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Abstract: The use of mesophilic anaerobic digestion for treatment of organic wastes
is a growing biotechnology for sustainable energy supply. Ammonia inhibition is a
major problem in anaerobic digestion mainly when digestion of nitrogen-rich
substrates such as livestock wastes and manure occurs. This paper provides a
summary of research conducted on ammonia inhibition of the anaerobic process. An
experiment with mesophilic digestions of swine manure was conducted in single unit
reactors, which were controlled under different ammonia concentrations by addition
of NH4Cl in different amounts. From the experimental results, it was shown that
NH4Cl could be an effective chemical agent for removing foam and scum in the
digester. Methane production was decreased with the increasing NH4Cl addition until
a collapse was observed between 11.2 g NH4+-N/l and 13.2 g NH4+-N/l. Contrary to
the findings in thermophilic digestion, a dysfunction of acidogenesis was also
observed since both gas and methane production was delayed with increasing NH4Cl
addition. These findings suggest different ammonia inhibition principles in mesophilic
and thermophilic digestion. It was further indicated that methanogenesis could
produce a high percentage of methane although gas production was inhibited.
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1. Overview
1.1 Introduction of anaerobic digestion
Anaerobic digestion is a series of processes in which microorganisms break down
biodegradable material in the absence of oxygen. It is used for agricultural, industrial
or domestic purposes to reduce the organic content of waste and to produce energy in
the meantime. As a result, anaerobic digestion is applied as an important source of
renewable energy worldwide. The main products of anaerobic digestion are biogas
and digested sludge solids. Biogas, usually contains approximately 60% of methane
and 30% of carbon dioxide, and additionally a small part of other unwanted gases.
The biogas produced can be used directly as fuel or upgraded to other energy forms
such as natural gas quality biomethane, heat or electricity.

1.2 Advantages
The utilization of biogas produced from anaerobic digestion technologies is one of the
most promising alternatives to replace fossil fuels. Utilizing biogas helps improving
global environment in a number of aspects. The major resulting benefits are the
reduction of greenhouse gas (GHG) emission of environmental concern and energy
consumption in terms of offsetting the usage of fossil fuels. At the same time it
provides a favorable disposal method for agricultural and industrial wastes (Chen et
al., 2008).
The practical advantages by applying biogas could be concluded as:
Replacement of fossil fuels
fuels: The burning of biogas saves the burning of fossil fuel.
Biogas produced from the anaerobic digestion process provides a highly sustainable
alternative to fossil fuel consumption, and hence reduces emissions of greenhouse
gases as bio-energy is considered as a renewable energy. This is due to the fact that
the carbon in biodegradable material is part of a carbon cycle. The carbon released
into the atmosphere from the combustion of biogas has been absorbed by plants for
them to grow. When the plants re-grows, they take the carbon from the atmosphere
once more, leaving the whole system carbon neutral (Agri-Food and Biosciences
Institute, 2010). In contrast to biogas production, carbon in fossil fuels has been stored
in the earth for many millions of years. The combustion of fossil fuels hence increases
the overall levels of carbon dioxide in the atmosphere.
Saving energy footprint of waste treatment
treatment.. Anaerobic digestion provides many
attractive features including decreased sludge handling, disposal costs, energy
requirement (Ghosh and Pohland, 1974; van Staikenburg, 1997), and reduction in
numbers of pathogens. Anaerobic digestion facilities have been recognized as
conspicuously promising sources of energy supply, as they are less capital intensive
compared to other kinds of power plants (Institute of Science in Society, 2007). This
fact facilitates anaerobic digestion being widely used as they have low total energy
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consumption in waste treatment and producing favorable energy recovery at the same
time (Chen et al., 2008).
Reducing methane emission to atmosphere. As an alternative way to dispose of
waste in a landfill, anaerobic digestion breaks down wastes naturally and
anaerobically in a sealed digester. However, there has always been a gas releasing
concern when performing an anaerobic digestion since methane is about twenty times
more potent as a greenhouse gas than carbon dioxide, and may cause significant
negative environmental effects.
Displacing chemical fertilizers
fertilizers.. Digester residue, after proper treatment, can be used
as a fertilizer or soil conditioner supplying essential nutrients to soils and increasing
the organic content of soils. As a result, it also reduces utilization of chemical
fertilizer and greenhouse gas emission from production and transportation. Previous
investigation shows that the markets for the digested solids can be equally as
important as the biogas. Nevertheless, land amendment with digester residue also
leads to the nutrient content being fully recycled. Therefore, it achieves the nutrient
circulation in holistic scale especially concerning the recycling of carbon, nitrogen
and phosphorous (Andersen, 2002).

1.3 Digestion Resources
Anaerobic digestion is particularly suited to use organic materials. It is a simple
process that can greatly reduce the amount of organic matter, that might otherwise be
coped with by sea dumping, landfill or incineration. Almost all organic biodegradable
material can be processed with anaerobic digestion (Anaerobic-digestion.com., 2007;
Agri-Food and Biosciences Institute, 2009). This includes biodegradable waste
materials such as waste paper, grass clippings, food waste and animal waste such as
manure, slurry; feathers, straw and crop residues; industrial waste and pharmaceutical
or paper pulp residues; and sewage sludge (Gunaseelan et al., 1997). Anaerobic
digestion is mainly used as part of the process to treat biodegradable waste in order to
achieve nutrient circulation. As anaerobic digestion is one of the most efficient
wastewater treatment technologies, digesters are widely fed with treated municipal
sludge. Application in the treatment of organic industrial and agricultural wastes have
also been practiced in considerable scale (Parkin and Miller, 1983).
Livestock wastes are a substantial contributor to non-point source pollution and can
affect wetland habitats and contaminate drinking water sources. Livestock waste often
has very high total ammonia nitrogen concentrations due to the presence of ammonia
as well as urea and protein that could readily release ammonia during digestion
(Zeeman et al., 1985; Krylova et al., 1997; Hansen et al., 1998). One of the principal
instabilities with respect to the anaerobic digestion of livestock waste is ammonia
inhibition (Zeeman et al., 1985; Hashimoto, 1986; Kayhanian, 1994). Sharp increase
of ammonia concentration in the feedstock are unusual (Hobson, 1991). However,
feed slurry that has been stored for some time in the animal house often contains high
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concentration of ammonia released from decomposition of organic nitrogen. Shock
loading of this feed slurry can cause inhibition in anaerobic digesters (Hobson, 1991).
In addition to ammonia, livestock waste also has a high sulfate concentration derived
from a decomposition of protein. The ammonia and sulfide caused inhibition
influences each other (Hansen et al., 1999).

Figure 1. Resources for anaerobic digestion

1.4 Process and principles
Anaerobic digestion consists of a series of bacterial events that converts organic
compounds to biogas ingredients (McCarty, 2001). There are many microorganisms
that are involved in the digestion including acetic acidogenic bacteria and
methanogenic bacteria. These microorganisms live upon the feedstock in substrate,
and breakdown polymers into intermediate molecules including sugars, hydrogen, and
acetic acid, before finally being changed into simplest gas compounds as methane and
carbon dioxide.
In an anaerobic system, oxygen is prevented from entering the sealed digester. In
absence of oxygen with microorganisms breaking down polymers, the products are
primarily alcohols, aldehydes, and organic acids plus carbon dioxide. The presence of
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specialised methanogens helps convert those intermediates into the end-products of
methane, carbon dioxide, and trace levels of hydrogen sulfide (Beychok, 1967). The
majority of the chemical energy contained within the anaerobic digesting substrates is
released by methanogenic bacteria as methane (Institute of Science in Society, 2007).
The microorganism groups usually take a period of time to start-up before becoming
fully efficient. Therefore, the microorganisms are commonly introduced from
materials with existing populations, such as sewage sludge or cattle slurry (United
Nation University, 2007).
The digestion process is commonly considered as a three-stage reaction. They are
Hydrolysis
1
Acidogenesis
2
3
Methanogenesis
The digestion process begins with bacterial hydrolysis of the input materials in order
to break down insoluble organic polymers such as carbohydrates, proteins and make
them available for other bacteria. Once absorbed, these compounds undergo bacterial
degradation that results in the production of soluble sugars. The bio-available sugars
and amino acids are converted into carbon dioxide, hydrogen, ammonia, and organic
acids. Acetogenic bacteria then convert these resulting organic acids into acetic acid,
along with additional ammonia, hydrogen, carbon dioxide and some other by-products.
Finally, methanogens convert these products to methane and carbon dioxide.
The first stage of the process is the hydrolysis of solids, that is, the process of
breaking chains of organic polymers and dissolving the smaller molecules into
solutions in order for the bacteria to access the potential energetic material in
anaerobic digesters. In most cases, biomass for anaerobic digestion is made up of
large organic polymers, chains of which must first be broken down into smaller
constituent parts. Therefore, hydrolyzing these high-molecular-weight polymeric
components is the necessary first step in anaerobic digestion. Hydrolysis solubilize
particulate organic compounds such as cellulose and colloidal organic compounds
such as proteins and fats into simple soluble compounds that can be absorbed by
bacterial cells. After further and complete breakdown of the remaining components,
the hydrolysis of these wastes will ultimately result in the production of simplistic,
soluble organic compounds such as volatile acids (VFAs) and alcohols which are
created along with ammonia, carbon dioxide, and hydrogen sulfide, as well as other
by-products.
The second stage of the process is acetogenesis, that involves the conversion of the
volatile acids and alcohols to substrates such as acetic acid or acetate (CH3COOH)
and hydrogen gas that can be used by methanogenic bacteria. Acetates and hydrogens
produced in the first stages can be used directly by methanogens. Other molecules
such as volatile fatty acids (VFAs) with a chain length that is greater than that of
acetate are decomposed into compounds that can be directly utilized by methanogens.
As a result, simple molecules created through hydrolysis are further digested by
acetogenic bacteria to produce acetic acid as well as carbon dioxide and hydrogen in
the mean time.
The third stage of the process, methanogenesis, involves the production of methane
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and carbon dioxide. Methanogenic bacteria utilizes the intermediate products of the
preceding stages such as hydrogen and acetic acid and then converts them into
methane, carbon dioxide, and water. It is in this stage that the majority of the biogas
production from the system is created.
The remaining, non-digestible material that the microbes cannot feed upon, along
with any dead bacterial remains, constitutes the digestate.
Typical generic chemical equation (Tab.1) for the overall processes is as follows:
Table.1 Degradation pathways in anaerobic digestion.

Stage
Hydrolysis
Acetogenesis
Methanogenesis

Reaction
Carbohydrates + H2O→soluble sugars
Proteins +H2O→soluble amino acids
Fats +H2O→soluble fatty acids
2CO2 + 4H2 → CH3COOH + 2H2O
Fatty acids+H2O→CH3COOH
CO2+4H2→CH4+2H2O
CH3COOH→CH4+CO2

).
Figure 2, Concise reaction illustrating anaerobic digestion stages (Gerardi
Gerardi,, 2003
2003).
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1.5 Digestion temperature
An acceptable and uniform temperature is suggested to be maintained throughout the
digestion process. Variations in temperature of even a few degrees could affect all
biological activity including the inhibition of some anaerobic bacteria, especially
methanogenic bacteria. Anaerobes are very sensitive to rapid changes in temperature.
Therefore, temperature fluctuations in the digester should be as small as possible, that
is usually ＜ 1°C per day for thermophilies and ＜ 2-3°C for mesophiles (Gerardi.
2003). Adequate mixing of the digester content is also suggested. This helps to
prevent the development of localized pockets of temperature variation.
Anaerobic digestion takes place at either mesophilic or thermophilic temperatures as
different species of bacteria are able to survive at different temperature ranges. These
ranges are the mesophilic range form 25–40°C and the thermophilic range from
45–60°C respectively, which results in two the different kinds of digestion. Bacteria
species living optimally at temperatures between 25–40°C are called mesophilic
bacteria. Most methanogenic bacteria are mesophiles. Some of the other bacteria
could survive at hotter conditions of 45–60°C are called thermophilic bacteria. At
temperatures between 40-45°C, methanogenic bacteria are partly inhibited.
Mesophilic digestion operates in temperatures between 25°C and 40°C, typically
37°C. This is the most widely applied digestion method in the world due to its
comparable high cost efficiency. More than 90% of worldwide biodigesters are
operated at mesophilic temperature. Anaerobic digestion of sludge is the most
extensive anaerobic digestion technology applied in the world, it is generally
performed in the mesophilic range, with the optimum temperature of approximately
35-37°C (Gerardi, 2003). However, thermophilic digesters are less than 10% of
digesters in the world.
Thermophilic digestion operates in temperatures between 45 and 60°C. Compared
with mesophilic digestion, it has higher reaction rate and improved solids settling
(Hashimoto, 1982; Varel et al., 1980) Nevertheless, the pathogens are more efficiently
destructed as a result of higher temperature (Varel et al., 1980). Besides these benefits,
there are several significant microbiological characteristics associated with
thermophilic anaerobes that may adversely affect digester performance. These
characteristics of low bacterial growth rate, high death rate and lack of diversity of
thermophilic anaerobes are responsible for relatively high residual values of volatile
acids (Gerardi, 2003). Nevertheless, higher energy requirement and poor operational
stability also prevents thermophilic digestion from being widely commercialized
(Dupla et al., 2004; Buhe and Andrews 1977; Chen et al., 2008).

1.6 Digestion pH
Anaerobic digestion requires very strict defined pH range since the enzymatic activity,
bacteria and digester performance are all influenced by pH. Methanogenesis is
sensitive to both high and low pHs and occurs between pH 6.5 and pH 8 (Sung and
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Liu, 2003). Acceptable enzymatic activity of methanogenic bacteria does not occur
below pH 6.2. Most anaerobic bacteria, including methanogenic bacteria, are very
sensitive to fluctuating pH values. They perform well within a pH range of 6.8 to 7.2.
The most efficient and satisfactory pH is within the range of 7.0 to 7.2 while pH in
between 6 and 8 is also acceptable for digestion but somewhat restrictive and slow
(Gerardi, 2003).
Although digestion requires stable pH condition, the process could not always remain
in an ideal pH range. During the digestion, the pH in an anaerobic digester will
initially decrease with the production of acids after hydrolysis. Research shows that at
hydraulic retention times >5 days, the methanogenic bacteria begin to consume the
acids and produce methane and carbon dioxide. The pH of the reactor then recovers
and stabilizes (Gerardi, 2003).
In order to achieve proper pH control during the anaerobic digestion, high alkalinity
concentration is introduced to maintain digester stability. Sufficient alkalinity serves
as a essential buffer that prevents rapid changes in pH. Alkalinity levels have been
used as an indicator during the digestion process. A decrease of alkalinity to below the
normal level could always result in the accumulation of organic acids due to loss of
methanogenic bacterial activity. Other passive reasons could slow down the
discharging rate in the digester, or the presence of inhibitors that depress the
methanogenic bacteria. Several chemicals such as sodium bicarbonate, potassium
bicarbonate, sodium carbonate, calcium carbonate potassium carbonate and calcium
hydroxide can be used to adjust alkalinity in the anaerobic digester. Of those
chemicals, sodium bicarbonate and potassium bicarbonate are perhaps the best of
choice in terms of desirable solubility and minimal adverse impacts (Gerardi, 2003).
Ammonia could also be considered as a alkalinity booster as it helps buffering the
system by reacting with carbon dioxide that is produced during digestion and it also
helps dissolving scum layers in the meantime. However, as the buffering mechanism
is associated with carbon dioxide consumption, gas reacted may generate a negative
pressure in the digester. Additionally, excess ammonia gas also causes toxicity which
is strongly regarded while using nitrogen-rich resources as substrate.

1.7 Inhibition factors
A wide variety of substances have been reported to be inhibitory to the anaerobic
digestion processes in substantial concentrations. Problems such as low methane yield
and process instability are often encountered in anaerobic digestion (Chen et al.,
2008). Literature on anaerobic digestion shows considerable variation in the inhibition
levels reported for most substances. The major reason for these variations is the
complexity of the anaerobic digestion process where mechanisms such as antagonism,
synergism and acclimation could significantly affect the phenomenon of inhibition.
Considerable research efforts have been made to identify the mechanism and the
controlling factors of inhibition. The inhibitors commonly present in anaerobic
digesters include ammonia, sulfide, light metal ions, heavy metals, and other
anthropogenic organic compounds such as solvents and pesticides in the waste.
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7.1 Ammonia inhibition
1.
1.7.1
7.1 .1 Ammonium-nitrogen in digester
1.
1.7.1
Nitrogen is an essential nutrient for anaerobic organisms. Ammonia load in the
digester is generally from chemical adjustment and from substrates hydrolysis.
Chemicals such as ammonium chloride, aqueous ammonia and urea may be used to
support the system as nutriontial adjustment in low nitrogen digestions (Mah, 1978).
In some cases, addition of anhydrous ammonia is introduced to adjust alkalinity via
production of ammonium bicarbonate from ammonia and carbon dioxide. Using
anhydrous ammonia also helps dissolving scum layers in digester (Gerardi, 2003).
Adequate nitrogen content in substrate is recommended not only regarding nutrient
need but also for the stability of digestion system. Abundant ammonium nitrogen
maintains system alkalinity. Digester stability is thus enhanced by a high alkalinity
concentration. Substrates like livestock wastes usually contain substantial amount of
total nitrogen (Angelidaki and Ahring, 1993; Kayhanian, 1999).
Ammonia is one of the intermediate substances derived from hydrolysis and formed
during the degradation of nitrogenous organic materials such as proteins and urea.
Nitrogen, like all nutrients are only available to bacteria in soluble form as
ammonical-nitrogen (NH4+-N). Nitrogen will be reduced to ammonium ions (NH4+)
after hydrolysis stage. Small part of the bacteria species can obtain nitrogen in other
ways. Some bacteria are able to fix molecular nitrogen (N2), and others consume the
amino acid. In digestion, large amount of amino groups (-NH2), ammonium ion (NH4+)
and free ammonia (NH3) are produced in aqueous solution from degradation of amino
acids and proteins, which could partly be converted into ammonium bicarbonate
(NH4HCO3) when dissolved in water along with the presence of carbon dioxide.
Ammonium bicarbonate is a good alkaline buffer that helps stabilize the system,
preventing the system from being acidified due to hydrolysis or acid accumulation.
Although the mechanism of inhibition remains uncertain, many update studies tend to
agree that it is free ammonia rather than nitrogen that is inhibitory to methanogenic
bacteria (Velsen et al., 1979; Angelidaki and Ahring, 1993; Holubar et al., 2006; Chen
et al., 2008). Reduced nitrogen in digester mainly exists as ammonium ion (NH4+) in
aqueous phase and free ammonia (NH3) in both aqueous and gas phase. Researchers
has proposed equilibriums among ammonium ion, free ammonia in solution, gaseous
ammonia, hydrogen ion (H+) and hydroxyl ion (OH-) (Sung et al., 2003). Therefore,
ammonium concentration is a factor dependent of temperature as well as pH. Proper
amount of ammonium-nitrogen (50 mg/L) is considered beneficial while free
ammonia should be avoided if possible (Gerardi, 2003). The equilibrium equation
given by Khanal (2008) is:
NH4+=NH3+H+
Free ammonia percentage distribution of pH is:
%NH3=100/1+([H+]/Ka)
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At neutral pH, free NH3-N represents about 0.5% of the total ammonia nitrogen
(NH3-N+NH4+-N) (Khanal 2008).
In nitrogen-rich substrates such as animal or municipal wastes, food industry wastes
and agricultural residues are commonly encounter the problem of containing
excessive ammonium nitrogen, which has vast presence of urea, protein and organic
nitrogen that is readily released during digestion affacting the digest efficiency
(Hansen et al., 1997; Angelidaki and Ahring, 1993; Santha and Sung, 2001). McCarty
(1964) reported that at ammonium nitrogen exceeding 3000 mg NH4+-N/l, the
ammonium ion itself became toxic independent of pH. An ammonium level exceeding
4000 mg NH4+-N/l is reported inhibitory during anaerobic digestion of cattle manure
(Angelidaki and Ahring, 1994).
7.1 .2 Inhibition mechanism
1.
1.7.1
Although the microbiological mechanism has not yet been clearly defined, researchers
believed it is free ammonia that disables methanogenic bacteria and result in digester
failure in thermophilic assays (Velsen et al., 1979; Angelidaki and Ahring, 1993;
Holubar et al., 2006; Chen et al., 2008). This conclusion is drawn on three major facts.
Those are discoveries from Kroeker et al. (1979) and de Baere (1984) showing that
free ammonia is freely membrane-permeable suggesting it to be the main cause of
inhibition. The explaination was widely accepted and was further manifested by
Sprott et al. (1986) and Gallert et al. (1998). The explanation is that the hydrophobic
ammonia molecule may diffuse passively into the cell, causing proton imbalance,
and/or potassium deficiency. Secondly, the supposed ammonia amount in different
temperature and pH conditions derived from the equilibrium corresponds with those
from a large number of practical observations. Thirdly, Angelidaki and Ahring (1993)
has observed accumulation of volatile fatty acids while methane production goes
down in high NH4+ concentration.
According to the experiment results, several possible mechanisms for ammonia
inhibition have been proposed, including a change in the intracellular pH, increase of
maintenance energy requirement, inhibition of a specific enzyme reaction (Whittmann
et al., 1995) and multi-nutrient loss of methanogenic microorganisms (Chen et al.,
2008). Yet there is still no strong evidence for drawing a conclusive and distinct
conclusion on the mechanism.
7.1 .3 pH impact
1.
1.7.1
It should be noted that both methanogenic and acidogenic microorganisms have their
optimal pH. Failing to maintain pH within an appropriate range could cause reactor
failure even though ammonia is at a safe level (Kroeker et al., 1979). Earlier
researches showed the control of pH within the growth optimum of microorganisms is
able to reduce ammonia toxicity (Bhattacharya and Parkin, 1989). Ammonia
inhibition can easily impact the digestion at higher pH. Reducing pH from 7.5 to 7.0
during thermophilic anaerobic digestion of cattle slurry also increased the methane
production by four times (Zeeman et al., 1985). Ammonium nitrogen concentration at
1500-3000 mg/l is inhibitory at alkaline culture (Khanal, 2008; Gerardi, 2003) before
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it become inhibitory in all pH condition when concentration exceeds 3000 mg N/l
(McCarty, 1964). In thermophilic digestion, ammonia inhibition occurs along with
volatile fatty acids accumulation which again leads to a decrease in pH but no
production recovery, making the correlation of pH and inhibition irregular. System
stability is introduced to interpret this fact. Some studies proposed an "inhibited
steady state" leading by the interaction between free ammonia, volatile fatty acids and
pH, a condition where the process is running stably but with a lower methane yield
(Angelidaki and Ahring, 1993; Angelidaki et al., 1993).
7.1 .4 Temperature impact
1.
1.7.1
With the rising temperature, the inhibition effect of ammonia digestion becomes
significant (Braun et al., 1981), although it has a positive effect on the metabolic rate
of the microorganisms. This fact owns to both unstability at higher temperature
(Angelidaki and Ahring, 1993) and less resistance of thermophilic flora (Chen et al.,
2008). Researches in ammonia inhibition is mainly focused on thermophilic
temperature because of the strong sensitivity. Thermophilic digestion at 50°C of cow
manure with total ammonium nitrogen above 3 g NH4+-N/l was found to be very
difficult without adaption (Hashimoto, 1983).
Operations in mesophilic range is evidently less susceptible to ammonia inhibition
than that one in thermophilic range (Poggi-Varaldo et al., 1997). Temperature
reduction from 55 to 46°C could results in an increased biogas yield in
higher-ammonium-nitrogen-loaded digestion (Angelidaki and Ahring, 1994). It is
widely accepted that the fraction of unionized ammonia increases with temperature,
thus resulting the increasing inhibition effect (Gallert and Winter, 1997; Angelidaki
and Ahring, 1994).
Thermophilic digestion with high ammonium nitrogen load is frequently resulting in
single methanogenic failure. Gallert and Winter (1997) reported that free ammonia of
560–568 mg N/l caused a 50% inhibition of methanogenesis at pH of 7.6 under
thermophilic condition. There was also a report proposing that methanogenic
population lost 56,5% of its activity while acidogenic populations were hardly
affected when total ammonium concentration were increased from 4051 to 5734 mg
NH4+-N/l, suggesting that methanogenic bacteria are the least tolerant group to
ammonia inhibition (Koster and Lettinga, 1988; Kayhanian, 1994).

7.1 .5 Acclimation
1.
1.7.1
The bacteria may acclimate under ammonia exposure by two means. They may repair
damaged enzyme systems in order to adjust to the ammonia or they may grow a
relatively large population of bacteria that is capable of developing the enzyme
systems necessary to degrade the toxic compounds. Methanogenic bacteria seem to be
mostly adaptable to many inhibitors. It has been generally recognized that
methanogenic bacteria can adapt to high ammonium concentration up to over 10 g
NH4+-N/l (Khanal, 2008).
Acclimation to high ammonia in inoculum is suggested an effective method when
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processing digestion of nitrogen-rich substrate. Many findings showed acclimation
can strengthen the tolerance to ammonia and increase methane yield. However, the
methane yield was still lower than that in reactors with lower ammonia load. With
acclimation, acetoclastic bacteria tolerate free ammonia levels up to 700 mg NH3-N/l
(Angelidaki and Ahring, 1994) while unacclimated digestion is inhibited at free
ammonia levels as low as 100-150 mg NH3-N/l (De Baere et al. 1984). Ammonium
concentrations (NH4+) as high as 7000-9000 mg NH4+-N/l have been treated
successfully with an acclimated culture, without a toxic response (Grady et al. 1999).
One of the most successful operation is from Koster and Lettinga (1988), reporting
methane could be produced up to 11 g NH4+-N/l after acclimation.
7.2 Sulfide inhibition
1.
1.7.2
Bacterial cells need soluble sulfur as a growth nutrient and satisfy this need by using
soluble sulfide (HS–). However, excessive concentrations of sulfides or dissolved
hydrogen sulfide gas (H2S) is toxic (Koster et al., 1986; Gerardi, 2003). Toxicity of
sulfide may arise from the reduction of sulfates and the degradation of organic
compounds such as sulfur-containing amino acids and proteins during the anaerobic
treatment of sulfate-rich substrates. High concentration of sulfate often occurs in
industrial wastewater sludge from the fermentation, edible oil, paper pulp, food and
beverage industries (Colleran et al., 1995).
Hydrogen sulfide is one of the compounds most toxic to anaerobic digesters. This
toxicity can lead to severe process disturbance or even complete process failure in
extreme cases. Sulfate is relatively non-inhibitory to methanogenic bacteria. However,
sulfate stimulates the growth of sulfate-reducing bacteria (SRB) which competes with
methanogenic bacteria for substrates (gaseous hydrogen and acetate). Moreover, H2S
readily penetrates the cell membrane and denatures native proteins inside the
cytoplasm that change the metabolic properties of bacteria (Siles et al., 2010).
Sulfides are also involved in the precipitation of non-alkali metals in digesters, thus
reducing their availability for methanogenic bacteria (Oude Elferink et al., 1994).
1.
7.3 Heavy metal inhibition
1.7.3
Significant concentration of heavy metal such as cobalt (Co), copper (Cu), iron (Fe),
nickel (Ni), and zinc (Zn) are frequently found in municipal and industrial sewage
sludge (Wong et al., 2003; Diels et al., 2003; Noeton et al., 2004). Many failures of
sludge digestion has been attributed to the heavy metal transfer from substrate
(Kroeker et al., 1979; Jarrell et al., 1987; Lin, 1992). The non-degradable heavy metal
may readily accumulate to potentially toxic concentrations (Sterritt and Lester, 1980)
although some of the heavy metals such as cobalt, molybdenum and nickel at trace
concentration can enhance enzymatic activity of methanogenic bacteria (Meunier et
al., 2003).
Only metals in soluble, free form are toxic to the microorganisms (Lawrence and
McCarty, 1965; Mosey and Hughes, 1975; Oleszkiewicz and Sharma, 1990). Most
heavy metals are combined. Therefore, they cannot be adsorbed or absorbed by
bacteria, thus the toxicity cannot occur. Heavy metal ions with high solubility such as
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copper, nickel, and zinc are very toxic to methanogenic bacteria at relatively low
concentrations.
The toxicity of heavy metals can be explained as the disruption of enzyme function
and structure by binding of the metals with thiol and other groups on protein
molecules or by replacing naturally occurring metals in enzyme prosthetic groups
(Vallee and Ulner, 1972). Updated study states the toxicity of metal ions on biological
systems goes through multiple biochemical pathways simultaneously. The
explainations are (1) substitutive ligand binding, (2) redox reactions with sulfur
groups, (3) fentontype reactions, (4) inhibition of membrane-transport processes, and
(5) electron siphoning (Harrison et al. 2007).
7.4 Light metal inhibition
1.
1.7.4
The light metal including calcium (Ca), magnesium (Mg), potassium (K), and sodium
(Na) are associated with alkaline compounds. These metals are present in the influent
of anaerobic digesters, which may be transferred from industrial wastes and aquatic
substrates. It may also be released by the breakdown of organic matter, or added as
pH adjustment chemicals (Grady et al., 1999).
Light metal cation will not begin to exhibit significant toxicity until severe high
concentrations. The high salt levels cause bacterial cells to dehydrate due to osmotic
pressure (de Baere et al., 1984; Yerkes et al., 1997), and therefore suppress
microbial growth and consequently affect specific growth rate. However, moderate
concentrations are stimulatory to microbial growth (Soto et al., 1993). Inhibition from
light metals is reversible. Diluting the cation concentration can prevent cation toxicity
(Gerardi, 2003).
7.5 Feedback inhibition
1.
1.7.5
Stage reactions often results in the accumulation of several intermediates such as
hydrogen and volatile fatty acids which are toxic. Excess hydrogen production and
accumulation results in increased partial hydrogen pressure. This increased pressure
inhibits acidogenic bacteria (Gerardi, 2003). Excess volatile fatty acid accumulation
inhibits methanogenic bacteria caused by toxicity of propionate or decreased pH.
7.
1.
1.7.
7.66 Minor inhibitory substances
The presence of some other substances such as nitrate ions (NO3-), sulfate ions (SO4-),
benzene ring and phenolic compounds, chlorinated hydrocarbons, cyanide (-CN) have
also been proved inhibitory to microorganisms in the digester. But they are unlikely to
occur in substantial concentration in practise if not applying exotic substrate in
digestion.
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1.8 Objective of study
Due to the difference in anaerobic inoculum, waste composition, and experimental
methods and conditions, the literature results of ammonia inhibition vary widely.
Studies in the field of anaerobic digestion unfortunately has an unwarranted
reputation as being unstable and difficult-to-control process. Lack of adequate
knowledge of anaerobic digester microbiology and robust operational data
significantly hampers the digestion model being fully explained.
The aim of this paper is to collect operational data of the effect of ammonia inhibition
in anaerobic digestion process to present a comparative summary of previous and
current research on ammonia inhibition focusing on: (1) factors affecting inhibition,
(2) the ammonia inhibiting levels, (3) mechanisms of inhibition.
Ammonia inhibition in thermophilic digestion has been widely studied, while there
are very few data on ammonia inhibition in mesophilic digestion. This study also
includes an experiment in mesophilic condition, aiming to define the collapse
concentration of ammonia inhibition, and trying to look into the mechanism from a
different angle.
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2. Materials and Methods
2.1 Reactor
The experiments were performed in single unit reactors of sealed 1000 ml bottles,
which were placed in a temperature controlled room at 37°C. The reactors were
connected with U-shaped tubes on top of the bottle cap. Each U- shaped tube
contained a 20 cm water column isolating the reacting chamber. It is also equipped
with a gas collector on the other side to detect the gas emitted against the air pressure
throughout the water column.

2.2 Materials
2.2.1 Substrate
Swine manure is derived from a farm nearby Halmstad with its fundamental
properties offered. Detail properties are showed in Table.2
2.2.2 Inoculum
The reactors were inoculated with inoculum from a full scale farm based mesophilic
continuous stirred tank reactor digesting cattle manure, fruit waste and ley. Detail
properties are showed in Table.2
Table. 2 Fundamental properties of substrate and inoculum.
TAN
(mg NH4+-N/ml)

TKN
(g-N/litre)

TS(%)

VS
(% of TS)

C/N ratio

Swine
manure

32.4

3.5

5.8

81

11.7

Inoculum

4.5

-

3.2

73

9.8

2.2.3 Ammonium chloride
The ammonium chloride used is chemical pure powder produced by J.T. Boker LTD
Holland.
2.2.4 Measurement of ammonium concentration in swine manure
2.5 g of swine manure sample was taken and dissolved into 50ml of 1M KCl. The
sample flask was then put on a shaking table for 2 hours to guarantee a complete
dissolving. Subsequently, the solution was filtered and then diluted with distilled
water at the ratio of 1:1. The ammonium concentration in diluted solution was
detected by Hach lange DR2800.

2.3 Experiment design
The experimental series consists of 9 bottles seperated in 2 series. The reference bottle
was filled in 100 ml of swine manure, 200 ml of inoculum and 500 ml of water,
making its total ammonium nitrogen (TAN) 5.2 g NH4+-N/l.
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The rest of the reacting bottles were also filled with same materials but with extra
NH4Cl powder addition in certain amounts. In the first series, bottles of total
ammonium nitrogen (TAN) 7.2 g NH4+-N/l, 9.2 g NH4+-N/l, 11.2 g NH4+-N/l, 13.2 g
NH4+-N/l, 15.2 g NH4+-N/l, were prepared and performed along with the reference.
After the first series was completed, the second series with bottles of total ammonium
nitrogen (TAN) 6.2 g NH4+-N/l, 8.2 g NH4+-N/l, 10.2 g NH4+-N/l, was prepared and
performed.
Addition of NH4Cl is to adjust the NH4+ concentration in reactor. The functional
group of additive could be considered as NH4+ only, as Cl- is reportedly non-inhibitory
to anaerobic digestion. (Lay et al., 1998).
Bottles are settle in the thermostat at 37°C consistently for 23 days reaction.
Experiment duplicates bottles of 5.2 g NH4+-N/l, 9.2 g NH4+-N/l, 15.2 g NH4+-N/l
were kept in the same condition parallel to reacting bottles. This enabled the detection
of pH variation during the digestion simultaneously. Gas content and pH is
periodically detected by GC (VARIAN CP-3800) and pH meter respectively.
Table.3 (a) Composition of experiment bottles in first series.
Bottle

Ref

1

2

3

4

5

Water (ml)

500

500

500

500

500

500

Inoculum (ml)

200

200

200

200

200

200

Pig manuare (ml)

100

100

100

100

100

100

0.000

6.113

12.226

18.339

24.453

30.565

5.2

7.2

9.2

11.2

13.2

15.2

NH4Cl addition (g)
Estimated ammonium
concentration
(g NH4+-N/l)

Table.3 (b) Composition of experiment bottles in second series.
Bottle

2

4

6

Water (ml)

500

500

500

Inoculum (ml)

200

200

200

Pig manuare (ml)

100

100

100

3.057

9.171

15.285

6.2

8.2

10.2

NH4Cl addition (g)
Estimated ammonium
concentration
(g NH4+-N/l)

2.4 Calculation of methane production
The methane production is
CH4 g/VS=Vtotal gas production*(Methane content)/Msubstrate*TS*VS
Msubstrate is the amount of swine manure added in the bottle.
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3. Results
From the presented graph of gas production (Fig.2), it can be seen that gas production
increased sharply during the first days of digestion and then decreased gradually
afterwards. Gas production of the reference bottle with 5.2 g NH4+-N/l peaked at the
day 11 when 270 ml gas was produced while the bottle with NH4Cl addition resulting
in 11.2 g NH4+-N/l peaked at day 16 when 92 ml gas was produced. Gas production in
the bottle with 13.2 g NH4+-N/l started to produce gas very late in day 13. It could be
seen that the gas production was delayed in time and also decreased in amount with
the NH4 concentration increase.

Daily gas production
300

ref. 5.2 g NH4+-N/L
7.2 g NH4+-N/L

(ml)

200

9.2 g NH4+-N/L

100

11.2 g NH4+-N/L
13.2 g NH4+-N/L

0

15.2 g NH4+-N/L

1

4

7

10 13 16 19 22
days

Fig.2 Gas production curve in each day in different ammonium concentrations.

(ml)

Cumulative gas production
3,000
2,500
2,000
1,500
1,000
500
0

ref. 5.2 g NH4+-N/l
7.2 g NH4+-N/l
9.2 g NH4+-N/l
11.2 g NH4+-N/l
13.2 g NH4+-N/l
15.2 g NH4+-N/l

1 3 5 7 9 11 13 15 17 19 21 23
days
Fig.3 Cumulative gas production curve in each day in different ammonium concentrations.
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In Fig.3, the cumulative gas production is shown to increase with time but at a
slower rate when NH4Cl addition increased. The reference bottle of 5.2 g NH4+-N/l
had 2475 ml of gas production while the bottle of 7.2 g NH4+-N/l had only 1584 ml of
gas production. On the other hand, the bottles of 13.2 g NH4+-N/l and 15.2 g NH4+-N/l
did not show significant gas production.

Methane production

(ml/g VS)

400.0
300.0

299.0
200.0

200.0

208.0
76.0

100.0
0.0
ref. 5.2

7.2

9.2

11.2

4.0

0.4

13.2

15.2

+

Ammonium concentration (g NH 4 -N/l)

Fig.4 (a)Methane production in different ammonium concentrations in the first series.

Methane production

(ml/g VS)

400.0

343.0
256.0

300.0

185.0

200.0
100.0
0.0
6.2

8.2

10.2
+

Ammonium concentration (g NH 4 -N/l)

Fig.4 (b)Methane production in different ammonium concentrations in the second series.

Bottles with 6.2 g NH4+-N/l, 8.2 g NH4+-N/l and 10.2 g NH4+-N/l are from the second
series (Fig.4b) of the experiment. The methane production performed generally better
in this experiment compared to the first series (Fig.4a). However, the overall
decreasing trend of methane yield against ammonium increase is still evident.
Methane production exceeded 300 ml/g VS at lower ammonium concentrations and
200 ml/g VS at medium ammonium concentration respectively. According to Fig.4, a
drop-off edge of methane yield could be set to 11.2 g NH4+-N/l, as that of 13.2 g
NH4+-N/l showed a complete failure in methane production.
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Methane content
80.0
ref. 5.2 g NH4+-N/l

60.0

7.2 g NH4+-N/l
9.2 g NH4+-N/l

%

40.0

11.2 g NH4+-N/l

20.0

13.2 g NH4+-N/l
15.2 g NH4+-N/l

0.0
1

3

5

7

9 11 13 15 17 19 21 23
days

Fig.5 Methane content change through out the digestion.

When the ammonium concentration was 5.2 g NH4+-N/l, it is clear that methane
content in percent of total gas yield showed an increasing curve trend, peaking at the
days in between 15-20 days, which is recognized as the methanogenic period (Fig.5).
Methanogensis also was delayed when the ammonium concentration increased,
showing the same behaviour as total gas production. Decreasing methanogenesis was
observed in the end of the experiment at lower ammonium concentration. Compared
with Fig.2, it seems that methane content has a similar trend with daily gas production
increasing, but peaking at 6-8 days later after gas production rate reached the
maximum. Furthermore, it seems that methane content shown in Fig.5 could reach the
methane percentage of 70% independent of the increasing ammonium additions up to
9.2 g NH4+-N/l.
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pH changes in digestion
8.50
8.00
pH

ref. 5.2 g NH4+-N/L

7.50

10.2 g NH4+-N/L

7.00

15.2g NH4+-N/L

6.50
1 3 5 7 9 11 13 15 17 19 21 23

days
Fig.
Fig.66 pH change during anaerobic digestion under different ammonium concentrations.

pH showed a sharp drop during the first days due to acidification during the
hydrolytic period and a recovery to different extent afterwards (Fig.6). Surprisingly, a
sharp drop of pH also occurred in the bottle of 15.2 g NH4+-N/l where there was
neither gas production nor methane production. This could be attributed to a possible
hydrolysis operation also under high NH4+ exposure.
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4. Discussion
4.1 Scum and foam
It has been reported that using anhydrous ammonia helps dissolving scum layers in
the digester (Gerardi, 2003). In this experiment, it has been observed that addition of
less than 1.0 g/l NH4Cl could effectively remove the scum layer above the liquid
phase. Foam-forming is due to the growth of filamentuous microorganisms with
occurrence of a small quantity of oxygen (Deublein and Steinhauser, 2008). The
principle of foam solving by ammonia addition has not yet been well explained. It
could be assumed as a competitive inhibition of denitrifying filamentuous bacterias by
stimulated nitrifying bacteria's growth profit from ammonium salts (Deublein and
Steinhauser, 2008).
Since that NH4Cl could dissolve the foam soon after addition even in small amount,
lasting through the entire digestion, gas production trapped in the foam layer could be
liberated. This phenomenon could be further studied and applied in low nitrogen
digestion where feasible if NH4Cl can reduce scum and foam layer efficiently in slight
amount practically.

(a)

(b)

Fig.
Fig.66 (a)Reacting bottle of no NH4Cl addition after 10 days of digestion;
reacting bottle of 0. 8g NH4Cl addition after 10 days of digestion.
(b)
b)reacting

4.2 Digestion performance
It has been reported that the anaerobic treatment of swine manure is often
unsuccessful due to high ammonia levels (Farina et al., 1988). In this experiment,
diluted manure produced biogas successfully with the highest cumulative methane
content of 70% and 343 ml/g VS of methane yield. This is in line with previous
studies (Kayhanian, 1999; Callaghan et al., 1999), showing dilution is a valid
counteracting method for nitrogen-rich digestion.
Methane yield started to drop dramatically at the point of 10.2 g NH4+-N/l and showed
almost no yield when NH4Cl concentration was raised to 13.2 g NH4+-N/l high. This
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corresponds with Parkin and Miller's reserach in 1982 (healthy digestion under 9.0 g
NH4+-N/l of TAN) conducted in the same condition after acclimated. Both the
methane content and methane yield from this experiment is higher than some other
experiment results conducted in larger scale (Borja, 1996) at same amount of
ammonium load. This was probably because of the small scale of the experiment and
sufficient dilution. As for the stability of digestion experiment, addition of ammonium
nitrogen maintained pH and stabilized the system throughout the process. pH was in
between 7.02 and 7.96 in all assays. Many studies has showed that pH in digestions of
nitrogen-rich content could be maintained in the range 7.2-7.7 without any of
buffering agent addition due to the high self-supplied alkalinity (Guerrero, 1999).
Therefore, in this case, extra addition of ammonium agent for adjustment of alkalinity
is not necessary since pH fluctuation detected in the experiments resembles each other
and no sharp difference exists across the ammonia increase.

4.3 Inhibition mechanism
4.3.1 Hydrolytic bacteria
About a 0.4 drop of pH has been obseved in all bottles indicating acidification within
the first 8 days of digestion. Notably the sharp pH drop did not diminish and yet did
not show obvious recovery in the high exposure of 15.2g NH4+-N/l NH4Cl even
though the gas production in the reactor had stopped. This indicates that acid
accumulation exists in substantial alkaline NH4Cl presence, which strongly supports
the idea that the hydrolyic bacteria are not sensitive to NH4Cl exposure tolerating high
NH4+ concentration where both acidogenesis and methanogensis shows no activity.
As for the mechanism of this inhibition, Angelidaki et al. (1993) proposed that
volatile fatty acid inhibits hydrolysis as a feedback inhibition effect of high
ammonium load. But later it was found unfit in the hydrolysis model (Vavilin et al.
1996). Romsaiyud et al. (2009) suggested that enzymatic hydrolysis mainly depends
on pH and acetate accumulation. In the experiment, excess presence of ammonia does
not affect hydrolytic dynamics completely, especially in the bottle of 15.2g NH4+-N/l
where pH is stable and acetogenesis was failed. The hydrolysis is a very complex
system with multiple factors generated during the processes, rendering it having no
strong preference to inhibitors (Gan et al., 2003). Presumably enzymatic hydrolysis is
not impacted from ammonia since its extensive complexity and microorganism
diversity.
4.3.2 Acidogenic bacteria
In the bottle of 15.2g NH4+-N/l NH4+, pH dropped with no gas production, indicating
the failure in acidogenesis.
Ammonia impact on acidogenic bacteria remains unclear, it has not yet been shown
that anaerobic digestion can completely adapt to high free ammonia concentrations. It
can be seen from the result that the gas production is delayed and reduced with the
ammonium addition increases. There is only 690 ml of gas produced in bottle of 11.2
g NH4+-N/l while methane content is still as high as 51,9%, which rules out the
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possibility of single methanogenic failure, indicating that acidogenesis was decreased
in relation to rising ammonium concentration.
Contrary to many thermophilic studies, acidogenesis inhibition from ammonium
addition was observed in this experiment. There has been reported that in
thermophilic acidogenic culture, acidogenic bacteria could be adapted to almost 10
times more efficienct in 140 hours while the bacteria does not show evident increase
in mesophilic temperature (Shin et al., 2004). Other researchers have also observed
that the production of volatile fatty acids was hardly affected by high ammonia
concentrations based on series of thermophilic assays (Angelidaki and Ahring, 1993;
Sung et al., 2003). Therefore, the conception that ammonia inhibits solely
methanogenesis in thermophilic temperature has been widely accepted. However, in
thermophilic condition, acidogenic inhibition may still exist in a microscale but might
be difficult to detect due to massive volatile fatty acid accumulation and background
noise. In mesophilic temperature where acidogenesis is not sufficient, inhibition on
the acidogenic stage could result in the methanogenesis being delayed. When looking
at Fig.3 and Fig.5, it seems that acidogenic activity affects methanogenic activity in
direct proportion, which sets up the idea that methanogenesis is dependent on
acidogenesis to a great extent in mesophilic digestion. It could be suggested that
ammonia inhibition in thermophilic and in mesophilic condition may show difference
in principle. However, whether the collapse range from 11.2 g NH4+-N/l to 13.2g
NH4+-N/l belongs to acidogenic failure remains to be studied.
4.3.3 Methanogenic bacteria
According to the experiment, all the digestion stages showed production when
exposed to NH4+. Both acetogenic and methanogenic microorganisms have a long
period of regeneration, 84 hours and 12 days respectively. It seems impossible to
produce the same high content of methane after 23 days exposure if NH4 addition
causes any population loss. Therefore, the NH4+ inhibition was not assumed to be
toxic enough to cause mortality. Previous studies have shown that ammonia inhibition
is generally reversible 24 hours after high ammonia concentration is removed
(Deublein and Steinhauser, 2008), which further indicates ammonium-nitrogen is not
fatal to either acetogenic or methanogenic flora.
It has been reported that ammonia inhibition is mostly inhibitory to methanogenic
bacteria compared to acidogenic and acetogenic bacteria in thermophilic temperature
(Koster and Lettinga, 1988; Kayhanian, 1994; Gallert and Winter, 1997). However, in
this experiment methane showed a reduced production and a delay along with
acidogenesis. But the production ended up in high methane content in concentration
lower than 11.2 g NH4+-N/l, indicating a good performance of methanogenic bacteria
at high ammonia levels contrary to findings in thermophilic temperature.
It can be seen in Fig.5 that there is a delay on methanogensis upon delayed gas
production, indicating that cumulative methane production decrease is an inhibition
effect from all the stages of the digestion process. This is in line with two previous
interpretations. One is that the susceptibility of methanogens to toxic compounds is
much greater than that of bacteria (Calli et al., 2005). The other one is that acidogenic
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methane production decreases as enhancement result of former hydrolysis and
acidogenesis inhibition (Guerrero et al., 1999). In Fig.5, methane content seems to be
able to reach the same high percentage around 70% independent of ammonium
concentration increase in the experiments. This indicates that certain methanogenic
bacteria can produce propotional biogas from certain substrate and ammonium
addition could slow down its growing rate.
In the experiment, as ammonia was added at first place, methanogenic bacteria was
subjected to high ammonia concentration before the growth period in the last days of
digestion. The exposure to high ammonia concentration throughout the digestion
induced its tolerance to ammonia and developed a faster growth rate in
methanogenesis, which can be a possible explanation for the final high methane
contents.
Among many acclimation reports, one of the most successful acclimation assays is
from Koster and Lettinga (1988), reporting methane could be produced up to 11 g
NH4+-N/l high after acclimation. Besides, there is few tolerance cases exceeds the 11
g NH4+-N/l limit both in mesophilic and thermophilic temperatures. The results shows
that the ammonia concentration of 11g NH4+-N/l is the tolerance limit of
methanogenic bacteria in this experiment.
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5. Conclusion
Conclusionss
�

NH4Cl seems to be an effective chemical agent for removing foam and scum in
digester.

�

NH4Cl addition inhibits the digestion with an increasing effect until a collapse of
methane production is observed between 11.2 g NH4+-N/l and 13.2 g NH4+-N/l.

�

pH dropped in all the bottles observed indicating acidification exists in all the
bottles.

�

Both gas and methane production is delayed with the increasing NH4Cl addition.

�

Methanogenesis could produce the same high percentage of methane although
increasing ammonium concentrations inhibited gas production.

�

Contrary to findings in thermophilic digestion, ammonium inhibition in
mesophilic temperature seems to affect the digestion in general rather than
methanogenesis alone.
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