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Abstract
Ammonia emissions are a major problem associated with animal slurry
management, and solutions to overcome this problem are required worldwide by
farmers and stakeholders. An obvious way to minimize ammonia emissions from slurry
is to decrease slurry pH by addition of acids or other substances. This solution has been
used commonly since 2010 in countries such as Denmark, and its efficiency with regard
to the minimization of NH3 emissions has been documented in many studies.
Nevertheless, the impact of such treatment on other gaseous emissions during storage is
not clear, since the studies performed so far have provided different scenarios.
Similarly, the impact of the soil application of acidified slurry on plant production and
diffuse pollution has been considered in several studies. Also, the impact of
acidification upon combination with other slurry treatment technologies (e.g.
mechanical separation, anaerobic digestion...) is important to consider. Here, a
compilation and critical review of all these studies has been performed in order to fully
understand the global impact of slurry acidification and assess the applicability of this
treatment for slurry management.
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1

Introduction
The increased demand for food worldwide has led to the intensification of livestock

production over the last few decades. One consequence is the increase of animal manure
production, namely slurry (liquid manure) in pig and cattle units and poultry litter, that
obliges farmers to consider new strategies for manure management in order to minimize
its environmental impact and increase its fertilizing value (Petersen et al., 2007).
Ammonia (NH3) emission is a major problem when considering manure
management due to its impact on the environment (McCrory and Hobbs, 2001; Erisman
et al., 2008) and on humans and animal welfare (ECETOC, 1994; Colina et al., 2000;
Ritz et al., 2004). Emissions of NH3 from barns and slurry stores represent up to 80% of
the total NH3 emissions from agricultural activities (Anderson et al., 2003).
Furthermore, during and after slurry application to soil, more than 50% of the applied N
can be lost by NH3 emissions. These NH3 emissions also correspond to a significant loss
of NH4+ (Misselbrook et al., 2002; Huijsmans et al., 2007), that strongly reduces the
fertilizer values of slurry (Sørensen and Amato, 2002).
In some European countries, animal production is controlled by the potential NH3
release, and mitigation solutions are now compulsory. Several solutions, such as diet
manipulation (Portejoie et al., 2004; Aarnink and Verstegen, 2007), covering of the
storage tanks (Portejoie et al., 2003; Balsari et al., 2006), and slurry injection for slurry
application to soil (Webb et al., 2010), have been proposed to minimize NH3 emissions
and their efficiency has been reviewed recently by Ndewga et al. (2008). However,
these techniques do not cover the whole slurry management chain (abating gaseous
losses in one part of the chain – e.g. the storage pit - may increase the emission in other
parts, e.g. land application) and the efficiency of such solutions varies depending on a
wide range of factors such as the slurry and soil characteristics.
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A simple way to avoid NH3 emissions is to create conditions that minimize the
concentration of NH3 relative to NH4+, namely by lowering the slurry pH. This process,
called slurry acidification, has been developed and tested over the last 30 years and is
now running at the farm scale in a limited number of countries, such as Denmark.
Farmers are motivated to adopt this treatment because of: the permission of authorities
to expand farm production due to the guaranteed reduction in NH3 emission, the lack of
requirement for sub-plowing after slurry application (Christensen and Sommer, 2013),
and increased crop yield (Birkmose and Vestergaard, 2013). In other countries, by 2012,
such farm-scale application of acidification was absent or very limited.
Many studies have been conducted to assess the efficiency of slurry acidification
with regard to the reduction of NH3 emissions. But lowering the pH will impact
multiple chemical and microbial processes in the slurry, changing the composition of
the acidified liquid manure. In consequence, slurry acidification might increase the
emissions of other gases, such as nitrous oxide or methane, and, after soil application,
the fertilizer value of the acidified slurry as well as the associated nitrogen or carbon
dynamics might differ from patterns already known for non-acidified slurry (Wenzel
and Petersen, 2009). Finally, contrasting results relative to non-acidified slurry might be
expected following the application of other technologies, such as solid-liquid separation
or anaerobic digestion, to acidified slurry. The literature on all these aspects is still
limited and needs to be compiled. A clear overview of the existing knowledge of slurry
acidification - highlighting the advantages and limitations - is needed, to improve the
acidification process and stimulate the adoption of this mitigation technology.
The aim of the present review is to clearly describe the processes available for slurry
acidification and to highlight the main differences along the slurry management chain
between acidified and non-acidified slurry.
4

2
2.1

Technologies
Additives and target pH
The concept of reducing slurry pH to abate nitrogen losses to the air relies on the

equilibrium between NH4+ dissolved in the slurry and NH3 (Fig. 1-A). This reduction is
achieved by slurry amendment with natural or chemical additives (Table 1).
Strong acids are the additives used most commonly (Eq. 1): in particular, sulfuric
acid is used by all the companies dealing with slurry acidification, but HCl and HNO3
have been tested also. Some limitations to their use, such as their relatively high cost,
corrosiveness, and hazards to animal and human health, are important issues that need
to be improved (Rotz, 2004).
NH! (g) + H # (aq) ↔ NH$# (aq)

(1)

A base precipitating salt, such as aluminum chloride, can also be added to lower the
pH (Eq. 2). The added salt becomes a hydroxide after dissolution in water, the proton is
liberated, and the reaction described in Eq. 1 can occur.
AlCl! (s) + 3 H% O (l) ↔ Al(OH)! (s) + 3 HCl (aq)

(2)

Easily fermentable materials have also been tested for their ability to lower slurry
pH. Such materials reduce the pH of the slurry as they stimulate endogenous anaerobic
microorganisms to produce organic acids (McCrory and Hobbs, 2001; Berg and
Pazsickzi, 2006). For example, added glucose can be converted, through microbial
fermentation, into lactic acid (Eq. 3) and reaction 1 then occurs.
C& H'% O& (aq) → CH! CHOHCOOH (aq)

(3)
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The target pH ranges from 4.5 to 6.8 and the choice of a specific pH depends on
several factors, such as the type of slurry, the acid/salt used, and the step of the slurry
management chain at which the acidification is performed (Table 1). A pH of 5.5 is the
selected target for commercial in-house acidification systems (Infarm A/S, 2014). We
have therefore used this value for examples in this paper.

2.2

Acidification methodologies

The technologies available for acidification of animal slurry during the three major
management steps are:
1 - In-house acidification, considered a long-term acidification (Fig. 2) (Jensen,
2002; Kai et al., 2008, Wesnæs et al., 2009; Petersen et al., 2012; Infarm A/S, 2014;
Jørgen Hyldgaard Staldservice A/S, 2014). The additive (sulfuric acid) is applied
on a daily or weekly basis to the slurry, in-house. The slurry is typically flushed
from the slurry channels into a treatment tank; acid is added under stirring to reach
a fixed pH level. Aeration is performed simultaneously to avoid foaming. Part of
the slurry is returned to the slurry channels, and part is discarded in a storage tank.
2 - Storage tank acidification, considered a short- or long-term acidification
depending on its timing (Fig. 3) (Velthof and Oenema, 1993; Fangueiro et al., 2010
and 2013; Petersen et al., 2012; Nyord et al., 2013; Harsø Maskiner A/S, 2014;
Oerum Smeden, 2014). The additive is added to the storage tank or lagoon under
heavy mixing. Foam is produced upon the addition, and its removal is the main
constraint of this process. Acidification can be performed shortly before collection
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of the slurry for field application or several months before application (reacidification may be necessary).
3 - Acidification at field application, considered a short-term acidification (Fig. 4)
(Birkmose and Vestergaard, 2013; Gyldenkaerne, 2013; Nyord et al., 2013;
Biocover A/S, 2012; Kyndestoft Maskinfabrik Aps, 2014). The additive is applied
to the slurry immediately before soil application, in a static mixer installed in the
output of the slurry tanker.
Additional acidification techniques include self-acidification (Clemens et al., 2002)
and the use of animal fodder additives (Li et al., 2006; Eriksen et al., 2010; Nørgaard et
al., 2010) but, in the present paper, only the three previously mentioned technologies
involving acid addition will be covered since they are the most widely used and studied.
Efficient and safe solutions for slurry acidification at the farm and field scale have
been proposed by private companies, and slurry acidification has the potential to
become a key solution for slurry management. Acidification became a full-scale
commercial operation in Denmark in 2003. By 2012, approximately 10% of Danish
slurry was acidified, with a continued increase expected for the coming years. By 2012
the minimum numbers of operating units in Denmark, for field application acidification,
storage tank acidification, and in-house acidification were 100, 60, and 110,
respectively (Birkmose and Vestergaard, 2013).

3

Slurry processes and slurry composition
Animal slurry is a chemically complex mixture of suspended particles and dissolved

and volatile compounds that can be released into the gas phase. Multiple chemical,
physical, and biological processes occur in slurry and many of these are influenced by
7

pH changes (Christensen and Sommer, 2013; Jensen and Sommer, 2013). Therefore,
changes in slurry characteristics after acidification are expected.

3.1

Chemical characteristics

3.1.1

Acid, base, and buffer

The speciation of acids and bases is controlled by their pKa values and is therefore
pH dependent (Eq. 4). In animal slurry, there are primarily six acid-base pairs:
NH4+/NH3, H2CO3/HCO3-, HCO3-/CO32-, RCOOH/RCOO-, H3PO4/H2PO4-, H2PO4-/
HPO42-, HPO42-/PO43-, H2SO4/HSO4-, HSO4-/SO42-, H2S/HS-, and HS-/S2- (Christensen
and Sommer, 2013).
At pH 7, the dominant species are NH4+, HCO3-, RCOO-, H2PO4-, SO42-, and HS-.
The relative content of the acid (HA) of the compound A (base) can, for monoprotic
acids, be calculated by assuming standard chemical conditions in manure:
["#]
["#]%[#&]

=

'(!"# /'(!"$%
'(!"# /'(!"$% %'

(4)

with [x] being the concentration of the compound x, and pKa being the pKa value for
the acid/base pair. When lowering the slurry pH from 7.5 to 5.5, the relative acid
content is strongly modified, with changes from 98.00% to 99.98 % for NH4+, from 9%
to 91% for H2CO3, from 26% to 97% for H2S, and from 0.2% to 15.0% for RCOOH
(Eq. 4), while, H3PO4 and H2SO4 remain residual.
All these transformations are due to fast reactions and should therefore be observed
with both short- and long-term acidification technologies.
Animal slurries have a strong buffer capacity that has to be considered when
acidification is performed (Sommer and Husted, 1995). On the one hand, it will affect
8

the amount of acid required and, on the other, the buffer capacity can be affected by
such addition. Indeed, as can be seen in Figure 5, calculated from data in Sommer and
Husted (1995), the buffer capacity of slurry varies significantly with pH. It is of note
that when acidification is performed by the addition of a strong acid, such as sulfuric
acid, the amount of this buffer will increase, while the content of other buffer
components, such as carbonate, will decline (see section 3.1.3).

3.1.2

Inorganic compounds

The main inorganic components of animal slurry include Fe, Al, Zn, Cu, P, Mg, Ca,
NH3, and H2CO3 (Sommer and Husted, 1995). These can be found in solution, adsorbed
onto particulate matter, or precipitated. Struvite (MgPO4NH4) and dicalcium phosphate
(CaHPO4) are the main precipitates in animal slurry (Gungor et al., 2007). But,
precipitations are pH dependent, with most precipitates being dissolved at low pH
values. For example, Ca is fully precipitated as CaCO3 at high pH and as CaHPO4 at
medium pH, but is mostly dissolved as Ca2+ at low pH (Lindsay, 1979).
Previous studies (Fangueiro et al., 2009; Daumer et al., 2010; Roboredo et al., 2012)
observed almost complete dissolution of slurry P when lowering the pH, and part of this
has been attributed to dissolution of struvite (Christensen et al., 2009). The acidified
slurry thus has higher concentrations of dissolved inorganic compounds - relative to
untreated slurry - with positive impacts on its fertilizer value, namely phosphorus
(Roboredo et al., 2012). The decrease of slurry pH is generally accompanied by an
increase of its conductivity, due mainly to the dissolution of minerals (Hjorth et al.,
2013). Because the chemical reactions are rapid, the dissolution of the inorganic
minerals may occur for both the short- and long-term acidification technologies.

3.1.3

Organic matter degradation
9

The enzymatic and microbially controlled degradation of slurry organic matter
under

anaerobic

conditions

rely

on

hydrolysis,

acidogenesis,

acetogenesis,

methanogenesis, and sulfate reduction. Recent studies (Hjorth et al., 2013) indicated
that hydrolysis may be accelerated at lower pH, and changed from being enzymatically
mediated to being chemically catalyzed. Sulfuric acid addition has also been indicated
to decelerate all the other microbial pathways, acidogenesis (Hjorth et al., 2013),
acetogenesis (Sørensen and Eriksen, 2009; Hjorth et al., 2013), and methanogenesis
(Ottosen 2009; Petersen et al, 2012). In some studies, sulfate reduction has been shown
to be unaffected, whereas in others it decreased (Eriksen et al., 2012; Hjorth et al., 2013;
Dai and Blanes-Vidal, 2013). Indeed, it is well known that enzymes are pH selective,
since the active site charges and the steric structures can change with pH. Similarly,
microorganisms are pH sensitive and, in some pH intervals, no alternative microbial
community exists. Ottosen (2009) observed a lower oxygen consumption rate of
acidified slurry relative to untreated slurry, indicating changes in the biological
pathways. Furthermore, as previously referred to, the concentrations of some inhibitory
substances, including protonated acids, can vary with pH. These changes in the
degradation pathways of acidified slurry have a direct effect on the slurry composition.
with a higher content of large, dissolved organic compounds and lower contents of nondissolved and small, dissolved organic compounds. Microbial reactions are often slower
than chemical reactions; thus, the changes in the pattern of organic matter degradation
are likely to be relevant only for long-term, continuous in-house and storage tank
acidification performed long before application, but not for short-term storage tank
acidification or acidification at field application.

3.1.4

Microbial/pathogens
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As evident from the impact of slurry acidification on the degradation patterns of the
organic matter, the microbial community must also be influenced or, at least, changed in
its activity levels by acidification (Ottosen et al., 2009). However, only a limited
number of studies (Ottosen et al., 2009; Zhang et al., 2011) can be found in relation to
the impact of slurry acidification on the composition and activity of the microbial
community. Ottosen et al. (2009) reported that slurry acidification greatly reduced the
microbial activity, while Zhang et al. (2011) observed, in some specific conditions, a
weaker effect of acidification on species of pathogenic bacteria. Nevertheless,
acidification is commonly used for disinfection of poultry litter. The effect of poultry
litter acidification on the decrease of pathogen persistence is not consensual. Line and
Bailey (2006) observed no significant effect of litter acidification on Campylobacter
spp. populations and Salmonella spp. However, Rothrock et al. (2008) reported that
litter acidification significantly affected the microbial community, reducing the presence
of some groups and increasing others. Indeed, one result of acidification was a 3-4 order
of magnitude increase in the concentration of fungal urease and uricase producers (Cook
et al., 2008; Rothrock et al., 2008). There is a significant lack of knowledge regarding
the impact of slurry acidification on the microbial community and pathogens that needs
to be overcome since microbial activity rules many slurry processes and needs to be
understood to allow improvements of the acidification process; for example, in regard to
possible subsequent biogas production.

3.2

Physical properties
The physical properties of slurry, controlled by the chemical properties affected by

pH, can disturb the soil application process. The color of acidified manure is less brown
and more greyish (Infarm A/S, personal communication), likely due to the increased
hydrolysis of organic matter. The particle surface charges have been observed to be less
11

negative upon acidification (Zhu et al., 2012; Hjorth et al, 2013), which is reasonable as
the majority of acid-bases have fewer charges after protonation. Recent studies (Hjorth
et al., 2013) showed that acidified slurry contains fewer particles < 0.05 mm than
untreated slurry, which can be explained by particle aggregation due to there being less
electrostatic repulsion between particles under the conditions of higher conductivity and
less negative surface charge. This is supported by observations of lowered viscosity
(Infarm A/S, personal communication; Hjorth et al., 2013). However, the data available
on particle sizes in acidified slurry are still limited and do not reach similar conclusions.
Similarly, the effect of slurry acidification on dry matter content is also not consensual,
with some studies reporting an increase and others a decrease (Eriksen et al., 2008;
Fangueiro et al., 2009; Kai et al., 2009; Fangueiro et al., 2010; Moset et al., 2012a;
Eriksen et al., 2012; Fangueiro et al., 2013; Hjorth et al., 2013).

4
4.1

Gaseous emissions
Theoretical aspects
The pH has a large influence on the gaseous emissions of acid-base compounds,

since these emissions are related linearly to the content of the potentially released
compounds. For a pH decrease from 7.5 to 5.5, the concentration of the gaseous acidbase compound decreases from 1.8% to 0.02% for NH3 and increases from 9% to 91%
for H2CO3, from 0.2% to 15% for RCOOH, and from 26% to 97% for H2S. It is of note
that H2CO3 is not directly released but controls the CO2 emissions. Thus, based only on
this calculation, lowering the slurry pH from 7.5 to 5.5 would lead to a decrease of the
NH3 emission to only 1% of the normal emission. However, it would increase the
emissions of H2S (3 times greater), CO2 (10 times greater), and volatile fatty acids (100
times greater). Nevertheless, the transfer through the slurry-air interface - which
12

depends on the slurry viscosity, air velocity over the slurry surface, and temperature has also to be considered, particularly when considering gaseous emissions during
storage. An increase in the absolute gaseous emissions is to be expected, since acidified
slurry generally has lower viscosity.

4.2

Real measurements
Ammonia, methane, and carbon dioxide are emitted during all three steps of the

slurry management process: in the barn, during storage, and after soil application.
However, it has been shown that denitrification and nitrous oxide emissions from slurry
stores are very limited and can be discounted (Sommer, 1997; Sommer et al., 2000;
Dinuccio et al., 2008). Therefore, we will consider that nitrous oxide is mainly emitted
after soil application whereas H2S and CH4 are emitted exclusively during storage and
in-house. An overview of the effects of slurry acidification on gaseous emissions is
presented in Table 2.

4.2.1

Nitrogen emissions

The main goal of slurry acidification is to minimize NH3 emissions, which should
be reduced due to the higher NH4+/NH3 ratio (Fig. 1-A). For the long-term acidifications
(in-house and early storage tank acidification), the organic matter degradation may be
decelerated (section 3.1.3), lowering the production of total ammonium nitrogen (TAN)
from proteins. However, a change in the TAN production from urea has not yet been
observed.
The lowest pH values tested range from 4.0 (Stevens et al., 1989) to 4.5 (Hartung
and Phillips, 1994). At these values, less than 1% of the ammoniacal nitrogen was
emitted to the air, compared to non-acidified slurry. Kai et al. (2008) concluded that,
13

when trying to minimize the N losses, slurry acidification is equivalent to or more
efficient than other solutions such as covering the slurry store with leca® pebbles, straw,
natural surface crust, or a PVC cover.
As previously referred to, the efficiency of acidification with regard to reducing
NH3 emissions depends on parameters such as the additive, target pH, slurry type, and
step in the slurry management chain (Ndegwa et al., 2008). Several studies have
confirmed that NH3 emissions are directly related to the final pH of the slurry, following
the addition of the amendment (Stevens et al., 1989; Vandré and Clemens, 1997; Berg,
2003; Dai and Blanes Vidal, 2012; Petersen et al., 2012). The efficiency of the additives
used to decrease NH3 emissions during storage varies significantly. The most efficient
are strong acids such as H2SO4 or HCl (Ndegwa et al., 2008). Berg et al. (2006)
reported that lactic acid reduced NH3 emissions by 65-88%, with pH values between 5.7
and 4.2, whereas nitric acid reduced NH3 emissions by only 29-71% for the same pH
values. Other acidifying agents, such as alum, have been used, mainly with poultry
manure, and gave decreases in NH3 emissions similar to those obtained with strong
acids. The addition of aluminum sulfate to cattle slurry gave decreases in NH3
emissions of 60% at pH 5 (Lefcourt and Meisinger, 2001) and 98% at pH 4.2 (Shi et al.,
2001).
With field application acidification, decreases of NH3 emissions in the range of 4080% with pig slurry (Stevens et al., 1989; Biocover A/S, 2012; Nyord, 2013) and 1580% with cattle slurry (Stevens et al., 1989; Frost et al., 1990; Bussink and Bruins,
1992; Stevens et al., 1992; Pain et al., 1994) can be achieved.
Only a limited number of studies have considered the impact of slurry acidification
on N2O emissions following soil application. Velthof and Oenema (1993) concluded
14

that acidification of slurry with HNO3 led to higher N2O emissions, but they attributed
this to the addition of NO3- via the acid rather than to the pH change. They also
compared two target pH values and stressed the importance of the acidification time:
when acidification was performed immediately before soil application, slurry pH (6 or
4.5) had no effect on N2O emissions, but when acidified one week prior to soil
application, higher N2O emissions were observed from slurry acidified to pH 6 rather
than pH 4.5. Fangueiro et al. (2010) followed the N2O emissions from a sandy soil
amended with acidified or non-acidified pig slurry, or with the liquid and solid fractions
obtained after separation of the acidified and raw slurry. Over the first 47 days of
incubation, lower N2O emissions were observed from the acidified slurry and the liquid
and solid fractions. But later, higher emissions were observed from acidified raw slurry
- whereas emissions from the acidified liquid and solid fractions remained lower than
from the non-acidified liquid and solid fractions, respectively. The authors also reported
that the start of the N2O emissions was delayed for the acidified slurry: as will be seen
later, acidification can delay nitrification and consequently denitrification, the main
source of N2O.

4.2.2

Carbon emissions

Carbon dioxide is a well-known greenhouse gas, but in some studies of slurry
management CO2 emissions are not considered because they belong to the natural
carbon cycle. However, when considering slurry acidification, one has to ensure that
such treatment does not induce an increase in CO2 emissions, although this could be
expected due to the higher H2CO3/HCO3- ratio. For long-term acidifications (section
2.2), the organic matter degradation may be decelerated (section 3.1.3), lowering the
production of carbonate. In contrast, the acidification also causes dissolution of
minerals, increasing the content of dissolved carbonate (section 3.1.2).
15

The emission of CO2 occurs mainly during the acidification process (Dai and Blanes
Vidal, 2013; Fangueiro et al., 2013), when emission rates can be 2-10 times higher than
during the subsequent storage. However, Fangueiro et al. (2013) observed lower CO2
emissions from acidified than from non-acidified slurry over the whole storage period.
Dai and Blanes Vidal (2013) did not find significant differences over 40 days. It is
noteworthy that a larger and faster decay of CO2 emissions is observed in acidified
relative to non-acidified slurry during the first days of storage.
Following soil application, lower CO2 emissions were observed in soil amended
with acidified pig or cattle slurry relative to non-acidified slurries (Fangueiro et al.,
2010; Fangueiro et al., 2013). Acidification may change the dry matter content (section
3.1.5); these authors showed that this effect is more significant in slurries of low dry
matter content. Such decreased CO2 emissions can reflect lower microbial activity in the
soil, with a negative impact on nutrients cycling. Nevertheless, the lower the CO2
emissions, the higher the amount of carbon stored in the soil.
Slurry acidification acts on methanogenesis; therefore, CH4 emissions should be
lowered by long-term acidification treatments, but not by short-term acidification
(section 3.1.3). The reason may be an increased amount of protonated acids, which act
as an inhibitor (Ottosen et al., 2009). Only a few studies have looked at the impact of
acidification on methane emissions during slurry storage. Berg et al. (2006) reported
that slurry acidification decreased CH4 emissions during storage but also that such
decreases did not depend on the target pH below pH 5. The effect on CH4 emissions
depends strongly on the acid used. Published studies targeting different pHs reported
decreases >90% with lactic acid against 67-87 % with H2SO4, 40-65 % with HCl, and
17-75% with nitric acid (Berg et al., 2006; Berg and Paszicki, 2006; Petersen et al.,
2012).
16

4.2.3

Hydrogen sulfide

Hydrogen sulfide emissions were unaffected by acidification in some studies, but in
others showed a decrease (Eriksen et al., 2012; Dai and Blanes-Vidal, 2013; Hjorth et
al., 2013). An increase of H2S emissions has been observed immediately after
acidification (Dai and Blanes-Vidal, 2013); this can happen because existing sulfide is
protonated (Fig. 1-B) and also due to the initiation of mixing (Dai and Blanes-Vidal,
2013). When acidification is performed with H2SO4, an increase of H2S may occur since
the activity of sulfate-reducing bacteria can be stimulated by the addition of inorganic
sulfur (Dai and Blanes-Vidal, 2013). Nevertheless, such bacteria are also sensitive to
pH; consequently, acidification to low pH may limit their activity and hence H2S
emissions (Eriksen et al., 2008). Furthermore, H2S emissions can be avoided by
oxygenation of acidified slurry (Jensen, 2002). Additionally, the lower rate of organic
matter degradation - including protein (section 2.1.3) - may decrease the production of
sulfate and thus sulfide.

5

5.1

Following land application

Plant nutrient availability and crop production
A delay of ammonium N nitrification was observed in soils amended with acidified

slurries, relative to non-acidified ones (Fangueiro et al., 2010; Fangueiro et al., 2013).
This delay lasted for about 20 days, for both pig and cattle slurry. Furthermore, for more
than 60 days, the NH4+ concentration in soil amended with acidified slurry or the liquid
fraction of slurry remained significantly higher than in soil amended with the raw
materials. The reasons for this are not clear and might involve a combination of
nitrification delay, reduction/inhibition of nitrogen immobilization, and stimulation of
organic N mineralization (Fangueiro et al., 2009). The effect of slurry acidification on
17

the mineral fertilizer equivalent (MFE) has been estimated in several studies, but the
results varied significantly (Fig. 6). Sørensen and Eriksen (2009) observed no
significant effects of slurry acidification on the MFE when slurry was incorporated
before sowing a barley crop. However, the same authors reported an increase of the
MFE in a range of 39-63 % for cattle slurry and 74-100% with pig slurry, when
acidified slurry was band applied. Kai et al. (2008) reported a 43 % increase of the MFE
with application of acidified slurry, relative to raw slurry, in a three-year experiment
with a winter wheat and spring barley rotation. These authors also reported that
acidified slurry is easier to handle when used to supply mineral N, since its NH4+
content is more constant relative to non-acidified slurry due to minimal NH3 losses.
This point is essential to increasing the farmer’s confidence in using slurry as a
substitute for mineral fertilizer
Roboredo et al. (2012) followed the dynamics of P in soil amended with acidified or
non-acidified pig slurry, and observed a significant effect of acidification on the P
availability in soil as well as its evolution with time. Slurry acidification increased the
most labile fraction of P and no P immobilization was observed in soil amended with
acidified slurry. Slurry acidification can indeed induce the dissolution of some inorganic
phosphates, leading to higher inorganic P concentrations in the most labile fraction
(section 3.1.2). Petersen et al. (2013) also reported an increase of P availability in soils
amended with acidified slurry, relative to non-acidified slurry.
The content of easily accessible organic matter may increase (section 3.1.3) in soil
amended with acidified slurry. This will impact directly on soil microbial activity and
indirectly on crop production and nutrient removal, since the dynamics of most nutrients
are positively correlated with carbon availability.

18

The increased availability of nutrients in soils amended with acidified slurry led to
significant increases in yields of winter wheat (Kai et al., 2008; Birkmose and
Verstergaard, 2013), spring Barley (Kai et al., 2008), and maize (Petersen et al., 2013).
When applied to permanent grasslands, acidified slurry also increased herbage yields
(Frost et al., 1990; Pain et al., 1994) but, according to Pain et al. (1994), this effect was
observed only at the first cut following autumn application whereas in the remaining
cuts no differences were observed. Nevertheless, more field trials are still needed to
accurately assess this effect.

5.2

Leaching
The speciation of the acid/bases has a significant influence on the chemical system

of slurry, namely its ionic strength, particle surface charges, interactions between
particles and dissolved compounds, and microbial cell membrane transfer. Therefore,
even after soil application, effects of slurry acidification on nutrients leaching can be
anticipated. However, only few data from studies performed in controlled conditions are
available and field-scale data are still missing. Macedo et al. (2013), in a pot
experiment, compared the effects of acidified and non-acidified cattle slurry application
to soil and reported no significant differences between the two treatments on nitrate except during the first 10-15 days, when the NO3- concentration in the soil solution
resulting from the acidified slurry treatment was 10 to 20 times lower. Acidification
strongly increased the P concentration in the soil solution, particularly during the first
20 days after slurry application. Semintela et al. (2013) observed, in a sandy soil, higher
potential nitrate leaching over the first 30 days following application of non-acidified
slurry, relative to acidified slurry, but the opposite was observed after day 30. However,
the same authors did not report significant differences between acidified and nonacidified slurry in a sandy loam soil. Surgy et al. (2013), in a soil column experiment,
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did not observe significant differences in the leachate pH, but leaching of salts and
nitrate was higher in soils amended with acidified slurry.

6
6.1

Potential combination of acidification with other treatment technologies
Slurry aeration
Slurry aeration is applied upon acidification to minimize foaming, though it is

typically applied to stored slurry to induce nitrification-denitrification and to reduce its
odor potential by creating an aerobic environment. Part of the rationale of the odor
reduction derives from a rapid, aerobic biological degradation of the volatile fatty acids
(VFA) contained in slurry – resulting in a reduction of hydrogen sulfide emissions.
Nevertheless, the decrease of the VFA concentration in slurry causes an increase of pH,
thus contributing to increased ammonia losses (Zhang and Zhu, 2005). Therefore,
aeration and acidification may be seen as antagonistic treatments.
Sørensen and Eriksen (2009) showed an insignificant effect of the aeration of slurry
acidified to pH 5.5 with sulfuric acid (3.24 g S kg-1 pig slurry) on slurry total N,
ammonium N, total S, and organic N concentration, when compared to non-acidified
slurry. The same authors also observed no influence of acidification on the content of
VFA. In contrast, Cooper and Cornforth (1978) and Zhang and Zhu (2005) performed
studies under different temperatures, redox levels, and treatment times, and observed a
significant increase of the decomposition of VFA due to aeration of pig slurry.

6.2

Composting
Nitrogen volatilization during composting is highly influenced by the temperature

and pH of the compost (Tran et al., 2011). Despite increased implementation of manure
composting, few data on the effect of acidification on gaseous losses and the N content
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in the final product are available in the literature. Mahimairaja et al. (1994) found that
the addition of elemental sulfur to poultry manure (which reduced the pH to 6.1-6.6)
prior to composting reduced the emission of NH3 (with respect to non-acidified poultry
manure) by 43% to 70% depending on the bulking agent. However, no increase in the
NH4+-N or NO3--N concentration was observed in composted acidified slurry,
suggesting that elemental sulfur addition inhibited the decomposition of uric acid or
promoted N immobilization. Gu et al. (2011) assessed the effect of 0.25%-0.50% sulfur
(dry weight) and 0.25%-0.50% sulfur in combination with Thiobacillus thioparus on the
composting of cattle manure. The pH decreased to 6.0 -6.3 and a significantly-higher
ammonium concentration (with respect to untreated cattle manure) was observed in the
amended composting materials. Nevertheless, the 0.5% treatments represented an
excess of sulfur, as reflected in the temperature and germination indexes. Addition of
CaCl2 or alum to poultry litter or superphosphate Ca(H2PO4)2 to solid pig manure also
decreased NH3 emissions during composting, by 10-74% relative to the controls
(Kithome et al., 1999; Tran et al., 2011)

6.3

Solid-liquid separation
The liquid fraction from wastewater centrifugation has been observed to increase in

volume from 55% to 75% upon lowering the pH from 6.8 to 1.5 (Chen et al., 2001).
Similarly, liquid fractions obtained after slurry separation by screw pressing, decanter
centrifugation, and flocculation + dewatering increased in volume from 82% to 91%,
from 79% to 88%, and from 45% to 56%, respectively, after long-term in-house
acidification from pH 7.0 to 5.3 (Cocolo et al., 2013). Lower dewatering resistance has
also been observed after acidification of sewage sludge, which can be explained partly
by a lower absolute zeta potential (Zhu et al., 2012). In contrast, a short-term
acidification from pH 8.5 to pH 6.0 did not influence the volume of the liquid fraction
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obtained by centrifugation (Fangueiro et al., 2009). The increased volume of the liquid
fraction after in-house slurry acidification seemed to be due to an operationallysimplified settling of the particles and drainage of the liquid fraction (Cocolo et al.,
2013); the long-term acidified slurry showed fewer small particles, decreased liquid
viscosity, and increased filtration velocity. The short-term acidification may not provide
sufficient time for the particle size changes to occur and thus no variation in the liquid
fraction volume was observed. The dry matter content in the liquid fraction from
acidified slurry has been shown to be greater than in the control slurry (Cocolo et al.,
2013; Fangueiro et al., 2009). This can be explained by a more-rapid separation, causing
flushing of nutrients to the filtrate or providing less time for settling of small particles
upon centrifugation. In addition, an increase of ash, volatile solids, and protein was also
observed in the liquid fraction from acidified slurry (Chen et al., 2001; Cocolo et al.,
2013). However, no effect was reported in relation to dissolved components such as
VFA, K, and sulfide. The acidification caused dissolution of minerals (see section
3.1.2); thus, the concentrations of P, Mg, Ca, and dissolved divalent, non-precipitating
ions such as Cu or Zn increased in the liquid fraction (Fangueiro et al., 2009; Cocolo et
al., 2013).

6.4

Anaerobic digestion
Biogas production from H2SO4-acidified animal slurry and its liquid fraction has

been observed to be below that of the non-acidified slurry and liquid fraction,
respectively (Moset et al., 2012a; Sutaryo et al., 2013). This lower biogas production
seems to be due to sulfate inhibition (Colleran et al., 1995; Colleran et al., 1998; Moset
et al., 2012a) or to toxic conditions for some microorganisms, induced by the high
levels of sulfide produced by the sulfate-reducing bacteria. In contrast, biogas
production from the solid fraction of acidified slurry is typically not lower than from the
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non-acidified solid fraction (Sutaryo et al., 2013; Sommer et al., 2014) - probably
because the contents of the dissolved VFA and sulfate in the acidified solid fraction are
low (Sutaryo 2012). Co-digestion of acidified slurry with non-acidified slurry has been
proved to increase biogas production by up to 20%, in a mixture with 10-20% acidified
slurry (Moset et al., 2012a; Moset el al., 2012b). The organic degradation during storage
of the slurry, before feeding it into the biogas reactor, caused an increased content of
easily-degradable organic components (section 3.1.3); this is a likely reason for the
increased biogas production. Hence, co-digestion with acidified slurry must balance the
beneficial increased content of easily-degradable organic components and the
detrimental increased sulfate content. The application of other additives (section 2.1) for
the acidification rather than H2SO4 should not cause sulfate inhibition, but it may cause
other toxicity or microbial competition problems.

7

Conclusions
Acidification of animal slurry has proved to be an efficient solution to minimize

NH3 emissions in-house, during storage, and after soil application, as well as to increase
the fertilizer value of slurry, without negative impacts on other gaseous emissions.
Furthermore, acidification impacts positively on other slurry treatments such as solidliquid separation or composting and, upon the use of a non-sulfur containing additive, it
may also impact positively on biogas production. Nevertheless, acidification of slurry
might induce higher losses by leaching, due to solubilisation of mineral elements.
Today, the main limiting factor of this technology is the handling of concentrated
acid that has to be performed by specialized workers and, in consequence, increases the
cost. Alternatives to concentrated acids already exist but more research is still needed to
improve both their technical and economic aspects. Moreover, the lack of specific
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equipment for the acidification of solid manures and the separated solid fraction
narrows the possible fields of application of the treatment.
More information is needed to have clear evidence that this technology does not
induce any pollution swapping. Since slurry acidification is running successfully in
Denmark, it is realistic that the technology can be applied in many other countries.
However, such dissemination of acidification depends mainly on the country's
legislation that will be altered only with a solid scientific basis. The present review
highlights the lack of information relative to the long-term impact of acidified slurry
application to soil as well as the need for more research on specific topics related with
slurry acidification.
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