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Description of the process
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Description of the process

Kinetic Parameters
Acetate Fermenters Hydrogen Oxidizers

Electron Donors Acetate H2 and Formate

Electron Acceptors Acetate CO2

Carbon Sources Acetate CO2

fs
0 0.05 0.08

Y 0.04 g VSSa/g Ac 0.45 g VSSa/g H2

q (at 35oC) 7 g Ac/g VSSa-d 3 g H2/g VSSa-d

K 400 mg Ac/l ?

b 0.03/d 0.03/d

(θx
min)lim 4 d 0.76/d

Smin 48 mg Ac/l ?

Thus, the BODL is removed from the 
water by directing electron equivalents 
to CH4, a result that we call waste 
stabilization. Each mole of CH4 contains 
8 electron equiv., or 64 g of BODL or 
COD. At standard temperature and 
pressure (i.e., STP = 0°C and 1 atm), 
each mole of CH4 has a volume of 
22.41. Thus, each g of BODL stabilized 
generates 0.351 of CH4 gas at STP.

Methanogenesis refers to an anaerobic process in which the electron equivalents in 
organic matter (BODL) are used to reduce carbon to its most reduced oxidation state, -4, 
in CH4, or methane. Methane is a poorly soluble gas that evolves from the water. 

q̂
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Application process
The process can be applied in the treatment of both municipal and industrial waste. 
Non-extensive application because:
-lack of understanding of chemistry and microbiology
-presence of toxic components
-high requirements for reliable operation due to the risk management of biogas

5-15% of BODL converted into sludge
less biomass  less nutritious

35.8 KJ/l at STP the calorific value of CH4

The typical load in AD is 5-10 Kg COD/d*m3

of reactor, while 1 Kg COD/d*m3 in aerobic 
systems, which are limited  by the transport 
of O2. The AD is particularly useful for waste 
treatment with COD 5,000 mg/l or higher.

Reduction of 1 g S requires 2 g BODL and 
leads to loss of 0.7 L CH4.

Advantages

1. Low production of waste biological solids

2. Low nutrient requirements

3. Methane is a useful  end product

4. Generally, a net energy producer

5. High organic loading is possible

Disadvantages

1. Low growth rate of microorganisms

2. Odor production

3. High buffer requirement for pH control

4. Poor removal efficiency with dilute wastes
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Reactor configurations
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Reactor configurations (CSTR)

Detention times are commonly 15-25 d, which is well above [θx
min]lim of about 4 d at 

that temperature for the critical acetate-using methanogens. Thus, washout of the 
critical organisms is avoided by using an implied safety factor, based on θx/[θx

min]lim,
of about 4 to 6.

Municipal primary and secondary sludges entering an anaerobic sludge digester
normally have concentrations from 2.5 to 15% total solids. With a detention time of 
about 20 d, the organic loading to a well-mixed digester of the continuous flow
stirred-tank reactor (CSTR) type is 1 to 4 kg biodegradable COD per d per m3 of
digester volume.  This is a loading comparable to, but higher than the volumetric
loading achieved in aerobic systems. In addition, the digester produces energy, rather 
than consuming it. It is easy to see why so many municipal treatment plants employ 
anaerobic treatment for waste sludges.
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Reactor configurations 
(anaerobic contact)

The anaerobic contact process is an analogy to the aerobic activated sludge
system. The first such system was developed and described in 1955 by 
Schroepfer and his co-workers (Schroepfer et aI., 1955) for the treatment of 
relatively dilute packing house wastes with COD of about 1,300 mg/I. By adding 
a settling tank and recycle of the biomass back to the reactor, they separated θx
from θ and achieved a hydraulic detention time of about 0.5 d, which is 
significantly less than the 4-d [θx

min]lim of the acetoclastic methanogens. They 
obtained 91 to 95 percent BOD removals at loading rates of 2 to 2.5 kg/m3 -d.

Although the anaerobic contact process has seen many applications, one 
recurring problem is a tendency for the biosolids in the settling tank to rise due 
to bubble generation and attachment in the settling tank.
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Reactor configurations
(upflow & downflow packed bed)

The upflow packed bed process, also commonly called the anaerobic filter, was 
developed through laboratory studies in the late 1960s. This system is similar to a 
trickling filter system in that, originally, a rock medium was used for attaching the 
biosolids. The anaerobic filter was used for treating soluble substrates with COD 
from 375 to 12,000 mg/l and had detention times of 4 to 36 h.

The anaerobic filter is excellent for the retention of biosolids and has seen wide 
application. The main concern with this system is clogging by biosolids, influent 
suspended solids, and precipitated minerals. Because of this potential problem, 
packed-bed systems work best for wastewaters containing few suspended solids, 
as these are likely to be removed by the process and clog pore spaces.
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Reactor configurations
(upflow & downflow packed bed)

An alternative to the upflow packed-bed system is the downflow packed bed. 
Reasons why the downflow system might be superior are quite subtle. With the 
downflow system, the solids tend to accumulate more near the top surface, where 
substrate concentration and biological growth are higher. This may make it easier 
to achieve solids removal from the top by gas recirculation. Another possible 
advantage of the downflow system is that sulfide produced through sulfate 
reduction may be stripped from the liquid in the upper part of the column. 
Normally, the sulfate-reducing population resides in the upper levels of the reactor, 
while the methanogenic population is at lower levels. Hydrogen sulfide can be 
toxic to the methanogens, and stripping H2S before it reaches the methanogenic 
part of the reactor can reduce toxicity to the methanogens. 

Inf. CODs are in the 2,500 to 10,000 mg/l range, although some applications are 
for CODs over 100,000 mg/I. Design loading often is in the 10 to 16 kg/m3 -d
range, more than tenfold higher than for normal aerobic processes.
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Reactor configurations
(Upflow Anaerobic Sludge Blanket)

Lettinga, van Velsen, de Zeeuw, and Hobma (1979) developed an important new 
anaerobic reactor, the upflow anaerobic sludge blanket reactor (UASBR), which has 
had wide application for the treatment of industrial wastewaters and has been used 
to some extent for the treatment of relatively dilute municipal wastewaters as well.

Stander found that his system tended to improve its performance over time, an 
effect that he described as "maturing." Lettinga much later found a 
phenomenon that is perhaps related to this maturing: With time, the biosolids
form what Lettinga called "granules“. These granules, which naturally form 
after several weeks of reactor operation, are compact spherical gray-white 
particles about 0.5 mm in diameter. They have a small ash content, about 10%, 
and consist primarily of a dense mixed population of bacteria that are required 
to carry out the overall methane fermentation of substrates. Microorganisms 
found to dominate in granules are acetate-utilizing  methanogens, especially 
Methanothrix and Methanosarcina. Settled granules can attain concentrations 
between 1 and 2%, and the specific activity of the particles can be on the order 
of 1 to 2 g COD/g VSS-d.
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Reactor configurations
(Upflow Anaerobic Sludge Blanket)

The formation of granules depends upon characteristics of the waste stream, the 
substrate loading, and operational details, such as the upward fluid velocity. 
Serious problems that occur at times are the formation of granules that float and 
the lack of granule formation, both of which result in loss of biomass from the 
system. Thus, a knowledge of factors affecting granulation is key to successful use 
of the UASB system.

Many UASB systems are being used with a great deal of success on many 
food-processing industry wastewaters, as well as on wastewaters from the 
paper and chemical industries. Design loading typically is in the range of 4 
to 15 kg COD/m3-d. Because the UASB system at times forms granules or 
biosolids that do not settle well within the reactor, a separate settler can be 
provided as a safeguard against excessive loss of biosolids from the reactor.
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Microbiology of the process

The consortia of microorganisms involved in the overall conversion of complex 
organic matter to methane begins with bacteria that hydrolyze complex organic 
matter such as carbohydrates, proteins, and fats-into simple carbohydrates, amino 
acids, and fatty acids. The simple carbohydrates and acids are then utilized to 
obtain energy for growth by fermenting bacteria, producing organic acids and 
hydrogen as the dominant intermediate products. The organic acids are then 
partially oxidized by other fermenting bacteria, which produce additional H2 and 
acetic acid. H2 and acetic acid are the main substrates used by archaeI
methanogens, which convert them into methane. H2 is used as an electron donor, 
with carbon dioxide as an electron acceptor to form methane, while acetate is 
cleaved (the acetoclastic reaction) to form methane from the methyl group and 
carbon dioxide from the carboxyl group in a fermentation reaction.



13Τίτλος Ενότητας

Microbiology of the process

The microorganisms involved in the first step grow relatively rapidly, because the 
fermentation reactions give a greater energy yield than the reactions that lead to 
methane formation. For this reason, the methanogens are more slowly growing 
and tend to be rate-limiting in the process. This generalization is true with 
domestic wastewater organic matter, municipal sludges, and most industrial 
wastewaters. However, with certain organic materials, for example the anaerobic 
decomposition of lignocellulosic materials such as grasses, agricultural crop 
residues, or newsprint, the hydrolysis step may be very slow and rate-limiting.
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Microbiology of the process

Reactor start-up
The successful start-up and operation of an anaerobic system requires that a proper 
balance be maintained between the hydrolytic and fermentative organisms involved 
in the first step and the methanogenic organisms responsible for the second step. 
This balance is accomplished through proper seeding, as well as through control of 
organic-acid production and pH during the start-up, when the microbial populations 
are establishing themselves. Ideally, an anaerobic reactor is seeded with digested 
sludge or biosolids from an active anaerobic treatment system. This kind of balanced, 
active seeding is necessary because of the slow doubling time (ca. 4 d at 35°C) of the 
critical microorganisms involved in the second step. If the seed contains only a small 
number of methanogens, the start-up time may be long. For example, about 108 to 
109 of the critical microorganisms are required per ml of reactor volume to ensure 
successful operation of an anaerobic treatment system. 
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Microbiology of the process

During reactor start-up, the operator must maintain a sufficiently small loading on 
the reactor so that organic acids produced by the much faster growing fermentative 
bacteria do not exceed the buffering capacity of the system. Ift his occurs, the pH will 
drop, and the methanogenic population can be killed. The crucial steps during start-
up are: (1) begin with as much good anaerobic seed as possible, (2) fill the digester 
with this seed and water, (3) bring the system to temperature, (4) add buffering 
material in the form of a chemical such as sodium bicarbonate to protect against pH 
drop, and (5) add a small amount of organic waste sufficient to let the organic acid 
content from fermentation reach no more than about 2,000 to 4,000 mg/l, while 
keeping pH between 6.8 and 7.6. These organic acids are the food source required for 
the methanogenic population to grow. 

Reactor start-up
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Microbiology of the process
Volatile Acids

The organic acid concentration is a key indicator of system performance. The 
question then is what organic acids should be measured on a routine basis, and 
how can this be accomplished? The key organic acids are the series of short chain 
fatty acids and which vary in chain length from formic acid with one carbon per 
mole to octanoic acid with eight carbon atoms per mole. These acids have been 
termed volatile acids because, in their unionized form, they can be distilled from 
boiling water. This meaning of the term volatile is different from its meaning in 
volatile organic compounds (VOCs), a term generally used to describe organic 
compounds that are readily removed from water by simple air stripping. 

The volatile acids that are generally found present in highest concentrations as 
intermediates during start-up of an anaerobic system or during organic overload are 
acetic, propionic, butyric, and isobutyric acids. These comprise the bulk of the 
organic acids found in anaerobic systems. Other non-volatile organic acids also are 
formed as intermediates of waste organic degradation (e.g., lactic, pyruvic, and 
succinic acids)
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Stoichiometry of the process

While some intermediate products remain after treatment, most of the organic 
matter consumed by the microorganism is converted to the main end products: 
carbon dioxide, methane, water, and biomass. If other elements, such as nitrogen 
and sulfur, are part of the consumed organic matter, then they are converted to 
inorganic form, generally ammonium and sulfides. On this basis, the end products 
of methanogenic treatment of an organic waste can be determined readily using 
the procedures for writing stoichiometric equations. For example, we consider the 
empirical molecular formula for the organic matter (and electron donor, or BODL) 
to be CnHaObNc. A certain portion of its electron equivalents, is, is (net) synthesized 
into biomass, and ammonium is the source of cell nitrogen.

While CO2 is not the true acceptor for the acetoclastic methanogens, the exact 
pathway by which compounds are converted to end products is not important for 
maintaining a mass balance. This can be illustrated by writing out the conversion of 
acetate to methane, which we know takes place through the acetoclastic reaction:

3 2 4 3CH COO H O CH HCO− −+ → +
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Stoichiometry of the process
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Stoichiometry of the process

The value  fs represents the fraction of waste organic matter synthesized or converted 
to cells, while fe represents the portion converted for energy, such that fs + fe = 1. The 
value for fs depends on the energetics of the cell's energy generation and synthesis 
reactions, as well as the decay rate (b) and θx. For a reactor operating at steady state, 
fs can be estimated:

0 1 (1 )
1

d x
s s

x

f bf f
b

ϑ
ϑ

 + −
=  + 

The fs
0 values include the methanogens and all bacteria needed to convert the 

original organic matter to acetate and hydrogen.



20Τίτλος Ενότητας

Requirements of pH and alkalinity

The desired pH for anaerobic treatment is between 6.6 and 7.6. Values outside this 
range can be quite detrimental to the process, particularly to methanogenesis. The 
biggest problem generally is to maintain the pH above 6.6, because organic acids 
produced as intermediates in the process during start-up, overload, or other 
unbalance can cause a rapid pH drop and cessation of the methane production. 

The main chemical species controlling pH in anaerobic treatment are those related 
to the carbonic acid system, as governed by the following reactions:

2 2

2 2 2 3

2 3 3
2

3 3

2

( ) ( )
( )

CO aq CO g
CO aq H O H CO

H CO H HCO
HCO H CO
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+ −
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+ −

=
+ =

= +

= +

= +

The equilibrium relationships among 
the various species are given by:
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Requirements of pH and alkalinity
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Requirements of pH and alkalinity
Alkalinity is defined as the acid-neutralizing capacity of water. When the carbonic-acid
system dominates the buffering (as it does in most anaerobic treatment processes),
alkalinity can be quantified from a proton condition on the species of interest:

[ ] 2
3 32H Alkalinity HCO CO OH+ − − −       + = + +       

in which all species are in mol/I. With respect to the usual pH and conditions of 
anaerobic treatment, the concentrations of [H+], [CO3

2-], and [OH-] are quite small 
compared with [HCO3

-]. Also, alkalinity can be expressed in the conventional units of 
mg/l as CaCO3:

3
( )

50,000
Alkalinity bicarb HCO− =  

[ ],1
2

( )
50,000log

( )a

H

Alkalinity bicarb

pH pK
CO g

K

= +

The pH is controlled by the concentrations of alkalinity in the reactor liquid and carbon dioxide 
in the reactor gas phase, assuming that C02 equilibrium exists between the gas phase and the 
reactor liquid phase.
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Requirements of pH and alkalinity

It is apparent that at the normal percentages of carbon dioxide in digester gas, 
25 to 45%, a bicarbonate alkalinity of at least 500 to 900 mg/l as CaC03 is 
required to keep the pH above 6.5. A higher carbon dioxide partial pressure 
makes the alkalinity requirement larger. There are two other important and 
generalizable trends: (1) a quite high alkalinity of 5,000 mg/l with normal 
carbon dioxide content does not lead to an excessively high pH for anaerobic 
treatment, and (2) the pH is not sensitive to increases in alkalinity once the pH 
and alkalinity are about 7.4 and 5,000 mg/l as CaC03, respectively. In practical 
terms, increasing the alkalinity above about 5,000 mg/l gives little benefit
and incurs little risk.
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Requirements of nutrients

As with all biological treatment systems, trace nutrients must be present to satisfy 
the growth requirements of the microorganisms involved. With municipal wastewater 
and treatment plant sludges, essentially all nutrients required for growth are present.

Among the inorganic nutrients required for growth are the major ones, nitrogen and 
phosphorus. Methanogens also have a requirement for sulfur of about the same 
order of magnitude as that for phosphorus, or perhaps even a little more. An 
additional requirement in anaerobic systems is for trace metals, which are needed for 
activation of key enzymes for methanogenesis.

Lack of sufficient trace nutrients may be a cause of failure of anaerobic treatment for 
many industrial wastewaters. The required concentration of each differs considerably.
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Χρηματοδότηση
• Το παρόν εκπαιδευτικό υλικό έχει αναπτυχθεί στο πλαίσιο του 

εκπαιδευτικού έργου του διδάσκοντα.

• Το έργο «Ανοικτά Ακαδημαϊκά Μαθήματα στο Πανεπιστήμιο Αθηνών» 
έχει χρηματοδοτήσει μόνο την αναδιαμόρφωση του εκπαιδευτικού 
υλικού. 

• Το έργο υλοποιείται στο πλαίσιο του Επιχειρησιακού Προγράμματος 
«Εκπαίδευση και Δια Βίου Μάθηση» και συγχρηματοδοτείται από την 
Ευρωπαϊκή Ένωση (Ευρωπαϊκό Κοινωνικό Ταμείο) και από εθνικούς 
πόρους.



Σημειώματα
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Σημείωμα Ιστορικού Εκδόσεων Έργου
Το παρόν έργο αποτελεί την έκδοση 1.0.0.  
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Σημείωμα Αναφοράς
Copyright Πανεπιστήμιο Πατρών. Αναπληρωτής Καθηγητής, Μιχαήλ 
Κορνάρος. «Περιβαλλοντική Βιοτεχνολογία». Έκδοση: 1.0. Πάτρα 2015. 
Διαθέσιμο από τη δικτυακή διεύθυνση: 
https://eclass.upatras.gr/courses/CMNG2145
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Σημείωμα Αδειοδότησης
Το παρόν υλικό διατίθεται με τους όρους της άδειας χρήσης Creative Commons 
Αναφορά, Μη Εμπορική Χρήση Παρόμοια Διανομή 4.0 [1] ή μεταγενέστερη, Διεθνής 
Έκδοση.   Εξαιρούνται τα αυτοτελή έργα τρίτων π.χ. φωτογραφίες, διαγράμματα 
κ.λ.π.,  τα οποία εμπεριέχονται σε αυτό και τα οποία αναφέρονται μαζί με τους 
όρους χρήσης τους στο «Σημείωμα Χρήσης Έργων Τρίτων».                     

[1] http://creativecommons.org/licenses/by-nc-sa/4.0/ 

Ως Μη Εμπορική ορίζεται η χρήση:
• που δεν περιλαμβάνει άμεσο ή έμμεσο οικονομικό όφελος από την χρήση του έργου, για 

το διανομέα του έργου και αδειοδόχο
• που δεν περιλαμβάνει οικονομική συναλλαγή ως προϋπόθεση για τη χρήση ή πρόσβαση 

στο έργο
• που δεν προσπορίζει στο διανομέα του έργου και αδειοδόχο έμμεσο οικονομικό όφελος 

(π.χ. διαφημίσεις) από την προβολή του έργου σε διαδικτυακό τόπο

Ο δικαιούχος μπορεί να παρέχει στον αδειοδόχο ξεχωριστή άδεια να χρησιμοποιεί το έργο για 
εμπορική χρήση, εφόσον αυτό του ζητηθεί.
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