficiently long mean cell-residence time cannot be obtained at
nominal temperatures. In the anaerobic treatment systems (standard-rate and high-
rate) the mean cell-residence time of the microorganisms in the reactor is equivalent
to the hydraulic detention time of the liquid in the reactor. As the operation
temperature is increased, the minimum mean cell-residence time is reduced

significantly. Thus, heating of the reactor contents lowers not only the mean cell-
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residence time necessary to achieve adequate treatment but also the hydraulic

detention time, so a smaller reactor volume can be used [1,p 425-427].

Advantages for anaerobic wastewater purification are: little excess sludge (less
biomass is produced per unit of substrate utilized which also means a decrease in the
requirements for nitrogen and phosphorous), no aeration necessary (low energy
consumption, and simpler reactors), energy obtained by utilizing the biogas (direct
combustion, electricity generation, or input into the natural gas grid after methane
enrichment), heavy metal precipitation in the reactor by conversion into insoluble
sulfides (landfill sites), and higher organic loadings because the process is not limited

by oxygen transfer capacity at high oxygen utilization rates [4, 6,p 447].

Disadvantages of the anaerobic process, in particular in the case of insoluble
substrates, are the elevated temperatures (55-60 °C) required to maintain microbial
activity at a reasonable rate and the incompleteness of organic stabilization (25-50 %
degradation) at economical treatment times and digester volumes, the slow growth of
the microorganisms (time-consuming start-up procedure) and the sequential product
degradation (unstable system). Anaerobic processes are more sensitive to variations in
pH, organic overloads, and toxic shocks. The instabilities may result from interactions
among several specialized microbial populations, which must be closely balanced

[4, 6,p 447, 29].

Anaerobic wastewater purification plants are becoming increasingly interesting due to

their simplicity and low energy requirements [6,p 447].

2.2.8. Quality, performance and control of anaerobic digestion

Gas production is the most representative and simplest criterion to measure the

quality of digestion. Gas production depends on two main factors:
e Temperature

¢ Retention time

The main components of the gas are CH, (65 to 70 %) and CO; (25 to 30 %). Other

constituents -CO, N,, O, hydrocarbons, and H,S- may exist in small quantities.
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The temperature is critical to the digestion process, affecting the start-up speed, the
stabilization of fermentation, and the gas output. The sludge heating facilities can only
be bypassed on small units-a few thousand-population equivalents - with very long

retention times.

The process generally used is mesophilic fermentation at temperatures around 35°C.
Thermophilic fermentation is rarely used because the gains in reactor size and removal
of pathogenic germs are cancelled out by high power consumption and the increased

sensitivity to variations in load.

The net calorific value of gas produced by digestion varies according to the methane
content, and usually increases in line with digestion time. The figure is usually
between 22,600 and 25,100 kJ. N. m™ | which corresponds to 5,400 and 6,000 kcal.

N. m>.

Over and above the temperature, the retention time, relative to the daily input of
fresh sludge, is a very important design factor for two reasons. First, because the
settled and digested sludge is not recycled in the reactor, and the second, because the

sludge thickens only very slightly in the reactors.
Satisfactory retention times can be achieved by :
o a sufficiently high reactor volume;

e highly concentrated fresh sludge.

Biochemical reactions are encouraged by high sludge concentration levels. A
concentration of 15 g/L dense sludge is the minimum value for the industrial plants

handling municipal waste sludge.

Two other parameters can be used to improve the performance and control of the

sludge digesters:

e intensive mixing, which is more useful in methane fermentation of (viscous)
sludge than that of the effluents. Thorough mixing minimizes the differences in

temperature and organic matter concentration between the fresh and the digested
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sludge in the digester, and improves the chances of contact between
microorganisms and the organic matter to be broken down. The difference in
performance between laboratory digesters and full-scale versions is often due to a

difference in the intensity of mixing;

¢ regular feed, the input of fresh sludge and the extraction of the digested sludge

must be regular to avoid sudden variations in the development of microorganisms.

The removal of organic matter is also affected by the organic matter content of the
fresh sludge and the type of the organic matter. Removal is usually improved when
the initial organic matter content is high. Removal rates may drop as far as 35-40 %

with certain fresh sludge containing only 50 to 55 % organic matter [8,p 934].
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3. HIGH-RATE ANAEROBIC WASTEWATER TREATMENT

3.1. Introduction

Although anaerobic biological systems have been used for the treatment of wastes for
a long time, the processes called "high rate" have been developed over the last
twenty-five years. As implied by the name, high rate processes require a much smaller
reactor to treat a given amount of waste than do conventional anaerobic treatment

processes [30].

High-rate anaerobic treatment has emerged as a viable alternative for the treatment of
many industrial and municipal wastewaters. A number of different process options
have been reduced to practice, although some configurations are clearly more well
developed than others. One common thread that links these various processes
(principally the Anaerobic Filter, Up-flow Anaerobic Sludge Blanket and
Expanded/Fluidized Bed Reactors), is the ability to effectively separate solids and
reduce the hydraulic retention times. This permits design to be based upon the
degradative capacity of the anaerobes, not growth rate and results in reduction of the
treatment times from days (typical for conventional digester systems) to hours.
Separation of the hydraulic and solids retention times allows accumulation of high
biomass concentrations and use of relatively low hydraulic treatment times. In
anaerobic filters and expanded/fluidized beds, this is accomplished by the development

of granules or flocs that have extremely good settling properties [31].

3.2. High-Rate Anaerobic Processes

Up flow Anaerobic Sludge Blanket (UASB)-(Suspended-growth)
Up flow Fluidized Bed (FB)-(Attached-growth)

Fixed Bed Filters-up flow and down flow-(Attached-growth)
Contact-Membrane Process-(Suspended-growth)



Typical process loading and performance data for the UASB, FB/EB, Fixed Bed

Filters and Contact-Membrane processes are reported in Table 3.1 [1,p 428].

Table 3.1. Typical process and performance data for anaerobic processes used for
the treatment of industrial wastes [1,p 428].

Process It COD, Gl on OcBanicoading, L
time, (h) (%)

Anaerobic contact 1,500-5,000 2-10 0.48-2.40 75-90

Up-flow anaerobic 5,000-15,000 4-12 4.0-12.0 75-85

Sludge blanket (UASB)

Fixed-bed 10,000-20,000 24-48 0.96-4 81 75-85

Fluidized/Expanded Bed 5,000-10,000 5-10 4.81-9.61 80-85

3.3. Comparison of Different Process Configurations

UASB-type systems, AF and Expanded/Fluidized reactor systems provide the means
to attain long solids retention times at short hydraulic retention times. This translates
to high efficiency and stability at high organic loading rates and, therefore, relatively
small, economical systems. Efficient treatment at ambient temperatures and/or low
organic strength feeds can be realized with all three systems. The comparison of these
treatment systems is given in Table 3.2 and this table serves as a useful guide for the

comparison [31].

According to Table 3.2 the fluidized bed system shows the most favorable process

behavior, but the application in practice is scarce [32, 33].
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Table 3.2. Comparison of the three reactor types [31].
Anaerobic  Fluidized/Expanded  UASB

Filter Bed
Biofilm structure of microorganism (+) + +)
Non-attached biomass important (+) N +
Biofilm thickness control 0 + 0
Recycle necessary 0 + 0
Mixing necessary’ 0 0 (+)
Separation equipment necessary 0 0 +
Phasing possible' +) + +y
Suitable for wastes with suspended organics (+) + )
Run-through of inerts in raw waste 0 ) +)
Problems with foaming 0 (+)
Problems with gas bubbles in reactor (+) ) (+)
High microbe/wastewater contact 0 + +)
Tolerates hydraulic overloading + + )
Tolerates organic overloading + + (+)
Suitable for high conc. of biodegradable toxins +2 +° (+)?
Suitable for shock dose toxicants 0 + +
Start-up problems (+) + +
Re-start easy + ) +

+ = Yes; (+) = Partially; 0 = No/None

"Two reactors with separate acid and gas phases, respectively; “Recycle or mixing mandatory;
*In excess of mixing caused by gas production; “May be for wastes containing high solids
levels: *Especially well suited if adsorbent carrier such as GAC used.

Based upon modeling results, fluidized beds can achieve removal efficiencies superior

to the other systems at the same volumetric loading rates.

It has also been predicted that long narrow beds would give better performance and
expanded/fluidized bed reactors represent the most efficient of the three process

configurations because of the excellent mass transfer properties.

There is one advantage of the expanded/fluidized bed process that has become
apparent over the last decade. If an adsorbent carrier is used, there is the ability to

couple biological and physicochemical removal mechanisms.
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While this is not a major concern or consideration for the treatment of readily
degradable wastes, such as food-processing-related effluents, that most of the existing
plants have been designed for, it appears to offer a considerable advantage for the
treatment of wastes containing recalcitrant or inhibitory compounds. Laboratory-scale
anaerobic expanded/fluidized beds using GAC as a carrier have been shown to
provide extremely stable treatment for wastewaters (synthetic and real waste)
containing biodegradable but inhibitory compounds such as catechol, phenol, p-cresol,
indole and quinolin both under steady-state and shock loading experiments. When
used to treat a phenol-based waste, adsorption, desorption and bioregeneration of the
GAC media in the anaerobic fluidized bed, were observed to be operative. Significant
adsorptive capacity of the GAC was retained even after development of a mature

biofilm.

The treatment of wastewaters containing inhibitory compounds that are not
biodegradable has also been shown for toxic effluents such as coal gasification
wastewaters. The periodic replacement of GAC to prevent exhaustion of adsorptive
capacity for the non-biodegradable, inhibitory compounds was found to be a

necessary operating strategy [31].

All systems show individual bottlenecks in industrial operation. Difficulties, which

often impede reactor operation in practice are listed in Table 3.3 [33].

3.4. Research Needs For The High-Rate Anaerobic Treatment Systems

High-rate anaerobic treatment systems demonstrate that in full-scale operation, they
are useful for the treatment of various wastewaters. However, especially fundamental
work on granule formation and biofilm adhesion as well as practical work on process
control and optimization, is needed in order to decrease start-up times and operation
costs in steady-state operation. Some urgent research activities needed for each

reactor are listed in Table 3.4 [33].
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Table 3.3. Bottlenecks in the operation of the different high-rate systems [33].

UASB

AF

EB/FB

» control of bed expansion

e process stability at
fluctuating feed
conditions

e biomass retention at
shock loads

e accumulation of inert
particles

o flotation of the biomass

e yniform distribution

e clogging and
channeling of the bed

e periodically backwash

of the bed

e accumulation of inert
particles

e sludge separation from

the effluent

e control of bed
expansion

o uniform distribution of
the feed

e support flotation

e change of fluidization
properties

e biofilm detachment and

small experience with
full-scale installations

Table 3.4. Research needs for the different high-rate anaerobic treatment systems

[33].

UASB

AF

EB/FB

¢ more basic knowledge
on granule formation

¢ methods to control
granule size

e methods to hinder
granule flotation

e role of environmental
factors on granule
formation and stability

e proper amount of
granules for reactor
start-up

e more basic knowledge
on biofilm adhesion

« influence of carrier
material and surface
properties on biofilm
formation

e role of additives to
increase film formation

o strategies for reactor
backwash

e optimization of recycle
rate

e more basic knowledge
on biofilm formation

e influence of carrier
material and surface
properties on biofilm
formation

e general strategies for
reactor start-up

¢ simple methods for bed
expansion control

e role of GAC on process
stability
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4. KINETICS OF ANAEROBIC PROCESS

4.1. Introduction

Process kinetics plays a central role in the development and operation of anaerobic
treatment systems [34]. The objective of a kinetic analysis is to obtain the removal
rate as a function of both substrate and biological solids concentration and provide a

rational basis for process analysis, control and design [34, 35].

Bacterial growth is one of the most important features on wastewater treatment. The
main factors affecting growth rate are transfer of substrate from the medium, the
maximum growth velocity, which is that, observed when no substrate limitations

occur and environmental conditions that effect bacterial growth directly [36].

In a completely mixed continuous flow system with solids recirculation as shown in
Figure 4.1, the rate of change of the bacterial mass and substrate concentration are

described by two differential equations.

< W. X, S
Q50 $ Q+R (Q-W)
v S, X N\ J/ S, Xe
v v
S, X
R W
S. X, S, X,

Figure 4.1. Flow scheme for continuous flow stirred reactor [7].



(dX/dt) = L.X.V - B X.V-[W.X + (Q - W)]. X, 4.1

(dS/dt) = [Q.(So - S)] - (WY).X.V (4.2)

Assuming that anaerobic digestion exhibits Monod type kinetics the bacterial growth

rate can be linked with the concentration of the limiting substrate (S).

(0= tm S/AK, + S) (4.3)

Under steady -state conditions Equations 4.1 and 4.2 yield;

0,'=u-B (4.4)

1= Y.[Q.(So - S)J/ (X.V) (4.5)

The growth (Y) and decay (B) parameters can be determined as the slope and the
intercept, respectively, of the graphics of the Equation 4.4 as 1/6, vs. p. The
maximum specific growth rate (i1,) and half-velocity coefficient (K;) can be
determined by rearranging the Equation 4.3 to obtain linearity and plotting 1/u vs.
1/8.

Expression for effluent substrate concentration (S) and bacterial mass (X) can be
derived as a function of O, and these parameters are of chief interest to the plant

operator of a biological treatment plant;

S = [Ke(1 + 6,. B)] / [O4.(tta - B) - 1] (4.6)

X = (840).[Y.(So - S)]/ (1 +8,. B) (4.7)

In order to sustain steady state bacterial growth a minimum substrate concentration is
needed. This must be in the amount that is enough to support a growth rate of the

bacterial population greater than its loss rate due to lysis and endogenous decay
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mechanisms (u > B). This can be implemented if it is substituted in the Monod

equation the endogenous decay constant (B) for the specific growth rate (u):

B = S/ (K, +S) (4.8)

solving for S,

Staim = Ks. B/ (1m - B) (4.9)
but,

b - B = Oyminy - (4.10)
and so,

Stminy = Ks. B.6Bs(min) (4.11)

The minimum substrate concentration is defined as Siminy and it can be associated with
Osmin). The Sqiny represents the lower limit of the effluent substrate concentration,
because at substrate concentration lower than Sin the bacterial growth is always
going to be less than the bacterial loss and the process cannot function. There is no
way to achieve lower effluent substrate concentration than Sgn under any process

loading at fixed environmental conditions [7, 37, 38].

A large number of studies, especially those dealing with undefined, complex
substrates, have yielded kinetic parameters and a summary of kinetic data from these
studies has been compiled. Based on an extensive literature review a set of kinetic
values representing the acid-phase and the methane-phase of the anaerobic digestion is

given in Table 4.1 [34].
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Table 4.1. Representative values of kinetic constants for anaerobic digestion at 35°C

[34].
Process k, mg COD/mg VSS-d Y, mg VSS/mg COD Ks, mg COD/L Homax, 7!
Acidogenesis 13 0.15 200 20
Methanogenesis 13 0.03 50 04
Overall 2 0.18 - 04

The anaerobic degradation of particulate substrates requires hydrolysis (or
liquefaction) to render these substrates available to the anaerobic microflora. The
hydrolysis step is usually assumed to follow the first-order kinetics. In most cases, the
Monod model (or variations thereof) has been found to be inadequate in describing
the heterogeneous reactions taking place during hydrolysis of complex, particulate
substrates. With the exception of the hydrolysis step, all other subprocesses of
anaerobic treatment have been successfully modeled by following Monod kinetics. A
summary of reported values for the kinetic constants pertaining to each subprocess is

given in Table 4.2 [34].

Table 4.2. Summary of values of kinetic constants for various substrates utilized in
mesophilic anaerobic treatment processes [34].

Substrate Process K Ks Manax Y B
gCOD/gVSS-d  mg COD/L d’ g VSSig COD d!
Carbohydrates Acidogenesis 1.33-70.6 22.5-630 7.2-30 0.14-0.17 6.1
Long-chain fatty Anacrobic 0.77 - 6.67 105-3180 0.085-0.55 0.04-0.11 0.01-0.015
acids oxidation
Short-chain fatty Anaerobic 6.2-17.1 12-500 0.13-1.20 0.025 - 0.047 0.01-0.027
acids * oxidation
Acctate Aceticlastic 26-11.6 11-421 0.08-0.7 0.01 -0.054 0.004-0.037
methanogenesis

Hydrogen/Carbon  Methanogenesis 1.92-90 4.8x10°060 005-407  0.017-0.045 0.088
dioxide

* Except acetate

4.2. Inhibition Function

Little information is available concerning the functional relationship between an
inhibitory substrate and the specific growth rate of the organism utilizing the

substrate. In order to illustrate the dynamic behavior of microorganisms utilizing an
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inhibitory substrate a function such as that proposed by Haldane can be used.
Although there is no theoretical basis for the use of this function for microorganisms,
it should be pointed out that the Monod relationship, which is empirical, is similar in

form to the Michealis-Menten expression upon which the Haldane function is based.

Also, studies with Nitrobacter winogradisky, have shown that the rate of nitrite

oxidation can be related to nitrite concentration by this type of inhibition function.

This inhibition function may be expressed as:

*
A < (4.12)
+__
K

i

s

where 1 is the specific growth rate, time™'; " is the maximum specific growth rate in
the absence of inhibition, time', S is the limiting substrate concentration,
mass/volume, K; is the saturation constant, numerically equals lowest concentration of
the substrate at which the specific growth rate is equal to one-half the maximum
specific growth rate in the absence of inhibition, mass/volume, K; is the inhibition
constant, numerically equals the highest substrate concentration at which the specific
growth rate is equal to one-half of the maximum specific growth rate in the absence of

inhibition, mass/volume.

In the usual continuous culture, operated near steady state, substrate concentrations
are low and the term S / K; is therefore much less than the term K, / S even for low
values of K;. Under these conditions the inhibition function reduces to the Monod
function. In batch cultures, even for the higher values of K;, the term S / K; may be
significant because of the higher substrate concentrations present during the early

stages of the growth [39].
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5. ANAEROBIC REACTORS

The two types of commonly used anaerobic digesters are identified as standard-rate
and high-rate. In the standard-rate digestion process (Figure 5.1-a), the contents of
the digester are usually unheated and unmixed. Detention times for the standard-rate
process vary from 30 to 60 days. In a high-rate digestion process (Figure 5.1-b), the
contents of the digester are heated and mixed completely. The required detention time
for high rate digestion is typically 15 days or less. A combination of these two basic
processes is known as the "two-stage process" (Figure 5.1-c). The primary function of
the second stage is to separate the digested solids from the supernatant liquor;

however, additional digestion and gas production may occur [1,p 420-423].
The concept of high-rate anaerobic reactors is based on three fundamental aspects.

(1) Accumulation, within the reactor, of biomass by means of settling, attachment to
solids (fixed or mobile) or by re-circulation. Such systems allow the retention of
slowly growing microorganisms by ensuring that the mean solids retention time

becomes much longer than the mean hydraulic retention time.

(2) Improved contact between biomass and wastewater, overcoming problems of

diffusion of substrates and products from the bulk liquid to biofilms or granules.
(3) Enhanced activity of the biomass, due to adaptation and growth.

The high-rate reactor designs retain biomass in either attached or suspended growth
form or by a combination of both of these growth forms. The relative importance of

attachment versus suspended growth may be graded as follows:

Attachment Suspension
FB > DSFF > AF > AF (hybrid) > Granular UASB > Flocculant UASB > Contact
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The more common reactors now in usc are shown schematically in Figure 5.2
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In order to ensure effective biomass retention by the different reactor types, both the
design and operational conditions of the reactors must be optimized. Table 5.1

summarizes the requirements and conditions of the various reactor designs.

Table 5.1. Summary of biomass retention requirements [9].

REACTOR REQUIREMENTS CONDITIONS
Contact Biomass capable of separation ~ Proper de-gasification if
by - flotation settlement is applied
- settlement
- filtration
DSFF Formation of stable biofilm Support material of
appropriate type and
arrangement
AF Formation of stable biofilm Gas/Solid separation by means
Hybrid AF Biomass with good settling of internal random or oriented
characteristics packing or by external
settlement
UASB Biomass with good settling Efficient Gas/Solid/Liquid
characteristics device
FB/EB Formation of stable biofilm Appropriate support material.

Appropriate flow distribution

Another fundamental concept of high-rate anaerobic treatment technology concerns
the provision and maintenance of optimum contact between the retained biomass and
the waste undergoing treatment. A summary of these requirements and the conditions

needed to implement them is presented in Table 5.2.

There are three important factors that adversely affect the contact between biomass
and wastewater. These are (1) channeling, i.e. the formation of preferential paths
through the reactor; (2) dead-zone formation caused by sludge compaction or
clogging of matrix interstitial spaces by solids, and (3) clogging of poorly designed-or
maintained-distributions systems. Channeling occurs especially when big gas bubbles

are produced in tall up flow reactors.
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These bubbles travel through the bed of particles in FB/EB reactors or the sludge
blanket in UASB or hybrid AF systems causing a wake by which a large slug of liquid
passes through the reactor without achieving contact with the biomass and without

being treated.

Table 5.2. Requirements and conditions for effective biomass and wastewater
contact [9].

REACTOR REQUIREMENTS CONDITIONS

Contact Proper mixing. Sludge that is mechanically stable.

Appropriate mixing device.

DSFF Reactor of sufficient height Recycle.
for distribution purposes.

AF Even distribution of Number and placement of feed inlets.
influent. No short Sufficient bed mixing. No channeling in
circuiting. packed section.

UASB Even distribution of Number and placement of feed inlets.
influent. Sufficient bed mixing.

FB/EB Even distribution of Number and placement of feed inlets.
influent. Tall reactor. Effective recycle ratio.

Dead zone formation is caused by lack of mixing and resultant compaction of the
sludge; by accumulation of non-biodegradable solids carried in with the influent
(inorganic solids, for example) or by internally produced inorganic solids (calcium
precipitates, etc.). Formation of dead zones reduces the effective cross sectional area
of the reactor and results in greater up flow liquid velocities. This, in turn, induces

channeling and adversely affects the mass transfer of substrates [9].

5.1. Applications of High-Rate Anaerobic Reactors to Different Industrial

Sectors

The wastewaters currently being treated at full-scale by high-rate anaerobic reactor

configurations are listed in Table 5.3 [9].
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Table 5.3. Application of anaerobic processes in full-scale wastewater treatment [9].
Wastewater Contact UASB FB/EB AF DSFF

Alcohol distillery + + + + +

Beet sugar +

Brewery + +
Cellulose condensate +
Chemical

Citric acid +

Confectionery

+ o+ o+ +

Domestic sewage

Enzyme manufacture +

+

Fish processing
Guar gum +
Landfill leachate

Meat processing +
Organic acids

Paper mull

+ o+ o+ o+ 4+
+

Pharmaceutical +
Pectin factory +
Pig manure

Potato processing

Slaughterhouse

Soft drink bottling

+ o+ o+ o+ 4

Starch processing +
Surge factory +
Thermal sludge liquor

Vcegetable canning +

Yeast +

+ o+ o+ o+
+ o+ o+ o+

Milk processing/cheese pr. +

5.2. Theory for Anaerobic Fluidized Bed Reactor

5.2.1. Completely mixed reactor analysis

The fluidized bed reactor has an extremely high recycle ratio (RR=Qx/Q;) varying
from 12,000 initially to 35 at the peak loading rates. Although significant gradient in
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biological solids concentration exists within the fluidized bed, the average substrate
congcentration in the reactor is very close to the effluent concentration due to the high
recycle ratio. This allows the reactor to be analyzed as a completely mixed system
using the total biological mass of solids in the fluidized bed with the total liquid
volume in the bed. A schematic representation of the system is shown in Figure 5.3

and uses the following nomenclature.

St = Total soluble COD concentration, subscripts i and e are influent and effluent,

respectively,

V, = liquid volume in bed

X = Total mass of biological (volatile) solids in bed
h = Fluidized bed height

h; = Sludge material interface

Q; = Influent flow, Q. = Effluent flow

Qr = Recycle flow
G = Gas flow

MASS
BALANCE
BOUNDARY

Figure 5.3. Schematic representation of fluidized bed reactor for a completely
mixed system [35].

A mass balance for the total soluble COD concentration in the liquid phase of the

reactor yields:
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Rate of mass

|

In - Out - Reaction =  Accumulation

QiSTi - QiST - R+V, = V,dS+/dt (5 1)

At steady-state, dSt / dt = 0, and the reaction rate occurring in the bed liquid volume

is:

_ Qi(STi +S'I‘)
== (5.2)

RT
Defining the hydraulic detention time in the bed based on the raw wastewater flow

rate as to = V; / Q; gives:

_ (S +51)

R
T t,

(5.3)

which is the basic equation defining the total soluble COD removal rate, Ry, in a
completely mixed system. COD stripping to the gas phase is ignored in the above
analysis since the raw wastewater consisted mainly of volatile acids which are not
significantly stripped at the reactor pH of 6.5 to 7.4 since they are in the ionized form

[35].

5.3. Fluidized Bed Reactors for Anaerobic Wastewater Treatment

The most recent of the high-rate anaerobic process configurations, the anaerobic

expanded/fluidized bed reactor, was initially developed in the late 1970s [40].
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5.3.1. Start-up of anaerobic fluidized bed reactor

The reduction of the start-up time is one of the key parameters to increase the

competitiveness of high rate anaerobic reactors [33].

Selection of the carrier particles itself, which will often be dictated by other concerns
such as cost, availability or specific needs (i.e. GAC for removal of inhibitory
compounds), may influence the start-up procedure to be used and will certainly
impact the length of the start-up period [31]. As shown in Figure 5.4, the start-up is
influenced by the wastewater composition and strength, the volume, activity and
adaptation of the inoculum, environmental parameters such as temperature, pH,
nutrient and trace elements content, operation parameters like loading rate, retention

time and liquid mixing and reactor configuration, geometry and size.

Wastewater
Composition
strength
Environment Inoculum
Temperature Volume
RH value, activity
nutrient content, adaptation
trace elements | A \
Operation Reactor

Loading Configuration

retention time | geometry size
mixing

Figure 5.4. Important parameters for reactor start-up [33].

The rate of reactor start-up is markedly dependent on the properties of the microbial

seed biomass (Table 5.4).
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Table 5.4. Microbial factors which influence the reactor start-up [33].

¢ Dominating bacterial groups (hydrolytic, acidogenic, acetogenic/methanogenic)
e Growth rate of the methanogenic species

e Dominating shape of the methanogenic species (rods, sarcina, cocct)

e Biomass yield coefficient

e Half velocity constant (Ks) of the microorganisms

e Adaptation rate of the microorganisms on wastewater properties

e Ability to excrete polysaccharides (glycocalyx).

Trace elements such as iron, nickel, cobalt and molybdenum can considerably affect
the duration of the start-up, because these elements are essential for methanogenic
growth. Some approximate values for the trace elements demand of low and high

strength wastewaters are given in Table 5.5.

Table 5.5. Minimum trace elements demand of wastewaters in different
concentration [33].

Concentration range (mg/L)

Trace element 10 g COD/L 50 g COD/L
Fe 0.5 3
Ni 0.05 0.3
Co 0.05 0.3
Mo 0.01 0.05

The conditions necessary for the start-up of fluidized bed reactors (FB) are similar in
several aspects with anaerobic filters (AF) and expanded bed reactors because the
biofilm formation on the static or fluidized support media is the rate limiting step in

both systems.

As shown in the Table 5.6, biofilm formation is a three-step process, which is strongly
influenced by the surface properties of the support media, the genera of the starter

culture and the shear stress on the support surface.
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Table 5.6. Steps in the biofilm formation [33].

e LATENT PHASE
Loose deposits of microorganisms on the surface and the niches of the support
media

e STABILIZATION PHASE
Excretion of glycocalyx (polysaccharides) which leads to the formation of a
fixed bacterial matrix on the support surface

e GROWTH PHASE
Biofilm growth up to shear stress limited to the film thickness

In addition, the support media must fulfill many additional requirements, which are

listed in Table 5.7.

Table 5.7. Characteristics of the ideal support media [33].
GENERAL REQUIREMENTS:

e High area to volume ratio
e Porous or rough surface to permit bacterial adhesion
¢ Biological inertia
¢ High mechanical stability
e Low cost per unit volume
FLUIDIZED BED:
e Uniform size distribution

e Optimum shape to avoid diffusion limitations

5.3.2. Difficulties in reactor start-up

The individual start-up problems of the fluidized bed reactors result from economical,

biological and technical causes, as shown in Table 5.8.
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Table 5.8. Typical difficulties in reactor start-up [33].
EB/FB

o Initial fluidization of the support media

o Particle interaction at low gas formation rates
e Loss of biomass

e Coagulation of the supports after shut-downs

e Selection of sessile microorganisms

5.3.3. Operation

High-rate reactors are accepted and applied in wastewater treatment only if a lot of
requirements in the operation and the control can be fulfilled in industrial practice.
For a given wastewater, most of these requirements, which are listed in Table 5.9, are
mainly a function of the biomass concentration and activity and the mixing and flow
behavior of the reactor, when all other environmental parameters (temperature, pH,

buffer capacity etc.) are in the optimum range.

Table 5.9. Typical requirements on high-rate anaerobic systems [33].

o High organic loading rate ¢ Low energy demand

¢ Short hydraulic retention time e High process reliability

e High COD removal efficiency e Applicability to different wastewaters
e High tolerance to overloadings e Easy operation and control

o Fast start-up and re-start after shut-downs ¢ Economy in materials and design

An independent control of the solids (SRT) and liquid retention time (HRT), the
prevention of an accumulation of inert suspended solids within the reactor and
favorable mass transport conditions are the most common objectives for the operation

of all high-rate systems.

A comparison of the typical biomass concentrations in the different high-rate systems
is shown in Figure 5.5 and the typical operation regimes of the different high-rate

systems are shown in Figure 5.6.
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Figure 5.6. Typical operation regimes of high-rate anaerobic systems [33].

These figures demonstrate that the operation of UASB reactors is not restricted by

the microbial capacity but is limited by hydraulic factors.

The operation of fixed bed and fluidized bed reactors is limited by the capacity of

microorganisms [33, 41].
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5.4. Characteristics of Fluidized Bed Reactors

Compared with other high-rate anaerobic treatment systems the fluidized bed reactors
offer several advantages. The advantages and disadvantages of the fluidized beds are

depicted in Table 5.10.

Table 5.10.  Characteristics of the fluidized bed reactors {33].

ADVANTAGES DISADVANTAGES
e Extremely high removal capacity e Difficult start-up
e Extremely short retention times e High energy demand for

e Applicable to very high organic loadings fluidization
e Good adaptation to various wastewaters | ® Bed height difficult to control

e Applicable to solids-bearing wastewaters | ® High TSS content in the effluent

¢ Insensitive against higher suspended « Difficult reactor design and
solids concentrations scale-up

e With GAC, applicable to inhibitory ¢ Little full-scale experience
wastewaters e Eventually high media costs

¢ Insensitive against organic and hydraulic
shock loads

e [Low area demand

e High concentration of active biomass
(no "wash out" problem)

e Possible to treat very dilute influents

e No problems of plugging and channeling

e Easy to restart-up

An additional advantage of fluidized bed systems, which becomes increasingly
important, is the chance to treat toxic or recalcitrant wastewaters, if granular
activated carbon (GAC) is used as support [1,p 155, 42, 43]. The integrated function
of GAC for detoxification and biomass fixation can be found in no other high-rate
system. Meanwhile, the use of the recycle for the fluidization purposes also offers

other advantages for the process: it provides alkalinity to neutralize the influent,
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reduces its concentration and smoothes spikes of toxicants or inhibitory compounds.
Besides, long seasonal shut-downs do not affect the capacity of the system [18, 33,

41].

5.5. Previous Studies at Laboratory, Pilot and Full-Scale

The anaerobic expanded/fluidized bed process has primarily been applied to industrial
wastewaters. A listing of pilot results is presented in Table 5.11. Because of the stable
hydraulics of the process, when dense carrier particles (i.e. sand) are used, extremely
high organic loading rates can be applied to expanded/fluidized beds. Over 100 kg
COD/m’-day could be loaded to a 15 cm diameter by 3 m high fluidized bed [19, 31].

The pilot scale reactor commonly used ranges between 30 and 6000 L in volume, with

high H/D (height/diameter) ratios, to reduce problems of flow distribution.

Sand and anthracite have been widely used as carriers, more recently, lighter products
like ion exchange resin beads, natural or baked clays (kaolinite, sepiolite, Argex (R),
Arlita (R)), granular activated carbon, pumice and reticulated polyurethane have been

used.

A partial list of examples can be found in Table 5.12 [41].
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Table 5.11.  Anaerobic expanded/fluidized bed pilot studies [31].

Waste Modia  Focd COD Loading_ Tef“p % COD
(g/L) (kg COD/m"-d) ©0) Removal
Acid whey Sand 50-56 13.4-37.6 35 72-84
Acid whey Sand 52-55.4 15-37 24 65-71
Acid whey (two stages in series) Sand 522 10.5 35 94
Starch-based food processing Sand 7.2-9.4 3.5-24.1 35 75-86
Chemical waste Sand 12.0 4.1-273 35 79-93
Soft drink bottling Sand 6.0 4-18.5 35 66-84
Thermal conditioning liquor Sand 10.0 4.3-214 35 52-75
Whey permeate Sand 6.8 8.6-10.4 30-35 68
Whey permeate Sand 273 5.3-74 30-35 82
Soy whey Sand 9.7-10.9 13-19.7 36 80-85
Acidified yeast waste Sand 3.0 20-60 37 90
Brewery waste Sand 1.0-12.0 1.0-14.6 35 72-96
Bakery waste Sand 8.8 2.9-14.7 35 55-95
Paper mill foul condensate Sand 8-16 25-48 35 88-92
Sewage Sand 0.17-0.27 0.45-0.52 10-23 37-47
Sewage Zeolite 0.8-7.3 35 27-44
Sewage Sand 0.3 1.2-3.6 20-30 29-42
Sewage Activated 0.3 1.8-3.6 15-25 50-60
carbon
Corn starch waste Activated 2-6 14-50 35 70-95
carbon
Sugar beet waste Sepiolite 3.0-6.5 38 85
Thenmnal conditioned sludge liquor Sand 44 35
Table 5.12.  Pilot-scale reactors [41].

Volume (L) H/D (m) Wastewater

270 6/0.25 Yeast production

5380 6.85/1 Soft-drink waste

1000 6/0.5 Sugarbeet wastewater

7000 7/1.13 Sewage

4200 3/1.5 Sewage

70 2.5/0.144 Synthetic waste
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The fluidized bed technology, however, has been applied with great success in other
biotechnological processes, such as nitrification, denitrification, aerobic wastewater

treatment, and alcohol, beer and vinegar production.
Some of the plants in operation are:

e Gist Brocades, n.v., in Delft, The Netherlands. Yeast production wastewater. 4
reactors 300 m" each.

e From the same company, there are other systems in Prouvy, France, (2 reactors
125 m® each) and Monheim, FRG, (125 m®) this one operating as an Expanded
granular sludge bed.

e Degremont (Cervezas El Aguila), Madrid Spain. Brewery wastewater. 5 reactors
165 m® each.

e From the same company, other plant in France.
e Reliance Industries, Bombay, India. (Dorr Oliver design). 1 reactor 850 m’.

e Lansing Wastewater Treatment Plant. Lansing, Michigan, USA. For heat
treatment liquor of sludges. 4 reactors of 180 m’, and some other plants in the
USA, by Envirex, such as the one in W.C 1., Hatfield, Pennsylvania [41, 44].
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6. EXPERIMENTAL WORK

6.1. Introduction

In this study, mainly the determination of the effectiveness of an Anaerobic Fluidized
Bed Granular Activated Carbon (AFBGAC) bioreactor in treating the waste stream
which was composed of formaldehyde and isopropy! alcohol, and the biodegradation
kinetics of the main constituents of the waste which were formaldehyde, iso-propanol
and acetate (one of the most significant intermediate products of the biodegradation

of organic matter) were investigated.

6.2. Formaldehyde and Iso-Propanol Treatment in a Two Stage Biological

System

An Anaerobic Fluidized Bed Granular Activated Carbon bioreactor (AFBGAC)
followed by an activated sludge reactor was used to biodegrade a high strength
organic waste stream (synthetically prepared) containing basically formaldehyde and

iso-propanol.

Figure 6.1 shows a schematic representation of the two stage biological system and

the characterization of the influent waste stream is given in Table 6.1.

The anaerobic bioreactor was charged with 1.0 kg of 16x20 U.S. Mesh Granular
Activated Carbon (GAC) and seeded with anaerobic digester sludge from the Mill
Creek Wastewater Treatment Facility (MCWTF), Cincinnati, Ohio.

The GAC serves as an excellent attachment media for the biological growth as well as

a buffer against any shock loading and toxic compounds.
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Figure 6.1. Sequential anaerobic/aerobic biological system.

Table 6.1. Characterization of the influent waste stream.

Parameter Influent
Formaldehyde, mg/L 27.00 - 1474.00
Iso-propanol, mg/L 295.00 - 2950.00
COD, mg/L ~ 7000.00
DOC, mg/L ~1920.00

Ph 7.20
Temperature, (°C) 35

NH; - N, mg/L 70

NO; - N, mg/L 0

The anaerobic compartment of the bioreactor, 9.1 L in volume, is surrounded by a
plexiglas jacket used for the passage of heated water to maintain the bioreactor at a
constant temperature of 35 °C. An internal recycle stream provides bed-expansion and
promotes a completely mixed flow regime in the GAC reactor. The combined volume
of the anaerobic compartment and recycle stream is 10 L with a system Hydraulic

Retention Time (HRT) of 1.5 days which was later decreased to 16 hours.
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The operating parameters of the Anaerobic Fluidized Bed Granular Activated Carbon

(AFBGAC) bioreactor and design parameters are given as follows:

Reactor volume
H/D (height/inner diameter) :
Hydraulic retention time
Feed COD (soluble)
Organic loading rate
Hydraulic loading rate
COD (%) removal
COD removal

capacity (volumetric)
Methane gas efficiency

in the bioreactor

Hydraulic retention time
Organic loading rate
Hydraulic loading rate
COD (%) removal
COD removal

capacity (volumetric)
Methane gas efficiency

in the bioreactor

- 10

0.97/0.10

- 16

: ~7000.00
: 10.50
:1.84
:~99%

:10.34

:0.38

0=V/Q
Lo=(Q.S0)/V=S8,/6
Lu=Q/ A
:(So—S)/ So x 100

IRV=(S()*—S)/6

‘M /Q.(So—S)

L
m

hours

mg/L
kg COD/m’ day
m’/m*.day

kg COD\emoved /m’.day

m’ methane/kg COD emoved

(day)
(kg COD/ m’.day)
(m’/m’ day)

(kg CODemoved / m*.day)

(m* methane/kg COD emoved)

where 8 is the hydraulic retention time (day), V is the volume of the bioreactor (m’),

Q is the volumetric flow rate of the waste, buffer and nutrient solutions (m’/day), Lo

is the organic loading rate (kg COD/m’ day), S, is the initial COD (kg/m®), Ly is the

hydraulic loading rate (m*/m’.day), A, is the cross-sectional area of the bioreactor

(m?), S is the final COD (kg/m®), Ry is the volumetric COD removal capacity (kg

CODemoved /m’.day), M is the volumetric flow rate of the produced methane (m*/day).

The operating parameters of the Anaerobic Fluidized Bed Granular Activated Carbon

(AFBGAUC) bioreactor exhibit a large correspondence with the operating parameters
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of which have been given in the literature for anaerobic fluidized bed bioreactors

[31, 33, 41].

The activated sludge reactor, 17 L in volume, has a sludge age of 20 days and HRT of
2.5 days.

Nutrient and carbonate buffer solutions, needed to sustain biological growth and
maintain the pH at approximately 7.2 in the anaerobic bioreactor and 8.0 in the
activated sludge are fed to the reactor system. The composition of the buffer solution
and the feed concentrations of vitamins and salts in the nutrient solution, normalized

to the total feed flow rate, are given in Tables 6.2 and 6.3 respectively.

The iso-propanol concentration was gradually increased from 295 mg/L to 2950 mg/L
over a period of 4 months, after which formaldehyde was added as a co-substrate
from an initial concentration of about 27 mg/L and gradually increased to 1474 mg/L
over another 2 months period. Ammonia was fed to the AFBGAC bioreactor at 18
mg/LL -N as the primary source of nitrogen needed for the biological growth. The
ammonia concentration was later increased to 70 mg/L - N when the anaerobic system

became nitrogen limited.

Table 6.2. Composition of the buffer solution.

Component Concentration, mg/L
Na,S 350
Na,COs 7500
NaOH 7500
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Table 6.3. Composition of minerals and nutrients in the feed for the Anaerobic
Fluidized Bed Granular Activated Carbon (AFBGAC) in which the
anaerobic culture was acclimated (modification) [18].

Compound Concentration (g/L)
(NH4)sM07027.4H,0 2.08
Na;B,0,.10H,0 T 1.15
NiCl,.6H,0 Stock Trace 3.00
MnCl,.2H,0 Salt Solution 4.74
CoCl,.6H,0 2.86
ZnCl, 3.27
CuCl.2H,0 v 2.05
Stock Trace Salt Solution \ 33.1 mL/L
MgCl,.6H,0 8.13
NaH,PO,.H,O Stock Salt 8.28
KH,P0O4.H,0 Solution 13.60
NH,4CI 17.00
CaCl,.2H,0 5.88
p-Aminobenzoic acid 7 0.01
Biotin 0.0039
Cyanocabalimin (B;2) 0.0002
Folic acid Stock Vitamin 0.0039
Nicotinic acid Solution 0.01
Pantothenic acid 0.01
Pyridoxine hydrochloride 0.002
Riboflavin 0.01
Thiamin hydrochloride 0.01
Thioctic acid 4, 0.01

Values adjusted for total feed volume.
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6.2.1. Materials and methods

6.2.1.1. Anaerobic fluidized bed granular activated carbon (AFBGAC)

bioreactor

The 9.1 L bioreactor consisted of a jacketed main column, an influent header, and an
effluent header is shown in Figure 6.2. The inner-jacketed tube (97 cm long, 10 cm
inner diameter) was constructed of Plexiglas and was enclosed in an outer plexiglas
tube. Water was circulated through the annular space from a constant temperature
bath (model MW112 CA Magna Whirl, Blue M Electric Co., Blue Island, IL) to
maintain a constant temperature of 35 °C within the column. The recycle tubes were
constructed from polyvinyl chloride tubing and the feed and effluent lines were made

of Tygon and neoprene tubing.

The column was charged with 1.0 kg of 16x20 U.S. Mesh Filtrasorb 400 GAC
(Granular Activated Carbon; Calgon Corporation, Pittsburgh, PA). Effluent recycle
was used to maintain a bed-expansion of 30 %. The influent header was filled with
marbles to distribute the flow evenly across the column cross section. The effluent
header served to separate and convey the liquid effluent and off-gas to respective

effluent ports.

The column was equipped with a side arm. The entrance to this side arm was ab;)ve
the effluent header and the exit was below the recycle withdrawal port inside the main
column. The purpose of this side arm was to provide a port for the introduction of
preloaded GAC to the column during reactor start-up without being caught in the
recycle stream. The column was also equipped with a GAC withdrawal port located at
the top of the effluent header. This allowed the GAC to be withdrawn from the
column using a constant volume cup that could be lowered to the desired level in the
bed to ensure representative sampling of the GAC medium. The buffer and nutrient
solutions were fed into the recycle lines using fixed rpm pump drives (Masterflex
Pump Model 7543-02 with model 7015-20 pump head for the buffer and model 7016-

20 pump head for the nutrient, Cole-Palmer Instruments Co., Chicago, IL).
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Bacterial growth in the feed reservoirs and feed lines was minimized by separating the
growth nutrients and buffer solutions into different feed reservoirs and by pumping
the nutrient and buffer solutions into the recycle line at different points in the recycle
loop. Power to the Masterflex pumps was channeled through control timers. These
on/off timers were used to adjust the flows and to obtain the proper hydraulic
retention time. The solutions were supplied to the reactors at regular intervals to

maintain uniform conditions in the reactor.

6.2.1.2. Activated sludge reactor

The activated sludge unit consisted of a 17 L plexiglas tank with an up-flow clarifier.
Clarification was achieved by means of a plexiglas plate oriented approximately 25°
from vertical position which was raised or lowered to adjust the width of the opening
between the plate and the reactor wall. Aeration was supplied through a stainless steel

diffuser connected to a compressed air source.

6.2.2. Analytical methods

The reactors were monitored daily for feed flow rates, temperature, and effluent pH.
Daily anaerobic gas production was measured with a wet tip gas meter
(Environmental and Water Research Engineering, Nashville, TN). The off-gas
composition was determined weeklyAqueous effluent samples were withdrawn
weekly from the anaerobic bioreactor to analyze for total Chemical Oxygen Demand
(COD), alcohols, volatile fatty acids (VFAs) and Dissolved Organic Carbon (DOC).
Aqueous samples were withdrawn twice weekly from the reactor to analyze for
ammonia, and any biotransformation products. Aqueous samples for the various
analyses were filtered through 0.45 pm Magna Nylon supported plain filters (Micron
Separations Inc., Westboro, MA). DOC samples were filtered through similar
0.22 um filters.

i. Gas composition: Effluent gas samples from the anaerobic reactor were analyzed
for nitrogen, oxygen, carbon dioxide and methane with a Hewlett Packard 5890

Series 11 Gas Chromatograph with a thermal conductivity detector (TCD). Argon was
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used as the carrier gas through a 3.2 mm ID, 3 m steel column packed with 45/60

molecular sieve (Hewlett-Packard Company, San Fernando, CA).

ii. Chemical oxygen demand: Samples were analyzed for COD in accordance with
Standard Method 508C (16th ed.) [45]. Filtered samples were acidified with 85 % o-
phosphoric acid to a pH of 2 and purged with prepurified nitrogen for 10 minutes to
strip out the sulfide. Prepared Hach COD test vials (range 0-150 mg/L) and a Bausch
and Lomb Spectronic 70 spectrophotometer (Bausch & Lomb, U. S. A.) were used

for analysis.

iii. Alcohols: Alcohols (iso-propanol, methanol, and ethanol) were analyzed by
aqueous injection in a Hewlett Packard 5890 Gas Chromotagraph equipped with

flame ionization detectors.

Alcohols were analyzed using a 2 mm ID, 1.83 m glass column packed with 5 %
Carbowax 20 M on a 60/80 Carbopack B (Supelco, Inc., Bellefonte, PA) Nitrogen
was the carrier gas (20 mL/min.)The oven temperature was maintained at 200 °C. The

detection limit for all alcohols was 0.1 mg/L.

iv. Dissolved organic carbon: The pH of the aqueous sample was first reduced
below 2 with hydrochloric acidSubsequent purging with nitrogen stripped inorganic
carbon as CO,. The DOC was then determined by injection into a Shimadzu DOC
analyzer, model 5000 (Shimadzu Corp., Tokyo, Japan).

v. Ammonia: The ammonia concentration was measured with model 720A Orion pH
meter (Orion Research Co., Boston, MA) using a model 13-620-505 ammonia ion
selective electrode (Fisher Scientific, Pittsburgh, PA) and an Orion model 215284-
A0l ATC probe.

vi. Formaldehyde: Formaldehyde was analyzed by aqueous injection in a Hewlett

Packard 5890 Gas Chromatograph equipped with flame ionization detectors.

Formaldehyde was analyzed using a 1/8 inch OD metal packed column, HayesepT,
(Supelco Inc., Bellefonte, PA)Nitrogen was the carrier gas (20 mL/min.). The

detection limit was 1.0 mg/L. The oven temperature was maintained at 132 °C for 6
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minutes and then ramped to 146 °C at a rate of 28 °C/minute. Acetonitrile was used

as the internal standard.

vii. Volatile fatty acids: Acetate, propionate, butyrate, iso-butyric acid, and valeric
acid were analyzed by a High Performance Liquid Chromatograph (HPLC), Hewlett
Packard, 1050 Series, equipped with a Diode Array Detector. Aminex HPX-87H
column, 300 mm x 7.8 mm, was used (BIO-RAD, Hercules, CA). Mobile phase
employed was 0.01 H,SO, at a flow rate of 0.75 mL/minute. The operating

temperature was 45 °CDetection limit of acetate was 1.0 mg/L.

6.3. Biochemical Methane Potential (BMP) Test

6.3.1. Materials and methods

6.3.1.1. Anaerobic respirometer

After steady-state operation was obtained in the Anaerobic Fluidized Bed with
Granular Activated Carbon (AFBGAC), ie. the effluent composition of
formaldehyde, iso-propanol, methanol, ethanol, acetate, propionate, butyrate, methane
production, pH, COD, and the viable biomass concentration (lipid phosphate analysis)
in the AFBGAC had been constant, mixed culture from the AFBGAC was transferred
to 600 mL batch reactors (N-Con Systems Co., Inc., Larchmont, NY) under
anaerobic conditions. All the preparative working steps that had to be necessarily
done under absolute anaerobic conditions were carried out in a 1024 Model anaerobic
chamber (glove box; Forma Scientific, USA). Anaerobic conditions were established
by automatically flushing the working chamber with a gas mixture composed of 93 %
N, and 7 % H,. Traces of O, were removed by a Pd-catalyzed reaction with H,, to
form water, which was then absorbed on silica gel. The Pd catalyst and drying silica
agent that were contained in two wafers, were regenerated weekly by heating them at
160 °C for two hours. Loss of anaerobic conditions was detected by passing the gas
through a solution containing 0.5 % yeast extract, 0.1 % cystein-sulfide reducing
agent and 0.001 % resazurin indicator. Resazurin was repeatedly added into all batch

reactors during their filling in order to be sure that anaerobic conditions were
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completely established inside the reactors. The entrance to the anaerobic chamber was
preceded by a pre-chamber, in which three successive evacuations and regassing with
N, were completed. Only then all materials were transferred into the working
chamber. Before the acclimated culture was transferred to the batch reactors, each
was purged for 3 minutes with a gas mixture of 70 % nitrogen and 30 % carbon
dioxide to remove oxygen from the anaerobic chamber. Any traces of oxygen in the
purge gas mixture were removed by passing the gas mixture through a heated

(450 °C) silica glass tube filled with light copper fillings.

In total 48 grams of mixed acclimated culture (attached biomass on the granular
activated carbon) which was collected from the distinct regions of the AFBGAC,
mineral and nutrients (Table 6.3), a phosphate buffer (10.8 g/IL KH,PO, and 67.68
g/L Na,HPO,.7H,0) to keep a constant pH of about 7.2 and in total 7.2 liters effluent
from the main reactor was introduced into each batch reactor while purging with the
oxygen-free gas mixture in the anaerobic chamber. During the entire experiment
different substrates such as formaldehyde, acetate, 1so-propanol and their double and
triple combinations with different concentrations were injected into the reactors with
different sizes of gas-tight syringes (Hamilton Co., Reno, Nev.) to result in different
concentrations of substrates. 0.1 mg/L of resazurin was used as an indicator of
anaerobic conditionsThe batch reactors were completely filled leaving no head-space
remaining in the reactors. The batch tests were conducted in an anaerobic
respirometer (Model WB512, N-Con Systems Co., Inc.,, Larchmont, NY). The
temperature in the respirometer was maintained at 35 °C. The respirometer contained
twelve 600 mL reactors, and each reactor was well mixed using a magnetic stirrer and
stirring bar. When gas is produced in a batch reactor, it produces a positive pressure,

which is sensed by a pressure sensor shown in the Figure 6.3.

The pressure sensor electronically signals the opening of a valve that is precisely
calibrated with respect to gas volume. The valve is connected to a vacuum line set at -
0.5 psig., which withdraws the excess gas from the reactor in pulses. The computer
keeps track of the number of pulses until the pressure returns to atmospheric. The
number of pulses is converted into a gas volume and recorded by the computer. Thus,

the pressure in the batch reactors is held constant. A computer program controls all
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these operations. The gas produced in a reactor consists of methane, carbon dioxide,
and moisture. To obtain methane production data, silica gel and KOH traps were used
to remove moisture and carbon dioxide respectively (Fig. 6.3). This was done by
placing silica gel in one tube followed by another tube containing KOH pellets plus
silica gel. The two tubes were connected in line between the reactors and the pressure
sensors. The silica gel removes the moisture, the KOH removes the CO,, and thus, the

gas volume recorded by the computer is the volume of methane produced in the

reactor.
_ Silica gel Connected to Vacuum
Sampling Port Valve Pump
\ Standard
Pressure
Pressure
Sensor
Connected to
Magnetic Computer
Stirrer
Batch Reactor KOH

Figure 6.3. Schematic of a batch reactor system for Biochemical Methane Potential
tests in anaerobic respirometer.

Different substrates and different concentrations were applied to the batch reactors.
Duplicates were run for all samples, including the controls in which there was no main

substrate.

6.3.2. Analytical methods

At preassigned intervals (every three hours), aqueous samples were taken from the
sampling port of the reactor bottles (Fig. 6.3) with different sizes of gas-tight syringes
(Hamilton Co., Reno, Nev.). The sample was replaced with an identical volume of
nitrogen pre-purged deionized water to maintain the proper balance of pressure and
volume in the reactorsEach sample was immediately acidified to pH 2 with one drop

of 85 % phosphoric acid. After a pertinent filtration, formaldehyde, iso-propanol,
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methanol, ethanol were quantified using a Hewlett Packard 5890 Series II Gas

Chromatograph (GC) with a flame ionization detector (FID).

Formaldehyde was analyzed using a 1/8 inch OD metal packed column, HayesepT,
(Supelco Inc., Bellefonte, PA). For 1 mL aqueous filtered sample 8 pL acitonitrile
was used as the internal standard and 0.2 pL mixed sample was injected into the

column,

A 2 mm ID, 1.83 m glass column packed with 5 % Carbowax 20 M on a 60/80
Carbopack B (Supelco, Inc., Bellefonte, PA) was used to separate the alcohols (iso-
propanol, methanol, and ethanol). The mixture of 40 mg/LL propanol and 10.5 mg/L
standard ethanol served as the internal standard and 1 pL prepared sample was

injected into the column. Nitrogen was used as carrier gas in both analyses.

Acetate, propionate and butyrate were quantified by using a High Pressure Liquid
Chromatograph (HPLC), Hewlett Packard, 1050 Series, equipped with a Diode Array
Detector. Aminex HPX-87H column, 300 mm x 7.8 mm, was used (BIO-RAD,
Hercules, CA). Butyric acid served as the internal standard and each time 200 pL

prepared sample was injected into the column.

6.4. Kinetic Assessment

6.4.1. Introduction

The establishment of kinetic models to describe the biodegradation processes and the
estimation of the kinetic parameters can help us understand the intrinsic characteristics
of the processes and predict the fate of the organic compounds in certain systems
[46, 47], thereby saving significant experimental work and preventing much labor-
intensive undertaking. Kinetic models and estimated parameters are also very
important in developing the strategies of environmental management and in designing

pilot and industrial-scale application systems [48].

The most widely used model for biodegradation kinetics is Monod [37] equation for a

non-inhibitory substrate:
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a5 = 6.1
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where S is the substrate concentration, X is the biomass concentration, t is the time of
biodegradation, p is the specific growth rate, Y is the yield coefficient, p, is the
maximum specific growth rate, K, is the half saturation coefficient, and k is the
maximum specific substrate utilization rate. In a biological system there are a series of
biochemical reactions catalyzed by enzymes. The Monod kinetic equation is based on
an assumption that there is a key enzyme to catalyze the biodegradation in the system
and the concentration of the enzyme is proportional to the biomass concentration.
Therefore, Michealis-Menten kinetics can be applied to the biodegradation in the

system. The enzyme-substrate interactions can be expressed as the following

equations:
E+S«“>ES (6.2)
ES—X>E+P (6.3)

The Monod kinetic model (Equation 6.1) is developed from the above enzymatic

reactions.

The Haldene kinetic model [49] has been frequently used to describe the
biodegradation of inhibitory compounds, such as phenolics and aromatics
[50, 46, 47]. The Haldene model is also called the substrate inhibition model. It is
based upon the hypothesis that the substrate can be combined with the enzyme-
substrate complex to form a more complicated complex that inhibits the
biodegradation of the substrate itself. The enzymatic reactions can be expressed as the

following equations:

E+S«XES (6.2)
ES+S«X*2SES (6.4)
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ES—*>E+P (6.3)

where K, and K; are equilibrium constants. The Haldane kinetic equation is developed

upon these enzymatic reactions with the following expression:

- ;(Si _ kS = ©.5)
YK S+
K

i

where K; is a substrate inhibition coefficient. K, and K; are equivalent to 1/K, and

1/K,, respectively.

When there are more than one substrate in a biological system, the substrates may
compete with each other for the enzymesThe specific utilization rate of Substrate 1 in
a dual substrate biosystem can be expressed with the following competitive inhibition

model:

s, _ k.S, 65)

Xdt
Ks(l +—SLJ+S,
K

[

where S; and S, are the concentrations of Substrates 1 and 2, respectively, and K. is
the competitive inhibition coefficient. In dual substrate biosystem Substrate 2
competes with Substrate 1 for the active enzymes, thereby inhibiting the degradation

of Substrate 1 [51].

In this present study, in order to have the kinetic data, the biodegradability of the
formaldehyde, iso-propanol and acetate has been experimentally investigated in an
anaerobic respirometer during the BMP (Biochemical Methane Potential) tests.
Initially, the biodegradability of these compounds has been examined individually.
Subsequently, double and triple substrate combinations were investigated for the same
purpose. Finally, a competitive inhibition model has been developed for the anaerobic

biodegradation of formaldehyde with addition of iso-propanol as a growth substrate.
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6.4.2. Model development

The experimental results from the BMP (Biochemical Methane Potential) tests in an
anaerobic respirometer have shown that acetate is converted to methane and carbon
dioxide by acetate-utilizing methanogens. Formaldehyde is biotransformed to formic
acid and methanol. Throughout the formaldehyde biotransormation experiments in the
respirometer, both formic acid and methanol concentrations were very low. This fact
signifies that the conversion rate of formic acid and methanol to the final products
were very fast and both of them were easy to degrade. Formic acid is further
biodegraded to hydrogen and carbon dioxide, while methanol is converted to methane
and carbon dioxide. Iso-propanol is converted to acetate and hydrogen by acetogenic
bacteria. Some of the hydrogen and acetate together with carbon dioxide already
existing in the biosystem are converted by propionate-forming bacteria to form
propionate. The rest of the hydrogen is converted to methane by hydrogen-utilizing
methanogens. Propionate is converted by the propionate-utilizing bacteria back to
hydrogen and acetate, which are further converted to methane by methanogenic
bacteria. The biochemical reactions involved in the anaerobic biotransformation of

formaldehyde, iso-propanol and acetate are listed in Table 6.4.

When the acclimated anaerobic culture was transferred from the AFBGAC bioreactor
to the BMP reactors, there are five types of anaerobic bacteria in the culture: iso-
propanol-utilizing acetogens, X;; propionate-forming bacteria, X,; hydrogen-utilizing
methanogens, Xs; acetate-utilizing methanogens, X;; and propionate-utilizing

bacteria, Xs.

Table 6.4. Biochemical reactions involved in the anaerobic biotransformation of
formaldehyde, iso-propanol and acetate.

1. 2 CH;0 (1) + H;0 — CH,0,+ CH;OH
2. CH,0, (II) = 2 H' + CO,

.4 CH;OH (111) - 3 CH, (IV) + CO, + 2 H,0

4.2 C:H;0H (V) + 4 H0 — 3 CH;COO' (VII) + H' + 7 H, (V)

.3 H, (VI) + CH;COO" (VII) + HCO; "+ H' — CH;CH,COO" (VIII) + 3 H,0
6. 4 H, (VI) + HCO; + H' — CH, (IV) + 3 H;0

7. CH;COO" (VII) + H,0 — CH, (IV) + HCO;”

8. CH;CH,COO' (VIII) + 3 H,0 — 3 H, (VI) + CH;COO" (VII) + HCO; + H’

(7S}

wn
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In describing many biochemical reactions, both reactants and products need to be
considered when their concentrations are relatively high and t=0 is an initial condition.
These cases happen in biochemical processes such as fermentation of ethanol, butanol,
and acetic acid. However, in most environmental systems, both reactants and products
are at low concentrations. Therefore, the effect of products is usually negligible. In
this present study, all the kinetic expressions have been expressed by this way of

thinking.

Concerning the inhibition models in this study, there are two types of inhibition
involved in expressing the kinetic expressions. One of them is substrate inhibition and
the other one is competitive inhibition. Substrate inhibition or Haldane inhibition
occurs when the substrate inhibits its own biotransformation (Equation 6.5).
Competitive inhibition happens when another substrate or compound competes for the
enzymes against the substrate whose biotransformation is kinetically expressed
(Equation 6.6). In the present kinetic expressions, K; and K. were used for the

substrate and competitive inhibition coefficients, respectively.

Initially, iso-propanol and formaldehyde are the only substrates in the AFBGAC
bioreactor and iso-propanol is the sole growth substrate that can support the growth
of the bacteria. Therefore, iso-propanol-utilizing acetogenic bacteria are the dominant
microorganisms in the initial period of the corresponding reactions. Formaldehyde is a
toxic and inhibitory organic compound. Its inhibitory or toxic effect changes with
concentration. It inhibits its own biotransformation as well as the acetogenesis of iso-
propanol and the biodegradation of acetate. It is reasonable to assume that iso-
propanol-utilizing acetogens provide enzymes to biotransform formaldehyde. Herein,
the kinetic expression of formaldehyde has been defined by the Haldane-single

substrate inhibition model.

The kinetics of formaldehyde biotransformation can be expressed as the following

equation:

6.7)

R, =k, .X,
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where R is the rate of formaldehyde biotransformation in mM/hr, k; is the maximum
specific transformation rate in hr”', X, is the concentration of iso-propanol-utilizing
acetogens in mM, S; is the concentration of formaldehyde in mM, K, is the half
saturation coefficient of formaldehyde in mM, K;; is the substrate inhibition coefficient

in mM.

Experimental results showed that formaldehyde is biotransformed to formic acid and
methanol. During the sampling intervals (every three hours) of the respirometer
experiments, it was observed that there was no accumulation of both formic acid and
methanol in the system. Both formic acid and methanol concentrations were very low.
Therefore, it was concluded that the conversion rate of formic acid and methanol to
the final products were very fast. This fact signifies that there was no inhibition effect
of formaldehyde on the intermediate compounds. Due to the easy biodegradation of
formic acid and methanol in the biosystem, no individual substrate inhibition effects on
both formic acid and methanol have been observed as well. Thus, simply Monod
equations were applied for the biodegradation of formic acid and methanol. However,
due to their very low production concentrations, both of them were omitted in the

related kinetic expressions.

The kinetics of formic acid and methanol biotransformation are expressed as

Equations 6.8 and 6.9, respectively.

R, =k, X, _ S (6.8)
K., +§;

R, =k, .X, _ S (6.9)
K +Sy

where R; is the rate of formic acid biodegradation in mM/hr, k, is the maximum
specific transformation rate for formic acid in hr', Sy is the concentration of formic
acid in mM, K, is the half saturation coefficient of formic acid in mM, Rj; is the rate
of methanol biodegradation in mM/hr, k; is the maximum specific transformation rate
for methanol in hr', Sy is the concentration of methano! in mM, K is the half

saturation coefficient of methanol in mM.
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The experimental data reveal that the biodegradation of iso-propanol is less inhibited
when it couples with formaldehyde in the environment. The self-biodegradation of
iso-propanol shows more inhibition nearly at the same concentration. Since there is
not any accumulation of formic acid and methanol in the biosystem, it can be regarded
that these compounds do not compete for the active enzymes against iso-propanol.
Despite the inhibitions are at the same order of magnitude when the double substrate
biosystem is concerned (iso-propanol (P)-formaldehyde (F)), the only difference
appears in the biodegradation rate of iso-propanol. Higher formaldehyde initial
concentrations prolong the biodegradation time of the iso-propanol as well as

formaldehyde.

The kinetics of iso-propanol biodegradation can be expressed by the following

equation:

(6.10)

where R, is the rate of iso-propanol biodegradation in mM/hr, k4 is the maximum
specific biodegradation rate in hr'', Sy is the concentration of iso-propanol in mM, K,
is the half saturation coefficient of iso-propanol in mM, K., is the competitive
inhibition coefficient of formaldehyde against 1so-propanol in mM, Ki4 is the substrate

inhibition coefficient in mM.

The rate of propionate formation is dependent on the concentrations of acetate and
hydrogen. Bicarbonate is overabundant in the biosystem. Formaldehyde may inhibit
the main compound of acetate, thus at the same time, the formation of propionate by
blocking the active sites of the enzymes, which catalyze the biochemical reaction. Due
to the easy biodegradation of formic acid and methanol in the biosystem, these
compounds do not exhibit inhibition to the formation of propionate. Based on the
experimental results of the competitive inhibition model, it was determined that
hydrogen didn’t show inhibition to the formation of propionate (see Figure 7.56).
Therefore, a simple Monod kinetic equation is used for the hydrogen as a co-

substrate.
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The kinetics of propionate formation can be expressed as in the following equation:

Syu . S

S K. +S
Ks75[l + K—lJ + Svu - v

c5

R, =k, X, (6.11)

where Rs is the rate of propionate formation in mM/hr, ks is the maximum specific
reaction rate in hr', X, is the concentration of propionate-forming bacteria in mM,
Svn is the concentration of acetate in mM, Sy; is the concentration of hydrogen in
mM, Kgrs is the half saturation coefficient of acetate for propionate formation in mM,
K.s, is the competitive inhibition coefficient of formaldehyde against acetate for
propionate formation in mM, and Kgs is the half saturation coefficient of hydrogen for

propionate formation in mM.

The hydrogen and acetate produced from the acetogenesis of iso-propanol are
converted to methane by the hydrogen-utilizing and acetate-utilizing methanogenic

bacteria, respectively.

Formaldehyde may inhibit both methanogeneses of hydrogen and acetate. Hydrogen
might exhibit competitive inhibition to the methanogenesis of acetate if they compete
for the same enzymes. Based on the literature [52], acetate was not reported as an
inhibitor for methanogenesis of hydrogen. However, some researchers indicated that
high hydrogen level could inhibit the methanogenesis of acetate. Therefore, no acetate
inhibition term was used in Equation 6.12, but a hydrogen inhibition term was used in
Equation 6.13. In this present study, it was concluded that hydrogen was not

inhibiting the methanogenesis of acetate (K.y= infinity).

The kinetics of both methanogeneses of hydrogen and acetate can be expressed as

Equations 6.12 and 6.13, respectively.

' S
K, 1+J-~)+sv
6( Kc(va l

(6.12)
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R, =k, X, (6.13)

Ks7(l + % + Su +Sun

c7a c7h

where Rg is the rate of hydrogen utilization in mM/hr, ke is the maximum specific
utilization rate for the methanogenesis of hydrogen in hr'', X; is the concentration of
hydrogen-utilizing methanogens in mM, Ky is the half saturation coefficient of
hydrogen in mM, K, is the competitive inhibition coefficient of formaldehyde against
hydrogen in mM, Ry is the rate of acetate utilization in mM/hr, k- is the maximum
specific utilization rate for the methanogenesis of acetate in hr', X, is the
concentration of acetate-utilizing methanogens in mM, K,; is the half saturation
coefficient of acetate in mM, K., is the competitive inhibition coefficient of
formaldehyde against acetate in mM, K. is the competitive inhibition coefficient of

hydrogen against acetate in mM.

Propionate is then converted back to hydrogen and acetate, which are further

converted to methane.

Based on the experimental results of the competitive inhibition model, it was
concluded that the biodegradation of propionate is much slower than the
methanogenesis of either hydrogen or acetate (see Figure 7.57). Thus, it is the limiting
reaction step of the process from propionate to methane. According to the
experimental results, the presence of acetate strongly inhibits the biodegradation of
propionate. In the kinetic expression of propionate biodegradation, a competitive
inhibition term related with formaldehyde has not been used against propionate.
Because both hydrogen and acetate form propionate and the competitive inhibition
effect of formaldehyde had already been shown against to the propionate formation,
hydrogen-utilizing methanogenesis, acetate-utilizing methanogenesis as well as the
iso-propanol-utilizing acetogenesis. Based on the experimental results, it was
concluded that formaldehyde has exhibited very strong competitive inhibition effects

to the above-mentioned compounds.

The kinetics of propionate degradation can be expressed as in the following equation:
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where Rg is the rate of propionate biodegradation in mM/hr, kg is the maximum
specific biodegradation rate in hr', Xs is the concentration of propionate-utilizing
bacteria in mM, Sym is the concentration of propionate in mM, Kg is the half
saturation coefficient of propionate in mM, Kc. is the competitive inhibition
coeflicient of hydrogen against propionate in mM, Kcg, is the competitive inhibition

coefficient of acetate against propionate in mM.

The reaction rates of all the substrates and the products and the microbial growth

rates are expressed as the following equations:

Formaldehyde Reaction Rate: dS;/dt=-2.0-R; (6.15)
Formic acid Reaction Rate:  dSp/dt=0.5.R; - R; (6.16)
Methanol Reaction Rate: dSm/dt=0.5.R; —4.0-R; 6.17)

Methane Production Rate: dSrv/dt=0.75.R; + 0.25.R¢ + R7 + 1.75.Rg (6.18)
Iso-propanol Reaction Rate: dSv/dt=-2.0-R4 (6.19)
Hydrogen Reaction Rate: dSvi/ dt=-3.0-Rs —4.0-Rs + 7.0-R, +3.0-Rs  (6.20)
Acetate Reaction Rate: dSvn/dt=3.0.R;—Rs - R;+Rg (6.21)
Propionate Reaction Rate: dSvm/ dt =Rs - Rg (6.22)
Growth Rate of Iso-propanol-Utilizing Acetogens:

dX;/dt=Y,.Rs-B;. Xi (6.23)
Growth Rate of Propionate-Forming Bacteria:

dX,/dt=Y>.Rs-By. X, (6.24)
Growth Rate of Hydrogen-Utilizing Methanogens:
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dX;/dt=Y;.Rs—B3. X; (6.25)
Growth Rate of Acetate-Utilizing Methanogens:

dX,/dt=Ys. R;—Bs. Xq (6.26)
Growth Rate of Propionate-Utilizing Bacteria:

dXs/dt=Ys.Rg—Bs. Xs (6.27)

where Y, Y2, Yi, Y4 and Ys, are the yield coefficients of the corresponding
anaerobic bacteria, and B,, B,, B;, By, and Bs, are the endogenous decay coefficients

of the corresponding bacteria in hr''.

6.5. Lipid Phosphate Analysis

6.5.1. Quantification of viable biomass

Determining the viable biomass of a microbial community provides an estimate of the
amount of active microorganisms in a particular environment and, therefore, the
capability for metabolic transformations in that environment. The viable biomass of a
microbial community is determined by measuring a cellular component that is

common to all cells of the microbiota and quickly degraded on cell death.

The method is based on the extraction of lipids from bacterial membranes.
Phospholipids are cellular constituents that are universally distributed among micro-
organismsThey form an essential component of the cell membrane, where they are

arranged in a bilayer to form a fluid, liquid-crystalline matrix.

Contrary to the storage material, the cellular content of the phospholipids remains
remarkably constant in a wide variety of monocultures under stresses compatible with
survival conditions in nature. The phospholipids have an active metabolism, which
was observed during the growth of bacteria in monocultures. The phosphate
incorporated into the microbial phospholipids has a relatively rapid turnover (in the

viable cells), i.e. a time to lose half of the lipid phosphate of about 2-10 days for
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aerobic and 12 days for anaerobic bacteria. Therefore, phospholipids are considered

to be related to the active (viable) microbial biomass content [53].

Determining the total phospholipid fatty acid (PLFA) composition can provide an
estimate of microbial community biomass. A typical phospholipid contains 2 moles of
fatty acids per mole of phospholipid: thus, by dividing the total fatty acid composition

by 2, it is possible to determine the phospholipid biomass [54].
6.5.2. Lipid analysis in microbial ecology

6.5.2.1. Extraction of lipids

For the study of microbial communities, lipid analysis basically entails the extraction
of lipids from a sample with organic solvents followed by analysis of certain fractions
of the extracted material. The extraction and analysis are straightforward. In the field
or laboratory, the sample is exposed to a single-phase mixture of chloroform,
methanol, and water in an initial ratio of 1:2:0.8. When these solvents are added, the
lipids dissolve almost instantly and further lipid metabolism stops. This technique
provides a snapshot of the lipids at the time of extraction. After a short period of
extraction (approximately 2 hours) in this mono-phasic system, water and chloroform
are added to separate the phases by changing the polarity of the mixture. The total
lipid fraction will be found in the lower chloroform phase, whereas the more polar
proteins, nucleic acids, cell walls, and other components remain in the upper

methanol-water phase or at the chloroform-water interface.

As diagrammed in Figure 6.4, the organic (lipid-containing) phase can be further
fractionated into phospholipids for analysis of community structure and biomass, the
residue at the interface can be used to measure the Gram negative, Gram positive, and

total eubacterial biomass.

The original sample can also be incubated for a short time with "*C isotopes and the
lipids extracted to measure the incorporation of '*C as an indication of microbial
metabolic activity. Or the sample can be extracted with boiling chloroform and the
intracellular storage molecules measured as an indication of metabolic or nutritional

stress.
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Figure 6.4. Flow diagram for the biochemical analysis of natural microbial
communities using lipids [54].

6.5.3. The importance of Phospholipid Fatty Acids (PLFA) analysis

1) Polar lipids are critical membrane components of all cells. The polar lipids of
bacterial cell membranes are exclusively phospholipids. When the cell dies internal
and external phospholipase enzymes hydrolyze the phospholipid into a diglyceride
and phosphate group. Therefore, PLFA analysis is able to define the "viable
biomass" as the phospholipid fatty acids which are a measure of all cells present in

the sample that have an intact membrane.

2) Phospholipid fatty acid analysis can also be used to identify the different classes
and types of microorganisms giving the "community structure" of the sample. The
relationship between the different communities can be compared and defined
quantitatively by statistical analysis. It is also possible to follow trends within one

community over any given time period. In addition, many important microbes
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3)

have unique PLFA by which they can be identified. These include sulfate-reducing
bacteria, Actinomycetes, various pathogens (such as legionella) of algae, fungi and

protozoa to name a few.

Phospholipid fatty acid analysis can also indicate the nutritional status of a
microbial community. When microbes suffer nutritional stress they accumulate
specific PLFA, with ratios of precursor to product providing an estimate of the
degree of the stress. Calculation of the different PLFA ratios indicates the state of

growth and the exposure level of the microbes to environmental stresses such as

toxicity or starvation [55].

6.5.4. Lipid phosphate procedure

6.5.4.1. Reagents

1)

2)

3)

4)

3)

6)

Persulfate digestion reagent: 5 % potassium persulfate in 0.36 N sulfuric acid

(5 g/100 mL 0.36 N sulfuric acid).

Ammonium molybdate reagent: 2.5 %, (2.5 g (NH4)sMo070,4 - 4 H,O/100 mL
5.72 N H,SO,).

Malachite green reagent: dissolve 0.111 % polyvinyl alcohol (PVA) in water at
80 °C, cool, then add 0.011 % malachite green.

0.36 N sulfuric acid: CAREFULLY dilute concentrated sulfuric acid 1/100
(1 mL acid + 99 mL water).

5.72 N sulfuric acid: CAREFULLY dilute concentrated sulfuric acid 1/6.3
(10 mL acid + 53 mL water).

2 mL. Wheaton glass ampoules.

6.5.4.2. Procedure

I.

Except for that which is disposable, acid washed and well rinsed with deionized

water glassware is used.
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. 025 g attached biomass onto GAL i5 disscived by 2 ml deionized water and
combined with 2.5 mL of reagent grade chloroform, and 5 mL of reagent grade

methanol.

LI

The above solution is agitated until it forms one phase and it is let to stay for at

least 2 hours.

4. 2.5 mL reagent grade chloroform and 2.5 mL 0.0306 M H,SO, arc added.

5. The solution is agitated and is formed two-phase mixture. At least 18 hours is

paused.

6. The chloroform layer is removed by using a disposable Pasteur pipet and is placed

in a disposable S mL Wheaton ampoule.

7. The chloroform is dried off with oxygen free nitrogen gas by using a special

gassing manifold (Figure 6.5).

GASSING MANIFOLD

Figure 6.5. Gassing manifold for head-space gas flushing in growth and test vials

(4]

8. 0.9 mL persulfate digestion reagent is added.

9. The ampoules (every trial must be done by using at least triplicates for each

ampoule) are sealed and heated for at least 18 hours at 105 °C.
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10. The ampoules are cooled to room temperatureThereafter, they are opened and

0.2 mL ammonium molybdate reagent is added.

11. The ampoules are allowed to sit for 10 minutes and 0.9 mL malachite green

reagent is added. 30 minutes must be waited before analyzing the samples.

12. Samples are analyzed spectrophotometrically at 610 nm using a minimum 7 point
standard curve in triplicateThe standard curve is produced using ampoules

containing the following amounts of K;HPO,:
Stock standard: 0.05 M K;HPO, (MW 174.18) = 8.709 g/L. or 1.742 g/200 mL

Standard curve:

uL/ampoule: Blank 10 20 30 50 70 100
nmol/ampoule: 0 5.0 10.0 150 250 350 500

The r” value of the standard curve should be at least 0.990 [56].
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7. RESULTS AND DISCUSSION

7.1.  Experiments Conducted in the Model Reactor

Experiments have been performed mainly in an Anaerobic Fluidized Bed Granular
Activated Carbon (AFBGAC) bioreactor with a 10 L combined volume of the
anaerobic compartment and recycle line (see chapter 6, Figure 6.2). Feed flow rates of
the buffer solution, nutrient solution and waste stream, temperature, effluent pH, and
gas production were monitored daily in the anaerobic bioreactor. Off-gas composition
was analyzed weekly by using a gas chromatograph equipped with a thermal
conductivity detector (TCD). Aqueous effluent samples were taken weekly and
analyzed for alcohols, formaldehyde, Volatile Fatty Acids (VFA), Chemical Oxygen
Demand (COD), Dissolved Organic Carbon (DOC), ammonia, and nitrate in order to
determine the effectiveness of the bioreactor in treating the waste stream which was
synthetically composed of formaldehyde and iso-propanol. After steady state was
achieved, effluent concentrations of both iso-propanol and formaldehyde were
reduced by more than 99.9 % mostly in the first stage alone. Subsequently, the
activated sludge reactor was discontinued on the 325th day and the rest of the

experiments were conducted in the AFBGAC bioreactor alone.

The operational data and the effectiveness of the biological treatment system are
shown in Tables 7.1 and 7.2, and in Figures 7.1 to 7.9, respectively. System
(anaerobic + aerobic) reductions of iso-propanol and formaldehyde are shown in
Figures 7.1 and 7.2, respectively. As can be seen in these figures, in the inception of
the experiment, iso-propanol was the only substrate that was fed into the bioreactor
with an initial concentration of approximately 295 mg/L, which was gradually
increased, to approximately 2950 mg/L over a period of 4 months. Subsequently,
formaldehyde feeding was launched with an initial concentration of about 27 mg/L

which was gradually increased to 1474 mg/L over another 2 months period.
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Table 7.2 Operational data in the Activated Sludge (AS) unit.

Buffer | Nutrient Waste: Waste: Final Final
Day Flow Flow Iso-propanol | Formaldehyde effluent effluent
Influent Influent Iso-propanol | Formaldehyde¢
(L/day) | (L/day) (mg/day) (mg/day) (mg/day) (mg/day)

0

3 0.28 1.16 71.09 0.00 0.00 0.00
10 0.25 1.14 171.04 0.00 0.00 0.00
17 0.22 1.12 154.81 0.00 0.00 0.00
24 0.21 1.12 149.69 0.00 0.00 0.00
31 0.16 1.14 0.00 0.00 0.00 0.00
38 0.17 1.12 75.88 0.00 0.00 0.00
45 0.18 1.13 0.00 0.00 0.00 0.00
52 0.20 1.12 0.00 0.00 0.00 0.00
59 0.22 1.09 0.00 0.00 0.00 0.00
66 0.18 1.14 0.00 0.00 0.00 0.00
73 0.25 1.12 86.39 0.00 0.00 0.00
80 0.05 1.15 0.00 0.00 0.00 0.00
87 0.00 1.40 3.00 0.00 0.00 0.00
94 0.00 1.32 2.22 0.00 0.00 0.00
101| 0.24 1.42 1.49 0.00 0.00 0.00
108 0.23 1.35 0.99 0.00 0.00 0.00
115] 0.21 1.29 2.86 0.00 0.00 0.00
1221 0.00 1.41 3.24 0.00 0.00 0.00
129 0.00 1.42 5.15 0.00 0.00 0.00
136 0.02 1.40 16.17 12.03 0.00 0.00
143 0.00 1.46 6.12 27.29 0.00 0.00
150 0.00 1.44 2.10 47.76 0.00 0.00
157] 0.00 1.42 0.00 0.92 0.00 0.00
164] 0.00 1.28 10.26 172.72 0.00 29.71
1711 0.00 0.97 4.56 350.89 0.00 214.59
1781 0.00 0.85 12.05 25.70 0.00 0.23
185{ 0.00 0.85 8.21 278.41 0.00 262.63
1921 0.00 0.81 21.81 199.03 0.00 33.77
199 0.00 0.82 60.09 10.16 0.00 5.66
206{ 0.00 0.82 10.78 9.96 0.00 3.18
213{ 0.00 0.57 9.66 23.01 0.00 22.65
2204 0.00 0.77 2.33 8.59 0.00 7.60
227( 0.00 0.78 3.33 26.64 0.00 21.79
230{ 0.00 0.78 5.58 11.03 0.00 5.08
234 0.00 0.78 4.47 10.73 0.00 7.68
237{ 0.00 0.78 3.53 8.40 0.00 4.78
241( 0.00 0.75 242 0.00 0.00 0.00
244( 0.00 0.77 0.00 0.00 0.00 0.00
2481 0.00 0.77 3.28 0.00 0.00 0.00
251 0.00 0.70 10.76 0.00 0.00 0.00
255( 0.00 0.48 483.63 428.52 0.00 408.54
2571 0.00 0.05 0.00 2004.75 0.00 -
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Continuation:

258) 0.00 0.00 0.00 164.50 0.00 -
259| 0.65 0.75 0.00 - 0.00 0.00
260 1.00 0.75 0.00 40.56 - -
261 0.40 0.85 0.00 37.73 - -
262 0.55 0.80 758.10 3.23 0.00 -
263 045 0.80 919.20 3.10 - -
264 0.00 0.85 1369.79 2.19 - 0.00
265] 0.70 0.85 902.71 0.68 0.00 1.10
267 0.60 0.80 0.00 247 - -
268 0.70 0.85 368.93 26.17 - -
269 0.65 0.80 258.48 0.00 0.00 -
270 0.60 0.80 124.27 0.00 - -
2711 0.70 0.80 18.09 72.91 - -
272 0.70 0.85 59.82 251.57 14.37 259.25
2731 0.60 0.75 - - - -
2741 0.70 0.80 29.56 32.25 - -
275{ 0.65 0.85 20.86 17.54 - -
276 0.70 0.85 104.93 14.14 - 11.72
277] 0.75 0.75 69.99 - - -
278 0.70 0.80 35.27 11.70 - 0.00
283 0.70 0.80 11.23 0.00 0.00 0.00
286 0.64 0.71 8.67 0.00 0.00 0.00
2901 0.68 0.47 6.80 16.48 0.00 9.47
2971 0.00 0.80 4.50 0.00 0.00 0.00
300] 0.08 0.75 - 6.79 0.00 0.00
304 0.25 0.75 6.05 6.57 0.00 3.97
311 0.27 0.77 4.80 13.56 0.00 7.67
3141 0.20 0.80 46.40 24.61 0.00 20.29
316] 0.22 0.78 9.07 16.38 0.00 10.73
318] 0.20 0.80 4.74 16.50 0.00 16.15
321 0.18 0.71 9.67 22.05 0.00 12.04
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The anaerobic bioreactor failed on days 256, 375, 451, 508 and 602 because of the

following reasons:
1) Failure in the recycle pump that caused oxygen leakage into the biosystem,

2) Failure of accumulation of the GAC particles in the bottom part of the bioreactor.
When microorganisms grew sufficiently, the density of the GAC particles
increased and started to accumulate in the bottom part of the bioreactor by the
gravitational force. This resulted in fluidization problem by clogging the feed

entrance of the bioreactor.

These failures have affected the performance of the biosystem as well as the quality of
the effluent. That is why, during the days of failures, the anaerobic bioreactor was
operated either in batch conditions or by applying lower feeding rates. Except for
these periods, the performance and productivity of the biosystem were both

outstanding.

Satisfactory biodegradation results of formaldehyde and iso-propanol were achieved
rendering the removal efficiency of more than 99.9 % during stable operation of the
anaerobic bioreactor. Figure 7.3 shows the substrate removal efficiencies (%)

obtained in the anaerobic bioreactor.

Figure 7.4 exhibits the biosystem reduction of total COD. Initially, the high strength
organic waste stream had ~ 7000 mg/L of total CODAfter the biotreatment, the
effluent total COD value was decreased to approximately 73 mg/L as the mean value

of the anaerobic bioreactor. The total COD removal efficiency was ~ 99 %.

Figure 7.5 shows the differentiation of the effluent concentration of acetate during the
bioprocess of the substrates. Experimental data reveal that when low substrate feeding
concentrations were introduced into the biosystem, the acetate utilization was high.
After having increased concentrations, the acetate utilization stopped and
accumulation of acetate was observed in the biosystem. However, when these
increments of substrate feeding concentrations were continued, it was apparently
determined that the biosystem easily tolerated these high concentrations and the

acetate utilization augmented again.
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In Figure 7.5, there are three different periods of time that the acetate utilization rates
were very low and their concentrations were over 150 mg/L. These high results were
obtained for several times when the bioprocess failed due to the reasons of which

were interpreted above.

Figure 7.6 shows the biosystem ammonia-nitrogen (NH3-N) utilization. Initially,
ammonia was fed to the AFBGAC bioreactor at 18.0 mg/L-N as the primary source
of nitrogen needed for biological growth. However, in the ensuing period, the effluent
ammonia dropped to less than 1.0 mg/L and the anaerobic bioreactor became nitrogen
limited. This depletion of nitrogen and the increase in acetate formation were both
observed at the higher formaldehyde loadings. This may have resulted from the
growth of new formaldehyde metabolizing bacterial strain in the biosystem. The
ammonia concentration was later increased to 70 mg/L-N in order to overcome the

negative influence of nitrogen limitation.

Figure 7.7 shows the pH profile in the anaerobic bioreactor. The pH values given are
based on the calculations of average weekly analysesAs can be seen, the pH values
were always changing between 7.0 and 7.3 in properly operating biosystems. During
the failures in biosystem operation, the pH tended to decrease due to the high acetate
accumulations. The acidification effect was prevented by frequent checking of the pH

and pH adjustments.

Figure 7.8 presents the total gas production values received from the anaerobic
bioreactor. Total anaerobic gas production measurements were done daily with a wet
tip gas meter. As can be seen, the total anaerobic gas production values increased as a
result of increasing the substrate concentrations except for the cases that the
biosystem failed. The total gas production of the AFBGAC bioreactor was 51.6 liters
per day as the mean value. The gas compositions of the AFBGAC bioreactor were
measured weekly by taking effluent gas samples from the anaerobic bioreactor and
analyzing them in a gas chromatography. The average gas composition was computed

by taking the averages of the weekly analyses given in Table 7.3.
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Figure 7.9 exhibits the reduction in the Dissolved Organic Carbon (DOC) in the
anaerobic bioreactor. The synthetically prepared wastewater was a well mixed
solution which means that it had soluble poliutants. Therefore, the DOC
measurements were carried out in order to determine the organic content of the
effluent. High DOC removals were obtained which means that soluble pollutants were

adsorbed easily onto the GAC and biotreated effectively.

7.2. Experiments Conducted in the Anaerobic Respirometer

Anaerobic respirometer experiments were performed mainly for two objectives. The
first one was to determine the biotreatability of each substrate in different
concentrations. For this purpose, acetate, formaldehyde and iso-propanol were used
as the main substrates. Secondly, the data obtained from the respirometer experiments

were used for elucidating the kinetic considerations of each substrate.

In the anaerobic respirometer, there were twelve ports to place the batch reactors.
The first 4 ports were always used for the blank (control) samples in which there was
no main substrate. In each experiment duplicates were run for all samples. Each batch
reactor was containing the effluent of the main bioreactor (AFBGAC). This effluent
has served as a good source of nutrients, minerals, and vitamins, which were essential

for the microorganism's biological activity.

In the figures, which concern the biodegradation of each substrate, the biodegradation
results of the blank samples have not been shown due to their very low values that

actually were very close to zero.

Figures 7.10 and 7.11 show the biodegradation of acetate alone in different
concentrations by using formaldehyde acclimated anaerobic culture. The experimental
results reveal that without using Granular Activated Carbon (GAC) in the batch
reactors, the biodegradation of acetate took a long time, proceeded very slowly and

the results drifted frequently.
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Table 7.3. Gas Composition of the Anaerobic Fluidized Bed Granular Activated
Carbon (AFBGAC) Bioreactor.

Component Gas Composition (%)
CO, 20.87
0, 0.07
N» 0.81
CH, 78.25
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Figure 7.9. DOC reduction in the anaerobic bioreactor.

The lowest initial concentration of acetate was biodegraded by anaerobic culture
within 50 hours. After having increments of concentration of acetate, the results
showed slight fluctuations but in spite of this, the rates of the biodegradation were

quite similar for all three different acetate concentrations.

Figure 7.12 exhibits the methane production results of the biodegradation of acetate in
different concentrations. According to the results, it is apparent that the cumulative

methane production concentrations remained lower than the theoretical values. For
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example, the sharpest difference was obtained for the case of the maximum initial
concentration of acetate (1352.55 mg/L). In this case, the maximum methane
production was around 11.7 mM. However, according to the stoichiometry of the
biodegradation of acetate, this value was expected to be 22.52 mM. Similarly,
methane concentrations lower than expected were obtained for the other different
acetate concentrations. When the initial concentration of acetate was 476.43 mg/L,
the obtained methane gas production was 5.5 mM (mean value) instead of 7.93 mM
and when the initial concentration of acetate was 919.23 mg/L, the obtained methane
gas production was 10.25 mM (mean value) instead of 15.31 mM. In case of no
addition of GAC into the batch reactors, the produced methane gas concentrations

were very low.

Figure 13 displays the variation of the methane production versus time. In case of no
GAC in the batch reactors, the methane production changed slightly with time. When
the initial concentration of acetate was 476.43 mg/L, the methane gas production
increased evenly until the time of about 30 hours from the beginning and then tended
to decrease almost with the same rate. For the other higher initial concentrations, the
productions of methane did not change uniformly and the fluctuations became more
clear. When the initial acetate concentration was 919.23 mg/L, the methane
production values increased very quickly especially when it was compared with the
initial acetate concentration of 1352.55 mg/L, which means that the lower
concentrations were biodegraded more easily than the higher concentrations. In case
of maximum concentration of acetate, the methane production rates became slower

and the results fluctuated severely.

98



—@&— Effluent+471.66 mg/L. Acetate
—O - Effluent+490.26 mg/L Acetate

1200 —
—w— Effluent+479.61 mg/L Acetate+GAC
—v-- Effluent+473.26 mg/L Acetate+GAC
1000 — ---i-- Effluent+911.40 mg/L Acetate+GAC

—& - Effluent+1348.99 mg/L. Acetate+GAC

—— Effluent+927.07 mg/L. Acetate+GAC
N —O— Effluent+1356.11 mg/L. Acetate+GAC

Acetate concentration, mg/L

0 50 100 150 200 250 300 350

Time, hours

Figure 7.10. Acetate biodegradation by using formaldehyde acclimated culture.
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Figure 7.11. Acetate biodegradation by using formaldehyde acclimated culture
(averages).
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Figures 7.14, 7.15, 7.17, and 7.18 show the results of the biodegradation of
formaldehyde obtained from the duplicate experiments and in terms of averages.
Again, different initial concentrations of formaldehyde were applied. According to the
experimental results, the lower concentrations of formaldehyde (65.62 mg/L, 67.64
mg/L, and 97.39 mg/L) were tolerated more rapidly than the higher concentrations of
formaldehyde (148.92 mg/L, 192.38 mg/L, and 386.85 mg/L). Although, the higher
formaldehyde concentrations had lower lag time periods, in the ensuing period, their

biodegradation rates became slower.

Figures 7.16 and 7.19 present the variation of the methane production for the distinct
initial concentrations of formaldehyde. The methane productions were very low as
expected. Low concentrations of formaldehyde produced low concentrations of
methane. Up to the concentration of 148.92 mg/L of formaldehyde, no significant
methane production was determined and the value obtained hardly reached 0.5 mM.
For the concentration of 148.92 mg/L of formaldehyde, the produced methane
concentration attained to 1.25 mM, while the other two highest concentrations of
formaldehyde resulted in similar productions of methane (about 1.80 mM). From
Figure 7.19, it is obvious that for the highest initial concentration of formaldehyde
(386.85 mg/L), the methane production rate was very low and it began to show
significant increments of methane productions only after 20 hours from the inception

of the bioprocess.
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Figure 7.14. Formaldehyde biodegradation by using formaldehyde acclimated
culture.
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Figure 7.15. Formaldehyde biodegradation by using formaldehyde acclimated
culture (Averages).
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Figure 7.16. Methane production during the anaerobic biodegradation of

formaldehyde.
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Figure 7.17. Formaldehyde biodegradation by using formaldehyde acclimated

culture.
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Figure 7.20 exhibits the toxic effect of formaldehyde during its anaerobic
biotransformation. In this case, the concentration of formaldehyde was 437.00 mg/L
and no biotransformation of formaldehyde was detected. In the literature, the toxic
effect of formaldehyde was also shown for the maximum concentration of 400.00
mg/L, where the wastewater was biotreated by anaerobic filter [S7,p 78]. It can be
concluded that for approximately up to 400.00 mg/L of formaldehyde concentration,
the biotransformation is continued in decreasing order. However, when the
formaldehyde concentration was greater than 400.00 mg/L, the inhibition effect
turned to the toxic effect, and no biotransformation of formaldehyde was achieved

which was evidenced by the experimental results.

During the experiments of formaldehyde biotransformation, the effect of the initial
concentrations on the COD removal efficiency (%) was also investigated. The related
results are shown in Table 7.4 and Figure 7.21. As can be seen in Figure 7.21, the
COD removal efficiencies (%) exhibited a gradual decrease from the formaldehyde
initial concentration of 65.62 mg/L to up to 192.38 mg/L, however, later the
efficiencies decreased dramatically to lower values. When the toxic effect of
formaldehyde on microbial activity was observed, the COD removal efficiency was

only 1.3 (%) which was determined by the experimental results.

Figures 7.22 and 7.23 present the results for the biodegradation of iso-propanol
obtained from duplicate experiments carried out with different initial concentrations.
The results obtained for each of the duplicate experiments and the averages of
duplicates are presented, respectively. In case of iso-propanol alone without GAC, the
complete biodegradation of iso-propanol was accomplished in a long time (approx. in
150 hours). The initial iso-propanol concentrations of 436.29 mg/L and 772.78 mg/L
were biodegraded evenly and their biodegradation curves decreased smoothly. The
highest initial concentration of iso-propanol (1243.84 mg/L) showed fluctuations on
its own biodegradation results, but the bioprocess was terminated almost at the same
time with the case which the initial concentration of iso-propanol was 772.78 mg/L

and its biodegradation had reached to completion after 83 hours.
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Figure 7.18. Formaldehyde biodegradation by using formaldehyde acclimated
culture (Averages).
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Figure 7.19. Methane production during the anaerobic biodegradation of
formaldehyde.
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Figure 7.20. The toxic effect of formaldehyde during its anaerobic biodegradation.

Figure 7.24 presents the methane production values through the biodegradation of
iso-propanol alone for the different initial concentrations investigated. In case of iso-
propanol alone without GAC, the total concentration of produced methane was
around 3.7 mM which was far from the theoretical value that must have been 10.13
mM. For the initial iso-propanol concentrations of 436.29 mg/L and 772.78 mg/L, the
produced methane concentrations were approximately 11.25 mM and 18.18 mM.
These values were very close to the expected theoretical values of 10.9 mM and 19.3
mM, respectively. For the highest initial concentration of iso-propanol, the produced
total methane concentration reached to a maximum value of 23.13 mM which was
quite different from the theoretical value expected to be 31.0 mM. The present data
reveal that there was no evidence of a strong inhibition that effected the
biodegradation of iso-propanol. Inhibition effect was smaller for the lower initial

concentrations of iso-propanol.
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Table 7.4. Effect of formaldehyde on COD removal efficiency in the BMP test.

Initial formaldehyde” COD";, COD’ ou COD Removal’
Concentration Efficiency
(mg/L) (mg/L) (mg/L) %

65.62 102.87 36.00 65
67.64 114.65 44.71 61
97.39 126.44 50.58 60
148.92 150.00 63.00 58
192.38 173.59 78.12 55
386.85 267.87 211.62 21
437.00 285.31 281.60 1.3

" The figures are given as the mean values of the duplicates.
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Figure 7.21. Effect of formaldehyde on COD removal efficiencies during the BMP
test.
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Figure 7.22. 1-propanol biodegradation by using formaldehyde acclimated culture.
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Figure 7.23. I-propanol biodegradation by using formaldehyde acclimated culture

(averages).
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The methane production rates that appertain to the biodegradation of iso-propanol are
given in Figure 7.25. All the different initial concentrations of iso-propanol exhibited
identical methane production rates in the inception of the bioprocess. Subsequently,

the rates of methane production set off to decrease and displayed more fluctuations.

In Figures 7.26, 7.27, and 7.28, the variations of the substrate concentrations with
time in a triple substrate biosystem are shown. In this stage of the study, the acetate
and iso-propanol initial concentrations were kept constant while the formaldehyde
initial concentration was changed. In this manner, the probable inhibition effect of the
formaldehyde was investigated on the rest of the substrates and on itself. The acetate
and iso-propanol initial concentrations ranged between 786.79 mg/L and 937.44
mg/L. The different initial concentrations of formaldehyde investigated were 101.45
mg/L, 201.33 mg/L, and 405.79 mg/L.. When the lowest initial concentration of
formaldehyde (101.45 mg/L) was used in the triple substrate biosystem, the
biotransformation of formaldehyde was completed after 30 hours and there were
slight fluctuations in the results of the biotransformation (Figure 7.26). For the case of
the biotransformation of formaldehyde alone, the duration of the complete
biotransformation was 12 hours for a similar concentration. This signifies that there
was an inhibition effect on biotransformation of formaldehyde. Simultaneously,
according to the results of the biodegradation of acetate and iso-propanol, the same
inhibition effect appeared for both of these substrates as well. Particularly, as the three
different substrates were in the biosystem at the same time, the acetate accumulation
occurred and even only this effect engendered or incited the inhibition of the

substrates.
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Figure 7.24. Methane production during the anaerobic biodegradation of i-propanol.
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Figure 7.25. Methane production rates of i-propanol biodegradation (averages).
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Figure 7.26. Mixed substrate biodegradation by using formaldehyde acclimated
culture (averages) Case of 937.44 mg/L Ac., 818.52 mg/L I-propanol,
101.45 mg/L Formaldehyde utilization.
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Figure 7.27. Mixed substrate biodegradation by using formaldehyde acclimated
culture (averages) Case of 863.90 mg/L Ac., 817.00 mg/L I-propanol,
201.33 mg/L Formaldehyde utilizationzation.
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The similar conclusions can be made for the other higher initial concentrations of
formaldehyde in the triple substrate biosystem. The related figures are given in Figure
7.27 and 7.28. Again, higher initial concentrations of formaldehyde caused inhibition
on formaldehyde itself as well as on the biodegradations of acetate and iso-propanol.
The acetate accumulation increased significantly and the substrate utilization rates

damped for all of the three substrates.
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Figure 7.28. Mixed substrate biodegradation by using formaldehyde acclimated
culture (averages) Case of 842.45 mg/L Acetate, 786.79 mg/L
I-propanol, 405.79 mg/L Formaldehyde utilization.

Figures 7.29 to 7.32 show the biosystems which constituted of two different
substrates. In these dual substrate biosystems, the probable inhibition effect of
formaldehyde was investigated on the biodegradations of both acetate and iso-
propanol, and on formaldehyde itself. Again, the acetate and iso-propanol initial
concentrations were constant and the initial concentration of formaldehyde was
varied. Two different initial concentrations of formaldehyde were applied to the dual
substrate biosystems. According to the results shown in Figures 7.29 and 7.30, it can
be concluded that acetate and formaldehyde utilization rates were quite slow due to

the competition of the microorganisms for both of the substrates. This competition
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inhibited the biodegradability of the acetate as well as formaldehyde. As can be seen
by the figures, no acetate accumulation was observed for both of the cases. This
indicates that the acetate accumulation occurs in the presence of iso-propanol in the
biosystem. It is highly possible that iso-propanol alone is biotransformed to acetate
and hydrogen during its own biodegradation and this elevates the concentration of

acetate in the biosystem.

Figures 7.31 and 7.32 present the variation of the substrate concentrations with time
for the iso-propanol biodegradation experiments coupled with formaldehyde in the
dual substrate biosystem. Observations similar to those made for the case of acetate-
formaldehyde dual substrate biosystem can be made for this case, too. According to
the experimental results, both iso-propanol and formaldehyde were inhibited by the
formaldehyde acclimated anaerobic culture. The biodegradation period increased from
57 hours to 99 hours by increasing the initial concentration of formaldehyde from
101.78 mg/L to 402.56 mg/L. Both of the substrates exhibited fluctuations in their
biodegradation results and the utilization rates of iso-propanol and formaldehyde

decreased substantially with time.

Figure 7.33 shows the concentrations of methane produced through the anaerobic
biodegradation of the triple and dual substrate biosystems. The triple substrate
biosystems exhibited high concentrations of methane. In this figure, the total methane
gas concentrations were relatively high for all types of substrate combinations because

of the contribution of each substrate.

Figure 7.34 shows the methane production rates of the dual and triple substrate
biosystems. For the case of the highest initial concentration of formaldehyde (~
400.00 mg/L) which was used one time in the triple and two times in the double
substrate biosystems, the rates of the methane production were relatively slower than
the other substrate combinations and showed fluctuations during their
biodegradations. However, all substrate combinations displayed the highest methane

productions at the end.
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Figure 7.29. Mixed substrate biodegradation by using formaldehyde acclimated
culture. Case of 804.14 mg/L Acetate, 105.72 mg/L Formaldehyde

utilization (averages).
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Figure 7.30. Mixed substrate biodegradation by using formaldehyde acclimated
culture. Case of 840.43 mg/L. Acetate, 398.09 mg/L Formaldehyde
utilization (averages).
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Figure 7.31. Mixed substrate biodegradation by using formaldehyde acclimated
culture. Case of 851.74 mg/L I-propanol, 101.78 mg/L. Formaldehyde
utilization (averages)
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Figure 7.32. Mixed substrate biodegradation by using formaldehyde acclimated
culture. Case of 850.62 mg/L I-propanol, 402.56 mg/L. Formaldehyde

utilization (averages).

115




Figure 7.35 exhibits the comparison of the methane gas production results obtained
from the respirometer and biodegradation experiments. All the values obtained
experimentally are average values of the duplicates. During the calculation of the
results (for the biodegradations) the theoretical substrate conversion considerations
were taken into account for each corresponding substrate. According to the
experimental results, it was found that, acetate was converted to methane and carbon
dioxide by acetate-utilizing methanogens, iso-propanol was converted to acetate and
hydrogen by iso-propanol-utilizing acetogens, formaldehyde was initially converted to
formic acid (formate) and methanol by formaldehyde acclimated bacteria,
subsequently, methanol was converted to methane and carbon dioxide while formate
was converted to hydrogen and carbon dioxide by methanogenic microorganisms at
the same time. Experimentally, it has been determined that the intermediate products
of formaldehyde biotransformation, formic acid and methanol, were easily and rapidly
biodegradable compounds and their measured concentrations were extremely low.
Figure 7.35 shows that for the substrate combinations of having the maximum
concentrations of formaldehyde, the results of the methane production obtained by the
experiments of the biodegradation were quite lower than the results were obtained
from the experiments of the respirometer. These differences stemmed from the high
concentrations of hydrogen and carbon dioxide, which were in the media. They were
generated by the conversion of the substrates and they were further transformed to
the final products of methane and carbon dioxide by hydrogen- and hydrogen-carbon
dioxide-utilizing methanogens. For the rest of the substrate combinations, the results
of the biodegradation and respirometer showed very close conformity between each

other.

The summarized results of the experiments, which were explained at this section so

far, are given in Table 7.5.
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Figure 7.33. Methane production during the anaerobic biodegradation of mixed
substrates Ac: Acetate, P: I-propanol, F: Formaldehyde The units of
the figures are given as "mg/L".
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Figure 7.34. Methane production rates of mixed substrate biodegradation (averages)
Ac: Acetate, P: [-propanol, F: Formaldehyde The units of the figures
are given as "mg/L".
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experiments,
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Table 7.5. Anaerobic Biodegradation of Acetate, Formaldehyde and I-propanol

during the BMP Tests.
Complete Biodegradation Time Average Methane
Substrate Concentration of corresponding compound Production
(mg/L) (hours) (mM)
Acetate Formaldehyde  I-Propanol Acetate  Formaldehyde I-Propanol

480.96° - - 306 - - 2.80
476.43 - - 48 - - 5.50
919.23 - - 93 - - 10.25
1352.55 - - 123 - - 11.70
- 55.89° - - 9 - 0.24

- 65.62 - - 6 - 0.37

- 67.64 - - 15 - 0.44

- 79.26" - - 15 - 035
97.39 - - 12 - 0.62

- 148.92 - - 30 - 1.18
192.38 - - 27 - 1.70

- 386.85 - - 39 - 1.77

- - 405.54 - 150 3.70

- - 436.29 - 39 11.25

- - 772.78 - 81 18.18

- - 1243.84 - 132 23.13
804.14 105.72 - 54 39 - 13.88
840.43 398.09 - 90 54 - 27.50
- 101.78 851.74 - 27 57 19.69

- 402.56 850.62 - 54 99 30.99
937.44 101.45 818.52 111 30 90 39.55
863.90 201.33 817.00 123 30 96 40.84
842.45 405.79 786.79 171 75 150 47.51

“without (w/0) - Granular Activated Carbon (GAC).

118



7.3. Kinetic Assessment

A kinetic model that describes the anaerobic biodegradation of formaldehyde, iso-
propanol, and acetate has been developed based on the experimental results. During
the entire course of the study, three different types of kinetic evaluation were carried
out. The aim of the first one was to determine the kinetic parameters for each
substrate individually. For this purpose, biodegradations of formaldehyde alone, iso-
propanol alone and acetate alone have been accomplished in different concentrations

by using formaldehyde acclimated anaerobic culture in an anaerobic respirometer.

In the second type of kinetic investigation the aim was to determine the intrinsic
kinetic parameters for the double and triple substrate combinations. In this case, the
main idea was to define the toxic and/or inhibitory effect of formaldehyde on the other
substrates and on itselfTherefore, formaldehyde in different concentrations was
applied to the both double and triple substrate combinations. In each case estimation
and optimization was performed using the corresponding modified Haldane kinetic
expression and for all cases, Levenberg-Marquardt algorithm (Figure 7.36) was used
in order to obtain the corresponding kinetic parameters. At the last stage of the kinetic
investigation, a competitive inhibition model was applied to the anaerobic
biotransformation of formaldehyde. For this purpose, as a growth substrate, which is
defined as carbon and energy sources for microbial growth and maintenance, iso-
propanol has been selected in the concentration of 12.858 mM. The kinetic
expressions which were described in Chapter 6 (Equations 6.7 to 6.27) were resolved
in order to get the corresponding kinetic parameters. There were totally 32 kinetic
parameters and 10 ordinary differential equations to be solved simultaneously. The
interpretation of this section is given broadly in Chapter 6 with the subtitle of "model

development".
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7.3.1. Determination of intrinsic kinetic parameters

Intrinsic kinetic parameters estimated and optimized for each type of substrate are

shown in Figures 7.37 to 7.55.

7.3.1.1. Kinetics for acetate biodegradation

In Figures 7.37, 7.38 and 7.39, the intrinsic kinetic parameters obtained for the
acetate biodegradation are shown. In the beginning, the acetate concentration was
7.934 mM. Subsequently, the acetate concentration was ascended first from 7.934
mM to 1531 mM and then from 1531 mM to 22.52 mM. According to the
experimental data, acetate was biodegraded directly to methane and carbon dioxide.
The methanogenesis of acetate can be well expressed with an inhibition model. The
numerical solutions fit the experimental data very well in all three cases. Based upon
to the data obtained, it can be considered that methanogenesis of acetate was strongly
inhibited by the formaldehyde acclimated anaerobic microorganisms and acetate
probably inhibited its own methanogenesis. Although, no fluctuations were obtained
during the biodegradation of acetate, the biochemical reaction rate of acetate was
quite slow. The methanogenesis of acetate showed the same inhibition effect
(K;z=2.07 mM) on biodegradation of acetate for the all three different concentrations
but the duration for complete biodegradation become longer for higher acetate
concentrations. These three graphs indicate that the rate of acetate biodegradation
depends on its concentration and higher acetate input or production result in longer
biodegradation times. The immoderate acetate concentrations in the environment
affect the pH balance of the biosystem, which can influence severely the activity of
microorganisms. Each time longer lag time periods for the methanogenic bacterium

was observed by increasing the acetate concentration.
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Figure 7.37. Comparison curves of the acetate biodegradation (al)
Case of sole acetate: 476.43 mg/L (7.934 mM).
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Figure 7.38. Comparison curves of the acetate biodegradation (a2)
Case of sole acetate: 919.23 mg/L (15.31 mM).
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Figure 7.39. Comparison curves of the acetate biodegradation (a3)
Case of sole acetate: 1352.55 mg/L (22.52 mM)

7.3.1.2. Kinetics for formaldehyde biotransformation

During the experiments for biotransformation of formaldehyde alone, 6 different
formaldehyde concentrations were studied which ranged from 2.185 mM to 12.882
mM (Figures 7.40 to 7.45). According to the experimental data, no inhibition effects
were determined on formaldehyde biotransformations low formaldehyde
concentrations. The low formaldehyde concentrations; 2.185 mM, 2.25 mM, and 3.24
mM showed similarity regarding both the biotransformation results and kinetic
parameters. The inhibition coefficients were quite high, indicating that formaldehyde
acclimated microorganisms tolerated the low formaldehyde concentrations very easily
(Figures 740, 7.41 and 7.42). According to the complete biotransformation
durations, there was no time difference for the concentrations of 2.25 and 3.24 mM of
formaldehyde, and both of them were biotransformed around 15 hours while the
lowest formaldehyde concentration (2.185 mM) was biotransformed within 6 hours.
Thereafter, the formaldehyde concentrations were increased to 4.96, 6.41 and 12.882

mM, respectively (Figures 7.43, 7.44 and 7.45).
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Figure 7.40. Comparison curves of the formaldehyde biodegradation (f1)
Case of sole formaldehyde: 65.62 mg/L (2.185 mM)
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Figure 7.41. Comparison curves of the formaldehyde biodegradation (f2)
Case of sole formaldehyde: 67.64 mg/L (2.25 mM).
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Figure 7.42. Comparison curves of the formaldehyde biodegradation (f3)
Case of sole formaldehyde: 97.39 mg/L (3.24 mM)
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Figure 7.43. Comparison curves of the formaldehyde biodegradation (f4)
Case of sole formaldehyde: 148.92 mg/L (4.96 mM)
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These latter three cases reveal that the biotransformation of formaldehyde started to
become moderately difficult for the microorganisms. The numerical solutions
(models) fit the experimental data very well. The formaldehyde concentrations of 4.96
and 6.41 mM showed approximately the same inhibition effects, indicating that the
inhibitions were not very strong. The inhibition effect started to become more obvious
when the formaldehyde concentration attained its highest level. In this case, the
formaldehyde concentration was 12.882 mM and the inhibition coefficient obtained
from the numerical solution was Kix=13.40 mM which means that inhibition was
relatively higher than for the other concentrations. The duration of biotransformation
increased to around 30 hours for the concentrations of 4.96 and 6.41 mM. For the
concentration of 12.882 mM of formaldehyde, the complete biotransformation was
accomplished approximately after 40 hours. Consequently, these 6 figures which give
information about the formaldehyde biotransformation signify that in some measure,
the formaldehyde, as an inhibitory and/or toxic compound, can be biotransformed and

the biotransformation of formaldehyde is strongly dependent on its initial

concentration.
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Figure 7.44. Comparison curves of the formaldehyde biodegradation (f5)
Case of sole formaldehyde: 192.38 mg/L (6.41 mM)
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If the initial concentration of formaldehyde is greater than a critical value, the
formaldehyde begins to affect the active enzymes that catalyze the biotransformation
process and constitutes more complex compounds, which are mostly recalcitrant to

biotransformation process.

7.3.1.3. Kinetics for iso-propanol biodegradation

During the biodegradation experiments of iso-propanol alone, three different
concentrations were investigated. The related figures are shown in Figures 7.46, 7.47,
and 7.48, respectively. While applying the lowest concentration of iso-propanol
(7.259 mM in Figure 7.46), the inhibition effect of formaldehyde acclimated
microorganisms on iso-propanol biodegradation was not very strong
(K;pi=42.08 mM) and biodegradation was completed after 40 hours. When the iso-
propanol concentration was increased to 12.858 mM, the inhibition effect raised as
well but it was not so strong (K;;»=20.13 mM) again. Although, the maximum specific
transformation rates for iso-propanol biodegradation were at the same order of
magnitude, the yield coefficients were different. For the concentration of 12.858 mM
of iso-propanol, the yield coefficient was much lower which indicates that because of
the inhibition effect, more complex insubordinate constituents occurred during the
bioprocess and these constituents held up the utilization of iso-propanol. That is why,
the biodegradation was completed after 80 hours. Eventually, the results obtained
from the Figures 7.46 and 7.47 show very close agreement between each other. When
the inhibition effect increased two-fold, the biodegradability of the substrate also
decreased two-fold. In Figure 7.48, the iso-propanol concentration was the highest
and its value was 20.696 mM. In this case, the maximum specific transformation rate
for iso-propanol was higher than for the other concentrations (k,;=4.4 hr'') due to the
relatively higher inhibition effect (Kip3=13.40 mM). This conclusion signifies that the
biodegradation of iso-propanol proceeded more slowly, but consequently, the
biodegradation was accomplished at the same time as in the case of the
biodegradation of iso-propanol alone in the concentration of 12.858 mM which had

required 80 hours for complete biodegradation.
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Figure 7.45. Comparison curves of the formaldehyde biodegradation (f6)
Case of sole formaldehyde: 386.85 mg/L (12.882 mM).
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Figure 7.46. Comparison curves of the I-propanol biodegradation (p1)
Case of sole I-propanol: 436.29 mg/L (7.259 mM).

128




14

® Effl.+12.858 mM I-propanol+GAC (Degradation)
—— Effl. +12.858 mM |-propanol+GAC (Model)

- 2 1
B,,=2.18-10° hr

12
=
E 4o
o]
g - .14
Z Y,,=1.0-10
s 87 k., =291hr"
3 P2
2 Ky = 20.76 mM
O 61 K __=20.13 mM
re ip2
g
o,
°
o

80 100 120 140 160 180 200

Time, hours

Figure 7.47. Comparison curves of the I-propanol biodegradation (p2)
Case of sole I-propanol: 772.78 mg/L (12.858 mM)
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Figure 7.48. Comparison curves of the I-propanol biodegradation (p3)
Case of sole I-propanol: 1243.84 mg/L (20.696 mM)
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7.3.1.4 Kinetics for triple substrate combinations

Three different triple substrate combinations were investigated. The related figures are
shown in Figures 7.49, 7.50 and 7.51, respectively. In all three cases, the iso-propanol
and acetate concentrations were kept at the same order of magnitude whereas only
formaldehyde concentrations were changed. Initially, the formaldehyde concentration
was 3.38 mM (Figure 7.49). For this case, the numerical solutions fit the experimental
data very well except for acetate biodegradation. The best model has been tried for
the best fit to the experimental data to see the span of inhibition. According to the
experimental results, it was observed that, all the substrates showed strong inhibition
effect. At the beginning, the substrate utilization rates were quite similar. Although,
formaldehyde was consumed faster than the other substrates, even this
biotransformation took about 32 hours to reach completion. In the case of
formaldehyde alone that was used previously at the same concentration, the duration
was 12 hours. After formaldehyde was depleted completely, the acetate started to
accumulate in the biosystem. At this point, the acetate-utilizing methanogens were
inhibited by the excess of acetate concentration and its biodegradation ceased for a
certain period of time until the iso-propanol was consumed almost completely from
the biosystem. Figure 7.50 presents the variation of the biodegradation of all
substrates for the formaldehyde concentration of 6.70 mM. In this case, the
formaldehyde utilization rate was greater than those of the other two substrates and it
was consumed first. The complete biotransformation for formaldehyde was actualized
within 28 hours. This duration shows consistency with the biotransformation duration
of formaldehyde alone in the same concentration. However, due to the competition of
microorganisms for the active enzymes and for the other substrates, the yield
coefficient of formaldehyde biotransformation was decreased and the microbial
endogenous decay coefficient was increased. The competition effect of
microorganisms affected the biodegradability of both iso-propanol and acetate. After
all of the formaldehyde was biotransformed, the biodegradation rates of iso-propanol

and acetate started to increase.

130




18

@ Effl.+15.61 mM Acetate+GAC (Degradation)

16 4 —— Effl.+15.61 mM Acetate+GAC (Modet)
A Effl.+13.62 mM I-propanol+GAC (Degradation)
14 4 ~——— Effl.+13.62 mM I-propanol+GAC (Model))

v Effl.+3.38 mM Formaldehyde+GAC (Degradation)
-—— Effl.+3.38 mM Formaldehyde+GAC (Model)

12 4

Substrate concentration, mM

0] 20 40 60 80 100 120 140 160 180 200

Time, hours

Figure 7.49. Comparison curves of the mixed substrate biodegradation (afp1)
Case 0f 937.44 mg/L (15.61 mM) Acetate, 101.45 mg/L (3.38 mM)
Formaldehyde, 818.52 mg/L (13.62 mM) I-propanol.
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Figure 7.50. Comparison curves of the mixed substrate biodegradation (afp2)
Case of 863.90 mg/L (14.39 mM) Acetate, 201.33 mg/L (6.70 mM)
Formaldehyde, 817.00 mg/L (13.59 mM) I-propanol.
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The same acetate accumulation problem was encountered in this case as well. But at
this time, acetate fluctuations were more pronounced. The biodegradation times
became longer for both iso-propanol and acetate. The numerical solutions fit the
experimental data very well except for acetate biodegradation. Again the best fitting
has been tried in order to acquire the kinetic parameters. Experimental data and
numerical solutions for the formaldehyde concentration of 13.51 mM are shown in
Figure 7.51. As can be seen from the figure, the formaldehyde and acetate
experimental data do not fit the numerical solutions well. Both showed marked
fluctuations through the biochemical reactions. Again the best fits have been tried to
be obtained. According to the kinetic data which appertains to formaldehyde
biotransformation, the inhibition effect does not seem so strong but based upon the
former results and evaluations, this result probably does not reflect the truth. On the
contrary, the inhibition coefficient is expected to be higher than the previous
corresponding results. Generally, the same remarks which have been made previously
(in Figures 7.49 and 7.50), are applicable here as well. The only difference is based on
the highest formaldehyde concentration, therefore the same effects became stronger

by overlapping.

7.3.1.5. Kinetics for double substrate combinations

Figures 7.52 and 7.53 show the kinetics of acetate and formaldehyde where they were
together in the biosystem. In the beginning, the initial formaldehyde concentration was
set to 3.52 mM (Figure 7.52). Thereafter, the concentration was increased to 13.26
mM (Figure 7.53). In both cases, the initial acetate concentrations were kept almost
constant. As can be seen in Figure 7.52, the numerical solutions fit the experimental
data very well and neither of the substrates exhibited strong inhibition. Although at
the beginning, the biodegradation rates were quite similar, later the acetate
biodegradation rate grew faster than the formaldehyde biotransformation rate. After
having increased the initial formaldehyde concentration, both of the substrates

exhibited inhibition individually.
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Figure 7.51. Comparison curves of the mixed substrate biodegradation (afp3)

Case of 842.45 mg/L (14.03 mM) Acetate, 405.79 mg/L (13.51 mM)
Formaldehyde, 786.79 mg/L (13.09 mM) I-propanol
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Figure 7.52. Comparison curves of the mixed substrate biodegradation (afl)
Case of 804.14 mg/L (13.39 mM) Acetate, 105.72 mg/L (3.52 mM)

Formaldehyde
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Figure 7.53 displays the related biodegradation curves of acetate and formaldehyde.
Again, the numerical solution for the formaldehyde biotransformation does not fit the
experimental data very well, but in order to have a bias on formaldehyde
biotransformation, the best fit has been tried to be obtained. Formaldehyde acclimated
anaerobic bacteria showed rapid biotransformation rate for the formaldehyde at the
initial stages of biochemical reactions, but thereafter, the acetate-utilizing
methanogens began to be dominant in the biosystem. When both acetate and
formaldehyde concentrations attained exactly the same concentration after 30 hours,
the biodegradation rates become almost equal. Due to the absence of iso-propanol in
the biosystem, the competition of microorganisms for the active sites of enzymes and
substrates decreased. However, on the other hand, the inhibition effects caused lower
biochemical reaction rates especially for the formaldehyde biotransformation. The
influence of this can be observed from the kinetics of formaldehyde biotransformation
(Y.2=0.001 and k.p=2.8 hr"). Figures 7.54 and 7.55 show the variation of iso-
propanol and formaldehyde concentrations in the dual substrate biosystems. Again,
the initial formaldehyde concentration was kept low (3.39 mM), after that its value
was increased to 13.405 mM. Iso-propanol concentrations were sustained quiescent in
both of the cases. The numerical solutions fit the experimental data very well and they
are all in very close agreement as well as the kinetic parameters, which have been
obtained from the models. The results reveal that in all cases the inhibition is not very
strong but after having increased the formaldehyde concentration, the biodegradation

rates of 1so-propanol and formaldehyde become slower.

All the intrinsic kinetic parameters, which were obtained from the first two parts of

the kinetic evaluation, are listed in Table 7.6.
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Figure 7.53. Comparison curves of the mixed substrate biodegradation (af2)
Case of 840.43 mg/L (14.00 mM) Acetate, 398.09 mg/L (13.26 mM)
Formaldehyde.
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Figure 7.54. Comparison curves of the mixed substrate biodegradation (pf1)
Case of 851.74 mg/L (14.17 mM) I-propanol, 101.78 mg/L (3.39 mM)
Formaldehyde.
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Figure 7.55. Comparison curves of the mixed substrate biodegradation (pf2)
Case of 850.62 mg/L (14.15 mM) I-propanol,
402.56 mg/L (13.405 mM) Formaldehyde.
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Table 7.6. Intrinsic kinetic parameters.

Parameter
Substrate Symbol ((l:::;l;) Y (h‘r(" ) (nll(;/n (nll(l\l/l) (h?" )
Acetate (Ac) al 7.934  5.73*107 243 37.64 207  2.90*107
Acetate a2 1531  5.91*10° 236  37.64 2.07  2.90*107
Acetate a3 2252 5.36*10° 260  37.64 207 2.90%107
Formaldehyde (F) 2.185  1.00*107 0.51 0359 130.76  4.60*10~
Formaldehyde 2.25 1.00%10° 704 2225 10064 3.63*%10~
Formaldehyde f3 3.24 1.00*10°° 823  83.25 90.64 5.63*107
Formaldehyde f4 4.96 1.00%10° 473 3754  23.04 281*%107
Formaldehyde fs 6.41 1.00*10* 290 2480 2007 1.00*10°
Formaldehyde f6 12.882  1.00*107 258 11.80 13.40  1.00%107
Iso-propanol (P)  pl 7259  5.00%10° 290  25.76 4208 2.05%10~
Iso-propanol p2 12.858  1.00*10™ 291 20.76 20.13  2.18*10°
Iso-propanol p3 20.696  5.00%107 440  21.00 13.40  1.13*107
Ac.-F.-P. afpl -a:  15.61 1.00*107® 370 30.18 1.78  1.00*10°
afpl -1 338 5.00%107 3.50  28.00 2.60  2.05%107
afpl -p:  13.62  5.00%10” 3.50  34.50 3.40  2.05*107
Ac. -F.-P. afp2 -a: 1439  1.00*107 240 2733 1.78  1.00%107
afp2 -f  6.70 5.00%107 1.60  2.180 1.95 1.00*10°
afp2 -p:  13.59  5.00*107 3.60  25.10 420 2.05*107
Ac.-F.-P. afp3 -a:  14.03  7.00*%107 085  26.33 2.62  1.00%10°
afp3-f:  13.51  7.00*%107 0.85  26.33 30.62  1.00%107
afp3 -p:  13.09  5.00%10° 1.18  2.180 1.78  1.00*107
Ac. -F. afl -a: 1339  5.00*10" 086 40.18 3078 1.00*10~
afl -f  3.52 1.00*10™ 1.60  31.18 2076  1.00*%107
Ac. -F. af2 -a 1400  2.50%10" 086  40.18 478  1.00%107
af2 - f 13.26  1.00%10” 280  27.33 1.78  1.00*107
P.-F. pfl -p 14.17  5.00%10" 085  37.05 30.63  1.00%107
pfl -f: 339 0.27*10' 085 37.05 3063 1.00*107
P.-F. p2 -p 14.15  7.00%107 085  30.05 30.62  1.00*107
pf2 -f 13.405  8.00%10™ 225 37.06 3051 1.00*107
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7.3.2. A competitive inhibition model: Case of anaerobic biotransformation of

formaldehyde with addition of iso-propanol as a growth substrate

The biosystem was chosen as a dual substrate biosystem and the main substrates were
formaldehyde and iso-propanol with the concentrations of 12.81 mM and 13.27 mM,

respectively.

Equation 6.15 to 6.26 can be solved with known parameters and the initial
concentrations of the substrates and the anaerobic bacteria. In the BMP tests, the
anaerobic culture from a steady-state AFBGAC bioreactor was used as the inoculum
to initiate the biotransformation. The concentration of each type of anaerobic bacteria

can be computed with the following formula:

~ds g, S kS

— = K<<S 7.1
Xdt Y K,+S K, +S ( ) 7.1

where X is the concentration of a type of bacteria, Y is the yield coefficient of the
bacteria, p, is the maximum specific growth rate, S is the substrate concentration, and

K, is the half saturation coefficient.

To estimate and optimize the kinetic parameters based on experimental results, the
Levenberg-Marquardt algorithm was used. There are 36 parameters to be estimated
and optimized and 12 ordinary differential equations (Equations 6.15 to 6.27 except
for Equation 6.18) to be solved simultaneously. However, due to failure to determine
the concentrations of formic acid and methanol produced through the
biotransformation of formaldehyde, the number of unknown parameters was reduced
to 32, Sy, Sm were assumed to be zero and 10 ordinary differential equations remained
to be solved. To simplify this complicated problem, the parameter estimation and
optimization was started with the experimental data obtained from the BMP reactors
in which iso-propanol was the sole substrate without the addition of formaldehyde

and/or acetate.

In this case, Equations 6.10 to 6.14 can be simplified and reorganized to the following

equations:
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R, =k, X Sy (7.2)

R =k, X,—>wm__._Sw (7.3)
‘ I<s75 +SVII KSGS + SV

S
R =k X,—1 7.4
S PR oo
R, =k, X Sy (7.5)
7 7434 S .
Ks{l + KVI J+Sv"
c7b
R, =k,.X, S Svms (7.6)
Kss(l + K—‘”— + k—"l‘—) +Sum
c8a c8b

Before solving the kinetic expressions, the following assumptions have been made:

1) The conversion rate of formic acid and methanol to the final products were very

fast.

2) Formic acid and methanol concentrations which were produced through the
biotransformation of formaldehyde have been assumed to be zero, and therefore,

the related expressions and coefficients have been neglected.
3) The biosystem has been considered to be a dual substrate biosystem.

It is apparent that in this case iso-propanol reaction rate (Equations 6.18 and 7.2) is
independent of any other substrates. Therefore, the kinetic equations (Equations 6.18
and 6.22) which describe iso-propanol biodegradation and the growth of iso-
propanol-utilizing acetogenic bacteria together with Equation 7.2 have been solved

independently of the other equations.
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The kinetic parameters for the biodegradation of iso-propanol alone (Equation 7.2)
and for the growth of iso-propanol-utilizing acetogenic bacteria (Equation 6.22) have
been estimated and optimized with the data obtained for the biodegradation of iso-
propanol alone (Case of sole iso-propanol: 772.78 mg/L (12.858 mM)). The
comparison of the experimental data and the numerical solution for the biodegradation
of iso-propanol alone is shown in Figure 7.47. The numerical solution and the
experimental data are in very close agreement. The kinetic parameters for iso-

propanol biodegradation are listed in Table 7.7.

Table 7.7. The intrinsic kinetic parameters for iso-propanol biodegradation (p2)
Case of sole iso-propanol: 772.78 mg/L (12.858 mM).

Parameter Value
Yip2 1.00+10™
Kapa 291 hr'!
Keap2 20.76 mM
Kip2 20.13 mM
Bip 2.18:10%  hr'

Iso-propanol biodegradation by a formaldehyde acclimated anaerobic culture can be
well expressed with Haldane substrate inhibition model. However, the substrate
inhibition is not very strong because the substrate inhibition coefficient is relatively

hlgh (Ki4p2=20. 13 mM)

The kinetic parameters for propionate formation, hydrogen utilization, acetate
utilization, and propionate utilization have been estimated and optimized with the
known kinetic parameters for iso-propanol only biodegradation. Equations 6.18 to
6.26 have been solved simultaneously together with the kinetic expressions in
Equations 7.2 to 7.6. Again Levenberg-Marquardt algorithm and experimental data
have been used for parameter estimation and optimization. The comparison of the
numerical solution and the experimental data is shown in Figure 7.56 and they agree

each other very well.
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The kinetic parameters for propionate formation, hydrogen utilization, acetate
utilization, and propionate utilization and for the growth of the corresponding bacteria

are listed in Table 7.8.

Table 7.8. Kinetic parameters for propionate formation, hydrogen utilization, acetate
utilization, propionate utilization and for the growth of the corresponding

bacteria.
Parameter Value

ks 21.04 hr!
K75 0.25 mM
Ksss 5.96 mM
Ke 30.20 hr'!
Ky 5.71 mM
K, 0.49 hr!
Ky 0.35 mM
Ker o mM
Ks 0.14 hr'!
Kes 1.00+10° mM
Kesa 00 mM
Kesb 2.76+10° mM
Y, 2.89+107

B, 7.414+10%  hr
Y, 6.84+10°

B; 8.35+107 hr!
Y, 2.40+107

B, 1.83+107 hr'!
Ys 0.092

B; 5.72+10 hr!

The competitive inhibition coefficients of hydrogen to both acetate and propionate
biodegradation are extremely large (Kcn= o0 and Kcg,= o), indicating that hydrogen

does not inhibit the biodegradation of either acetate or propionate.
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The competitive inhibition coefficient of acetate to propionate biodegradation is very
small (K.=2.76+10° mM), indicating that acetate exhibits a strong inhibition to the
biodegradation of propionate. The presence of acetate probably blocks the active sites

of the enzymes, which catalyze the biodegradation of propionate.

The rest of the kinetic parameters have been estimated and optimized by solving

Equations 6.15 to 6.27 with the kinetic expressions shown in Equations 6.7 to 6.14.

Again the Levenberg-Marquardt algorithm has been used for parameter optimization
with the experimental data obtained from the BMP test for the case of 12.81 mM

formaldehyde and 13.27 mM iso-propanol.

The number of unknown parameters was reduced to 7, since 25 parameters have

already been estimated and optimized as shown in Table 7.7 and 7.8.

The results of kinetic parameters and the comparison of experimental data and
numerical solutions for the anaerobic biotransformation of formaldehyde with addition
of iso-propanol as a growth substrate are shown in Table 7.9, and Figure 7.57,
respectively. The numerical solutions for the competitive inhibition model study fit the

experimental data very well.

Table 7.9. Kinetic parameters for the anaerobic biotransformation of formaldehyde
with addition of iso-propanol as a growth substrate.

Parameter Value

ki 2.575 hr'!
Ka 11.8 mM
Ki; 13.40 mM
Kesa 1.28+10™ mM
Kesa 1.00+10" mM
Kesa 1.12+107 mM
Kea 1.10«10™" mM
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Figure 7.56. Kinetics of I-propanol biodegradation and its products
Case of sole I-propanol: 772.78 mg/L (12.858 mM).
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Figure 7.57. Kinetics of anaerobic biodegradation of formaldehyde
with addition of iso-propanol as a growth substrate
Case of 797.53 mg/L (13.27 mM) I-propanol,
384.68 mg/L (12.81 mM) Formaldehyde.
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Formaldehyde has shown very strong competitive inhibition to iso-propanol-utilizing
acetogenesis, propionate formation, hydrogen-utilizing methanogenesis and acetate-

utilizing methanogenesis.

The competitive inhibition of formaldehyde to acetate utilization was extremely
strong, so that propionate formation has ceased from acetate, which was observed by
the experimental results. On the other hand, formaldehyde does not exhibit strong
substrate inhibition to iso-propanol-utilizing acetogenesis (Kis;=30.67 mM) as well as
its own biotransformation (K;;=30.510 mM). But, due to the competition of
microorganisms for the active enzymes and substrates, the iso-propanol and

formaldehyde utilization rates decrease.

7.4. Lipid phosphate analysis

Determining the viable biomass of a microbial community provides an estimate of the
amount of active microorganisms in a particular environment and, therefore, the

capability for metabolic transformations in that environment.

In biological treatment systems in which support materials such as granular activated
carbon, sand, zeolite, etc. are used to maintain the growth of microorganisms on the
surface of the material in attached form, the determination of the biomass
concentration can be done by measuring the phospholipid content of the microbial
community or by using any other specific method like ATP determination that
measures specifically the biomass concentration. In suspended-growth biological
systems, the growth of the microorganisms is in suspension, the total biomass
concentration may be measured by determining the concentration of Volatile
Suspended Solids (VSS) of the effluent. This method is mostly used for aerobic
biological treatment systems or anaerobic biological treatment systems that treat low
strength wastewaters in systems fed mostly with soluble substrates. The VSS

concentration of the effluent represents the biomass concentration.

This relatively simple test is not practical in the case of attached-growth biological
treatment systems where most of the biomass in the bioreactor is in attached form

with the support material.
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Lipid phosphate analysis differs from the VSS analysis by the way of determining the
viable biomass content of the biosystem. Determining of the concentration of VSS
gives the total biomass concentration of the sample that comprises in both viable and
inanimate microorganisms. Therefore, it is impossible to determine the actual capacity
of microorganisms in treating a wastewater. In contrast, lipid phosphate analysis gives
a specific indication for the viable biomass content, at any given moment, in the
bioreactor. In lipid phosphate analysis, there are no certain values to compare the
results, which are obtained experimentally, and every case is independent than the
other. However, the comparison of the results can be made by evaluating the results

for the same biosystem.

In this present study, the viable biomass content of the biosystem was determined by
performing the lipid phosphate analysis and the efficacy of the microorganisms was
obtained by establishing correlation between the performance of the biosystem and the

obtained results of the lipid phosphate analyses.

Continuous lipid phosphate analyses were started to be performed, after the highest
concentrations of iso-propanol and formaldehyde were fed into the anaerobic
bioreactor and the steady-state conditions were achieved. The related results of

experiments are presented in Table 7.10.

The samples were taken from the bottom, middle and top parts of the anaerobic
bioreactor in order to determine the more and less effective regions of the column and
the distribution of the microorganisms along the bioreactor. Triplicate samples were
run for each region. Figure 7.58 shows the variation of the viable biomass

concentrations in the bioreactor.
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Table 7.10. Lipid phosphate analysis results.

Day Lipid phosphate (nmol)

Bottom Medium Top
377 56.43 41.70 42.30
384 55.05 47.14 46.28
419 43.99 41.45 32.48
427 4434 43.40 4418
434 55.30 51.38 53.37
440 53.96 52.82 54.90
451 30.14 28.05 28.23
461 53.97 56.30 54.77
480 64.07 64.78 64.72
491 50.08 49.34 53.87
504 55.92 54.70 52.46
505 31.09 34.61 35.88
550 59.29 54.45 54.56
557 57.47 53.47 55.12
564 63.25 61.03 57.89
600 51.50 57.53 56.47
607 35.21 31.34 29.67
614 45.56 42.73 43.67
621 49.61 45.76 41.63
657 52.18 48.53 4234
664 62.16 59.56 55.23
671 67.45 62.17 60.60
678 64.25 60.17 57.49
685 58.58 57.15 55.28

Bottom: Sample was taken from the bottom part of the anaerobic bioreactor.
Medium: Sample was taken from the medium part of the anaerobic bioreactor.
Top: Sample was taken from the top part of the anaerobic bioreactor.
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Figure 7.58. Variation of viable biomass in the anaerobic bioreactor.

The experimental results depict that the most effective part of the anaerobic

bioreactor is the bottom part. In this zone, the viable (active) biomass concentration is

higher than the other two zones (Figure 7.58). This conclusion can be well expressed

by the following two basic reasons:

1)

2)

The bottom part of the bioreactor always encounters the fresh wastewater.
Microorganisms that are located in the bottom part of the bioreator receive the
highest concentrations of the feedstock substrates and a significant part of the
substrates are consumed here with concomitant biomass growth.

The distribution of the flow is more effective in the bottom part than the other
parts of the bioreactor. The recirculation of the effluent with the fresh wastewater
together is introduced to the bioreactor from the bottom and all the substances
that are essential for the biologic activity of the microorganisms are effectively
delivered from this part of the bioreactor. The middle and top parts of the
bioreactor show almost the same lower efficacy regarding the concentration of the
viable biomass. Experimentally, it was concluded that the lipid phosphate results
vary between 50 nmol and 60 nmol when the anaerobic bioreactor is effective to
treat the substrates. As can be seen from Figure 7.58, the lipid phosphate results
sometimes exhibit pronounced declines. These declines were obtained particularly,
during the times that the biosystem was failed. At these times, the lipid phosphate
readings decreased down to 28.05 nmol, which mean that there was almost no

biological activity in the biosystem during the periods of failure.
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8. OVERVIEW AND CONCLUDING REMARKS

In this study, an Anaerobic Fluidized Bed Granular Activated Carbon (AFBGAC)
bioreactor was used to determine the biotreatability of a synthetically prepared high-
strength wastewater containing formaldehyde as an inhibitory and toxic compound
and high concentration of iso-propanol. These compounds are typical for the
wastewaters from chemical, textile, paper, wood, pharmaceutical, cosmetic, rubber
and other industries therefore their biodegradation has a very big environmental
importance. Individual and mixed substrate biodegradation experiments were
performed by applying different initial concentrations to determine the correlation
between substrate concentrations and biodegradability. Kinetic assessments were

conducted to determine the mechanism of the biodegradations.

Some conspicuous results from which were extracted by these executed experiments

are given in the followings:

V In treating the high-strength (~ 7.0 g/L. of COD) wastewater containing toxic and
inhibitory concentrations of formaldehyde and high concentrations of iso-propanol,
very high substrate removal efficiencies of over 99.9 % removal of both formaldehyde
and iso-propanol were obtained. The highest feed concentrations of iso-propanol and
formaldehyde were around 33 g/day and 17 g/day, respectively which were later
reduced to around 1 mg/L for both iso-propanol and formaldehyde during the stable
operation periods of the anaerobic bioreactor. The organic loading rate was around
10.5 kg COD/m’.day for the anaerobic bioreactor. Typical organic loading rates have
been reported in the literature as 4.81 to 9.61 kg COD/m’.day for the fluidized bed
bioreactors. Although high organic loading was applied to the anaerobic bioreactor,

very high removal efficiencies were obtained in substrate and COD reductions.

V Initially the total COD of the wastewater was around 7000 mg/L and after the

treatment the total COD concentration was reduced to around 70 mg/L in the




anaerobic bioreactor. Hence, the total COD reduction for the biosystem was more
than 98.9 % during the stable operation periods of the anaerobic bioreactor. In the
literature the typical initial COD values for fluidized beds have been reported as 5 to
10 g/L and for this interval the COD removal efficiency was given in range of 80 to

85 %.

V The operating parameters of the AFBGAC bioreactor showed a large compliance
with the operating parameters of which have been given in the literature for anaerobic
fluidized bed bioreactors. Particularly, the total COD (%) removal efficiency, COD
removal capacity (volumetric) and methane gas efficiency values were impressive
during the stable operation periods of the anaerobic bioreactor. The hydraulic
retention time of wastewater has been reported to vary in a wide range in the
literature and its value changes significantly with the initial organic loading rate.
However, the generally accepted hydraulic retention time range can be given to be
between S5 and 10 hours for fluidized bed processes. In this present study, the
hydraulic retention time was initially 1.5 days and after achieving the steady-state, the

value was decreased to 16 hours.

V Based on the results of acetate concentrations in the effluent stream, it was shown
that at the beginning of the bioprocess, even the lowest concentration of iso-propanol
exhibited a shock influence on acetate utilization and the response of the biosystem
was quite similar to that as if the biosystem was overloaded by the substrate.
Subsequently, the acetate utilization increased when the biosystem was underloaded.
Because of such a behavior of the biosystem, in the ensuing period, the feed loads
were applied in small increments and the loads were not further increased until the
acetate was reduced to steady-state levels. Such a treatment prevented total inhibition
of the bioprocessThe acetate concentrations produced were obtained as 50-100 mg/L

(generally accepted range is 50-300 mg/L) in the anaerobic bioreactor.

During the stable operation periods of the anaerobic bioreactor, the acetate
concentrations decreased down to around 10 mg/L indicating that the biological
balance between the two major clusters of microorganisms (acetogenic and

methanogenic microorganisms) was established very well in the anaerobic bioreactor.
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v The pH values were almost the same during the entire course of the study and it
was around 7.2. This depicts that the concentration of intermediate organic acids
never reached to high levels during the stable operation of the bioreactor. During the
times of failure, the intermediate products (particularly acetate) exhibited higher
concentrations but even under these circumstances, the changes of pH were not in a

significant extent.

 In the present anaerobic bioreactor the total gas production was obtained to be 51.6
liters per day as the mean value (~ 5 L gas per L bioreactor volume per day) by
applying the maximum concentrations of the substrates. The produced gas was
containing basically the mixture of the 78 % of methane and approximately 21 % of
carbon dioxide. Hence, the methane gas efficiency of the anaerobic bioreactor was
0.38 m’ methane/kg CODemoved. Based on these results, it can be stated that a
considerable amount of gas was produced from the present laboratory-scale anaerobic
bioreactor (the expected value is generally 5-6 L gas per L digester) and the gas was
highly enriched with methane (the expected value is generally 0.35-0.40 m’
methane/kg CODyemoved). Consequently, the produced gas can be used effectively for
many purposes such as in heating the bioreactor, in producing electricity, in operating
some sort of engines or in providing heat for buildings due to the high methane

content of the gas.

V According to the biogas composition results, it can be stated that the anaerobic
bioreactor is not stressed because of the proportion of carbon dioxide which exhibited
continually very close results in each measurement. This signifies that the methane-
forming microorganisms were always active during the stable operation of the
anaerobic bioreactor and produced stable concentrations of methane, which was

around 78 % of the total gas composition.

Oxygen and nitrogen were obtained in trace concentrations in the biogas indicating
that at the moments samples were taken from the bioreactor, air intrusions occurred.
However, no any significant influence on process stability and efficiency was observed

due to these fleas.
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\ The possibility of plugging or channeling due to solids accumulation in anaerobic
fluidized bed bioreactors is very small. However, in the present biorector, there was a
problem that caused failure in providing an adequate distribution of the influent
particularly when the microorganisms were very mature in the environment. When
these mature microorganisms were not discarded from the media just on time, the
solids accumulation took place particularly in the bottom part of the bioreactor. That
is why, the biosystem and operational parameters must be closely monitored specially

in continuous flow regime in order to sustain the stability of the bioreactor.

V The intensively growing microorganisms sometimes clogged the bottom part of the
bioreactor and this brought about channeling or some dead-zone problems in the
bioreactor. When this happened, the biodegradation efficiency declined in all

parameters but it never showed sudden falls.

V During the experiment that was conducted in the model bioreactor, it was observed
that the biomass thickness on the GAC surface area was very thin at the beginning of
the bioprocess. Depending on organic and hydraulic rates, the maximum growth of
microorganisms on the GAC particles have been achieved mostly within 2 weeks and
at that time the maximal substrate reduction and gas production rates were obtained.
Removing the inactive biomass from the top of the bioreactor carried out the

regeneration of microorganisms.

V During the stable operation of the bioreactor, it was observed that the bioreactor
contents were mixed very well and the effective mixing resulted in a homogenous

mixture inside the bioreactor.

v In full-scale applications for anaerobic fluidized bed bioreactors the organic loading
rate are usually selected in the range of 10 to 30 kg COD/m’.day and the COD
removal capacity (volumetric) usually remains below 25 kg COD\emovea/m’.day. Based
on these criteria, it can be considered that the presented biosystem gives reliable and
applicable outcomes with respect to kinetic and design parameters especially for full-

scale applications.

\ During the entire study, the organic loadings applied to the bioreactor were not very

variable. Thereby, probable bioprocess upsets posed by the variation of loadings were
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not encountered. However, it is not always possible to ensure a consistent feed to the
bioreactor and especially in a full-scale operation, the waste flow will most probably
be interrupted due to some operational or strategically reasons. Thus, these transient
organic loadings will adversely affect the efficiency of full-scale biosystem. That is
why, the effect of organic load transients on a laboratory- or pilot-scale anaerobic

fluidized bed biosystem have to be investigated.

V During the stable operation of the bioreactor, the fluidization was realized perfectly
by the effect of the recirculation of the effluent. In this study, the energy consumption
considerations have not been done for the recycling. However, this concept must be
taken into consideration very sensitively specially for full-scale applications because

recycling expenses seem to be the most important drawback of anaerobic bioreactors.

v During performing the experiments in the respirometer, relatively lower substrate
concentrations were applied to the batch reactors. In these experiments, the maximum
initial concentrations of iso-propanol and formaldehyde were 1244 mg/L. and 387
mg/L as the mean values in feed. It was experimentally determined that after having
applied either the higher or even the lower concentrations, the inhibition influence was
mostly effective on the biodegradation of the substrates. On the other hand, the
feeding concentrations of the substrates were almost three-fold more in the main

anaerobic bioreactor.

Although these higher concentrations applied, during the entire course of the work,
there was no upset that was encountered because of the high initial substrate
concentrations or their toxic or inhibitory effects and actually the removal efficiencies
were spectacularly high. This contradiction can be well expressed by the effect of
recycle which provided a lot of advantages over the biosystem such as in maintaining
effective fluidization, neutralizing the influent by reducing its pollutant concentration
and smoothing the effects of thg toxicant and inhibitory substrate. Besides the
adsorption of the toxic substrate onto activated carbon reduced the immediate toxic
shock loads and excess toxins were probably biodegraded more slowly by the

formaldehyde acclimated anaerobic culture.
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vV During the experiments of biotransformation of formaldehyde, it was found that
formaldehyde exhibited inhibition effect on its own biotransformation as well as
inhibition of the biodegradation of other substrates up to the concentration of
437.0 mg/L of formaldehyde. At this concentration, formaldehyde exhibited toxic
effect on its own biotransformation and no bioconversion of the substrate was
obtained. In the literature, the toxic effect of formaldehyde has been reported for
similar concentrations when the wastewater was biotreated by an anaerobic filter
[57,s 78]. Low concentrations of formaldehyde exhibited low inhibition effects
(Ki = 90-130 mM) whereas relatively higher concentrations exhibited moderate
inhibitions (K; = 13-23 mM).

v No change in lag time periods was detected for formaldehyde acclimated anaerobic
culture while treating the different initial concentrations of formaldehyde alone as well
as in the double and triple substrate combinations. The obtained lag time was
2.6 hours for all cases. The effect of the acclimation of microorganisms in advance
can be observed here clearly. Normally, increasing concentrations result in increasing
lag times. In this present study, the microorganisms that were acclimated to
formaldehyde in advance and used in the anaerobic bioreactor were manipulated in the
respirometer experiments as inoculum as well. Thereby, the microorganisms were
already used to biodegrade the high concentrations of formaldehyde and there was no

need to expend time to accustom for a new environment.

v Although acetate was not a basic substrate for the anaerobic bioreactor, due to its
role in the mechanism of the anaerobic biodegradation process (as an intermediate
product), acetate biodegradation, alone and in association with other substrates, was
examined independently in the work programme. According to the experimental
results, it was determined that during the biodegradation of acetate alone, even the
lowest concentration of acetate used (476.4 mg/L or 7.93 mM) exhibited a strong
inhibition on its own biodegradation. Kinetic data showed that the inhibition extent
was identical for the different concentrations of acetate used (K; = 2.07 mM). When
these results are compared with the results obtained from the main anaerobic
bioreactor, it can be seen that the anaerobic bioreactor never reached even the lowest

concentration of acetate which was examined in the respirometer experiments,
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therefore, the biosystem never failed becauseof high acetate concentrations or
accumulations. However, the biodegradation of acetate in different concentrations and
their kinetic evaluations depict that the anaerobic bioreactor may demonstrate
operational upsets posed by the acetate concentrations which were investigated in the
respirometer experiments, so it is necessary that some measure of organic and
hydraulic loading control be taken to prevent the accumulation of acetate and a

further fall in pH.

vV During the biodegradation experiments of iso-propanol, the employed
concentrations varied between 440 mg/L. and 1240 mg/L and moderate inhibition

influences were obtained for concentrations (K; = 13-42 mM).

v During the biodegradation experiments of triple substrate combinations, high
inhibition effects were obtained for all substrates, especially when the formaldehyde

concentrations were increased, the range of inhibition was obtained as 1.7-4.2 mM.

v The dual biosystem of acetate-formaldehyde showed a strong inhibition effect on
both of the substrates (K; = 2-5 mM) only when formaldehyde was applied in high

concentration.

V The dual biosystem of iso-propanol-formaldehyde showed moderate inhibition
effects on both of the substrates, independently of concentration changes of

formaldehyde (K; = 30 mM)

v During establishing the competitive inhibition model, it was found that the produced
acetate from the biodegradation of iso-propanol exhibited a very strong competitive
inhibition effect on the biodegradation of propionate (K; = 2.76 x 10° mM). It is
thought that acetate blocks the active sites of the enzymes, which catalyze the
biodegradation of propionate, and reduces their efficacy. On the other hand,
formaldehyde exhibited very strong competitive inhibition effects on acetogens, which
use the iso-propanol, methanogens that use the acetate and hydrogen, and on acetate
for propionate formation. When acetate utilization was inhibited, the propionate

formation stopped completely.
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V According to the experimental results, it was found that the biomass activity was in
the highest level in the bottom part of the bioreactor. Therefore, it can be stated that a
large part of the substrate was biodegraded in that part of the bioreactor.
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