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Pig slurry solid-liquid separation is a relatively simple and environmentally friendly
treatment technique. Slurry separation produces a solid fraction rich in dry matter,
phosphorus (P), copper (Cu) and zinc (Zn). As P reserves are finite, the solid fraction can
be a significant resource when used as P fertiliser. The liquid fraction is low in dry matter
content and contains low concentrations of P, Cu, and Zn but due to its high
concentration of inorganic nitrogen (N), it is suitable for application to arable land as N
fertiliser. Lower loads of Cu and Zn would be introduced to arable land by using the
liquid fraction as N fertiliser instead of raw slurry. Slurry separation can be performed as
simple mechanical separation or can include chemical pretreatment. Different separation
methods produce solid and liquid fractions with different chemical, physical and
biological characteristics, which influence their end use potential.
Production of raw slurry and separation fractions is a continuous process on farms but
slurry (or separation fractions) can only be applied to arable land in certain periods of the
year. Thus, storage prior to land application is necessary. Chemical, physical and
biological characteristics of raw slurry and separation fractions change with increasing
storage time and may be affected by temperature. These changes may have a key role
when estimating the end use value of separation fractions as fertiliser and when assessing
the environmental risk of elevated Cu and Zn loads to arable land.
This study investigated the effects of different separation methods on P, Cu, and Zn
distribution between separation fractions and the effect of storage time and temperature
on the distribution of these elements between particle size classes. Separation fractions
were collected from different separation treatments at commercial scale, but also from
controlled laboratory separations. The objective was to evaluate the suitability of
separation fractions for land application.
Changes in dry matter, P, Cu and Zn distribution between particle size classes
occurred as a result of separation method and storage time and temperature. Chemical
pretreatment with flocculation was the most efficient separation method in retaining P,
Cu, and Zn in the solid fraction with reduced weight. Ozonation as a chemical treatment
prior to centrifugation did not improve the efficiency of centrifugation separation.
Centrifugation proved to be an efficient mechanical separation method for producing
liquid fractions with low P, Cu and Zn concentrations.
Distribution of P, Cu and Zn was similar to distribution of dry matter. In the solid
fraction, most of the dry matter, P, Cu, and Zn was in particles >25 µm, regardless of
separation method, while most of that present in the liquid separation fraction was
contained in particles <25 µm. The relative amount of particles <25 µm increased when
the liquid fraction was stored at 5 ºC, while it decreased with storage at 25 ºC.
When the solid fraction was utilised as P fertiliser, Cu and Zn loads to the soil were
not markedly different from those applied with raw slurry. The lowest amounts of Cu and
iv

Zn were added to soil with the solid fraction from screw press separation. When the
liquid fraction was used as crop fertiliser (primarily N fertiliser), the Cu and Zn loads to
soil were markedly lower than those supplied with raw slurry, with the lowest loads being
introduced with the liquid fraction produced by separation treatments including
flocculation.
According to the results presented here, separation methods and long-term storage at
different temperatures can be viewed as a powerful tool for lowering loads of P, Cu, and
Zn to arable land.
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Separering af svinegylle i en fast og en flydende fraktion er en relativt simpel og
miljøvenlig gyllebehandlings-teknik. Gylleseparering frembringer a fast fraktion, med et
højt indhold af tørstof, fosfor (P), kobber (Cu) og zink (Zn). Da P resourcerne er
begrænsede kan den faste fraktion være en væsentlig ressource brugt som P-gødning.
Den flydende fraktion har lavt tørstofindhold og lave koncentrationer af P, Cu og Zn,
men pga. dens høje koncentration af uorganisk kvælstof (N) er den flydende fraktion
egnet til udbringning på landbrugsjord som kvælstofgødning. Lavere mængder af Cu og
Zn vil blive tilført landbrugsjorden hvis den flydende fraktion bruges i stedet for rågylle.
Gylleseparering kan udføres som simpel mekanisk separering eller det kan inkludere
kemisk forbehandling. Forskellige separeringsmetoder frembringer faste og flydende
fraktioner med forskellige kemiske, fysiske og biologiske karakteristika, hvilket har
indflydelse på potentialet for deres anvendelsesmuligheder.
Produktion af rågylle og separeringsfraktioner er en kontinuerlig proces på
svinegårde, men gyllen (eller separeringsfraktionerne) må kun udbringes på
landbrugsarealer i bestemte perioder af året. Derfor er opbevaring før udbringning en
nødvendighed. Kemiske, fysiske og biologiske karakteristika for rågylle og
separeringsfraktionerne ændres ved forøget opbevaringstid, og kan også påvirkes af
opbevarings temperatur. Disse ændringer er afgørende for vurdering af gødningsværdien
og den miljømæssige risiko for forhøjede mængder Cu og Zn på landbrugsjord.
Dette studie undersøgte effekten af forskellige separeringsmetoder på P, Cu og Zn
fordelingen mellem forskellige separeringsfraktioner og indflydelsen af opbevaringstid
og temperatur på fordelingen af disse elementer mellem partikelstørrelsesklasser.
Separeringsfraktioner blev indsamlet fra forskellige separeringsmetoder i kommerciel
skala, men også fra laboratoriekontrolleret separering. Formålet var at undersøge
brugbarheden af separeringsfraktioner til udbringning på landbrugsjord.
Ændringer i tørstof, P, Cu og Zn fordelingen mellem partikelstørrelsesklasser blev
observeret som konsekvens af separeringsmetode, opbevaringstid og temperatur. Kemisk
forbehandling med flokkulering var den mest effektive separeringsmetode til at fastholde
P, Cu og Zn i den faste fraktion med reduceret vægt. Ozonisering som kemisk behandling
før centrifugering kunne ikke forøge effekten af centrifugerings-separeringsmetoden.
Centrifugering viste sig at være en effektiv mekanisk separeringsmetode til at frembringe
flydende fraktioner med lave P, Cu og Zn koncentrationer.
Fordelingen af P, Cu og Zn var den samme som fordelingen af tørstof. I den faste
fraktion var det meste tørstof, P, Cu og Zn i partikler >25 µm, mens den flydende
separeringsfraktion indeholdt det meste tørstof, P, Cu og Zn i partikler <25 µm.
Fordelingen var uafhængig af separeringsmetode. Den relative mængde af partikler <25
µm forøgedes når den flydende fraktion blev opbevaret ved 5 ºC, mens den reduceredes
under opbevaring ved 25 ºC.
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Når faste fraktioner anvendes som P-gødning, er mængderne af Cu og Zn tilført til
jordbunden ikke betydeligt anderledes end mængderne tilført ved udbringning af rågylle.
De laveste mængder af Cu og Zn tilføres til jordbunden med den faste fraktion fra
skruepresse-separering. Når flydende fraktioner anvendes som gødning (hovedsagelig
som N-gødning), vil mængden af Cu og Zn være betydeligt lavere end mængden tilført
med rågylle. De laveste mængder af Cu og Zn tilføres jorden når der anvendes flydende
fraktioner frembragt med separeringsmetoder som inkluderer flokkulering.
Ifølge resultaterne i dette studie kan separations metoder og langtids opbevaring ved
forskellige temperaturer ses som et værdifuldt redskab til at mindske tilførslen af P, Cu
og Zn til landbrugsjord.
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Livestock production has a substantial impact on the environment (air, soil and water systems)
and it contributes to climate change. Over the past few decades, livestock production has
expanded especially strongly in developing countries. This is mainly a consequence of
population and income growth and it has changed the structure from agroecosystems to larger,
more complex and intensive livestock production systems (Steinfeld et al. 2006). This
geographically concentrated approach to livestock production brings the associated challenge of
dealing with large amounts of animal manure in areas of intensive livestock production. Manure
has been used as a fertiliser in agriculture for centuries, and if used properly it could replace a
significant amount of mineral fertilisers. However, areas of intensive livestock production often
face the problem of having insufficient arable land available for manure application, so manure
is also commonly perceived as an unusable and unwanted waste material.
Livestock manure comprises a mixture of faeces and urine and contains complex organic
compounds originating from undigested feed and simple organic and inorganic compounds
produced in the gastric tract and intestine of the animal. Moreover, it contains some bedding
material (e.g. straw, sawdust), water (used for drinking and for washing floors) and spilled feed
(Zhang and Westerman 1997). Manure with a water content of more than 96% can be defined as
liquid. Manure is referred to as slurry if the water content is between 90 and 96%, while it is
referred to as solid if the water content is less than 90%. Since livestock manure contains a
considerable amount of plant nutrients (N, P, K and micronutrients), it can be a valuable resource
in crop production. Manure application can also improve the soil structure through addition of
organic matter. However, if not managed carefully to minimise nutrient losses, it can also be a
source of air pollution and a serious threat to soils, aquifers and surface water by providing
excess nutrients.
Due to an increase in the number of large, intensive livestock production units with
insufficient arable land for nutrient recycling, export of nutrients away from the farm may be
necessary to avoid excess loads of nutrients. In order to handle excess manure in intensive
livestock areas, a variety of environmental techniques are being developed, many of which have
significant potential for reducing nutrient losses (Petersen et al. 2007). Slurry separation methods
are currently increasingly seen as a solution to the above-mentioned problems. Slurry separation
into a dry, P-rich solid fraction and an inorganic N-rich liquid fraction is a relatively simple and
environmentally friendly technology (Burton 2007; Hjorth et al. 2009). This technology allows
farmers with surplus slurry to export the excess nutrients in the solids to areas without livestock
production. The performance of separation treatment applied at commercial scale is very often
driven by economic considerations on the particular farm. Separator performance is affected by
the funds available for additional separator costs (chemicals, electrical power and maintenance
costs). Under laboratory conditions, separation treatment can be performed with the focus on
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separation efficiency for particular component(s) and in accordance with separation objectives
(see Section 3).
Several pathways for the utilisation of liquid and solid fractions are available today
(Figure 1). The most common application for both separation fractions is as a crop fertiliser
applied directly to arable land. The liquid fraction can be further refined (membrane filtration,
evaporation, struvite crystallisation or NH3 stripping) to produce a concentrated fertiliser for
plant production, while the large amount of effluent water can be used for irrigation of crops or
for cleaning animal houses (Hjorth et al. 2009). The solid fraction can also be utilised for
composting (Brito et al. 2008a; Brito et al. 2008b) or bio-energy production through anaerobic
digestion for biogas production, incineration and gasification (Moller et al. 2004; Moller et al.
2007a).

Figure 1. Potential utilisation strategies for solid and liquid fractions after different separation
methods.

Pig slurry collected from animal houses has to be stored (inside or outside) for a certain
period of time until it can be spread on the field (Sommer et al. 2009). For liquid slurry, the
storage period is usually around 6 months (longer in Scandinavia, shorter in Southern and
Eastern Europe), while for the solid fraction it is around 9 months (range 2 to 12 months)
(Burton and Turner 2003). Raw slurry and the liquid separation fraction are usually stored in a
concrete tank outside pig houses. The solid separation fraction is usually stored outside in heaps,
with channels to collect the drainage (Burton and Turner 2003).
In areas with intensive livestock production, animal slurry is one of the major sources of
P (Dao and Schwartz 2010), but also some trace metals (Moller et al. 2007b), to soils and waters.
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Pig slurry application in excess of crop requirements can cause a significant build-up of P, Cu
and Zn in the soil. Slurry separation can potentially be used to achieve lower loads of P, Cu and
Zn to arable land. However, the effect of the separation method used in lowering loads of P, Cu
and Zn depends on the chemical, physical and biological characteristics of the slurry and how P,
Cu and Zn are distributed between separation fractions and particle size classes. Storage of slurry
for different periods and at different temperatures can also change the chemical, physical and
biological characteristics of the material. Thus, separation and storage may significantly
influence the consequences of applying slurry and/or its separation fractions to arable land.
The overall aim of this PhD project was to examine whether different separation methods
and storage conditions affect the chemical, physical and biological properties of pig slurry and its
different separation fractions and the distribution of P and contaminants (Cu and Zn) between
fractions.
Papers I and II investigated the effects of different separation methods at commercial and
laboratory scale on the redistribution of P, Cu and Zn between separation fractions and between
particle size classes. The effect of storage conditions on changes in physico-chemical properties
relevant for the fate of contaminants in pig slurry and separation fractions was studied in Paper
III. Specific objectives of the studies were to:
I. Investigate the chemical composition (with emphasis on P, Cu and Zn) of raw pig slurry
and separation fractions from separation plants in commercial operation (Paper I).
II. Compare the dry matter, P, Cu and Zn separation efficiency of different separation methods
on slurry at laboratory scale and from separation plants in commercial operation (Papers I
and II).
III. Investigate the effect of different separation methods applied on raw pig slurry at
laboratory scale (Paper II) and separation plants in commercial operation (Papers I and II)
on P, Cu and Zn distribution into various particle size classes of raw slurry and solid and
liquid separation fractions.
IV. Investigate the effect of time and temperature during storage of raw slurry and liquid
separation fraction on P, Cu, and Zn distribution into various particle size classes (Paper
III).
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2.1. Sources of phosphorus, copper and zinc in pig raw slurry
Phosphorus is required in the diet of pigs for proper skeletal growth and cellular functions. Pig
feeding practices in Denmark, which are mainly based on commercial (industrial) complete diets
and premixes, are very often associated with the problem of low net utilisation of P from feed
(Poulsen et al. 1999). Many of the feedstuffs used in pig diets are of plant origin and the P in
these ingredients is poorly digested because the majority (60-90%) is bound in phytate and pigs
do not have sufficient phytase enzyme in their upper digestive tract to efficiently utilise P in this
form (Pointillart 1993; Yi and Kornegay 1996). Because of low phytate utilisation, pig diets are
often supplemented with inorganic P. While this practice is effective at meeting the P
requirement of the pigs, it further increases the P content of the slurry. One strategy that could
reduce the P concentration in slurry is to increase the bioavailability of P contained in grain,
thereby reducing the need for P supplementation and resulting in less P being excreted by the
animal (Spencer et al. 2000; Sands et al. 2001). Previous studies (Jongbloed et al. 1993;
Kornegay 1996) show that P excretion is effectively lowered by rendering the available P in
phytate available through addition of microbial phytase. Kemme et al. (1997) showed that
Aspergillus niger phytase has positive effects on the digestibility of P but that these effects differ
for different categories of pigs (piglets, fattening pigs and sows). Thus the amount could be
corrected in the formulation of pig diets for the target category.
The concentration of P in pig slurry is usually around 30 g P kg-1 dry weight, but this
value can vary markedly as a function of animal diet, slurry collection and storage system.
Previous studies (He et al. 2003; Turner and Leytem 2004) have shown that most of the P in pig
slurry is inorganic (60-90%), associated with Ca and Mg as Ca(H2PO4)2, CaHPO4 and Ca3(PO4)2.
These P-complexes are very stable in soil. Pig slurry may also contain high amounts of
organically bound P (as phytic acid, phosphomonoesters and diesters, phospholipids and nucleic
acid) and it can also crystallise as struvite (Fordham and Schwertmann 1977).
The majority of Cu and Zn found in pig slurry derives from metals added to the pig feed
(Graber et al. 2005). Copper and Zn play important roles in many physiological processes.
Copper is essential for Fe metabolism and the protection of tissues from oxidative stress, while
Zn is a co-factor of more than 300 metalloenzymes and is required for at least one enzyme in all
six enzyme classes. When supplied in high concentrations, Cu and Zn act as growth promoters
(Graber et al. 2009). Marcato et al. (2008) showed that due to their low bioavailability for pigs,
Cu and Zn are added to the feed at levels that largely exceed physiological requirements while
still promoting growth without exposing animals to any risk of poisoning (Brumm et al. 1998;
Poulsen et al. 1998). Pigs excrete approximately 80-95% of the Cu and Zn supplied through the
feed (Unwin et al. 1977; Parkinson and Yells 1985; Brumm et al. 1998), thereby producing Cu-
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and Zn-enriched slurry. The concentrations of Cu and Zn in slurry can be reduced by formation
of insoluble metal-organic complexes in the dietary or digestive tract and by interactions with
other mineral compounds (Joundreville et al. 2003).
Pig slurry contains approximately 0.6 g Cu kg-1 dry weight and about 1.5 g Zn kg-1 dry
weight. Previous studies (Robel and Ross 1975; Miller et al. 1986; L’Herroux et al. 1997)
concluded that most Cu is bound either to sulphide or organic matter or a mixture of organic
matter and iron (Fe) and magnesium (Mn) oxides. Legros et al. (2010b) have shown that Zn in
pig slurry is mainly bound to organic matter, precipitated as amorphous Zn hydroxides or coprecipitated with mineral sphalerite.
2.2. Environmental impact of pig slurry application
2.2.1. Soil
As pig slurry application rate is most commonly based on the crop requirement for available N
under limitation from Nitrate Directive, the amount of P added to the soil often exceeds plant
requirements, resulting in P accumulation in soil. Surface erosion may lead to substantial
phosphate transport to lakes and other freshwater bodies in agricultural areas, leading to
eutrophication.
A further environmental issue of concern is the potential contamination of soils with trace
metals (primarily Cu and Zn) after manure application, as anthropogenically derived Cu and Zn
may accumulate in the topsoil (0-20 cm). Depending on plant uptake and leaching, the levels of
Cu and Zn in soil may build up after long-term or heavy pig manure applications. Although Cu
and Zn are essential micronutrients for both plants and animals, they can have toxic (deleterious)
effects on soil microorganisms, plants and animals when applied at high rates to the soil.
Excessive levels of Cu and Zn can reduce microbial life and diversity in soil (Griffiths 2000) and
in extreme cases metal contamination can inhibit microbial functions, of the N-fixers in
particular (Giller 1999). Furthermore, high levels of plant-available Cu and Zn can induce
deficiencies of Fe and other nutrients (Tisdale et al. 1993; Marschner 1995).
Transport of phosphorus, copper and zinc from soils to waters
The concentrations of P, Cu and Zn found in soil leachate depend on the initial concentrations of
these elements in the soil, the speciation and the sources of P, Cu and Zn loads to the soil. In
addition, the time, type and placement of slurry application have been observed to have an effect
(Glæsner et al. 2011). While some leaching may occur as dissolved species, colloidal forms of P,
Cu and Zn have been found to be leached by preferential flow through the soil column
(Camobreco et al. 1996; Karathanasis et al. 1999; Makris et al. 2006 Rubæk et al. 2006).
Common textbook knowledge describes a very limited P leaching risk, e.g. Taylor and
Kilmer (1980) reported leaching of P to be insignificant due to strong adsorption of P in the soil.
However, more recent experiments performed on intact soil columns (McDowell and Sharpley
2001; de Jonge et al. 2004) and in the field (Schelde et al. 2006) have shown that significant
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amounts of inorganic, organic and particulate P forms can be leached through the soil. With
respect to metals, the literature on Cu and Zn leaching through the soil profile offers
contradictory examples, with some studies showing no movement of Cu and Zn from the topsoil
(0-20 cm), even after 4 years of sewage sludge application (Chang et al. 1982; Higgins 1984),
and others showing that Zn is transported to subsoil layers (Schirado et al. 1986; Antoniadis and
Alloway 2003). Most of the Cu and Zn in pig slurry is bound to organic matter, which strongly
retains metals. However, the Cu and Zn bound to organic matter can be slowly released over a
long period in the soil due to microbial degradation or a substantial reduction in soil pH.
It is evident that the question of whether slurry application to arable land leads to
accumulation of Cu and Zn in the topsoil may not have a simple answer. Application rate based
on either crop N or P requirement may increase Cu and Zn concentrations in the topsoil, as
leaching and plant uptake of Cu and Zn can be assumed to be negligible compared with the high
loads applied in these cases (see Section 6).
2.2.2. Water
If nutrients are applied in excess of crop uptake capacity and removal with the harvested parts,
they either accumulate in the soil or may be transported to freshwater in streams and lakes,
increasing the nutrient status of these to undesired levels. High concentrations of nutrients
(especially N and P) in water can lead to overstimulation of aquatic plant and algae growth,
leading to eutrophication, excessive bacterial growth and undesirable water flavour and odour.
Eutrophication is a natural process in the ageing of lakes and some estuaries, but intensive
livestock production (and other nutrient-intensive agricultural activities) can greatly accelerate
the degree of eutrophication (Carney et al. 1975; Nelson et al., 1996).
The toxicological implications of trace metals in water systems are intricate because of
complex metal speciation in water (dissolved ions, adsorbed to clay particles, suspended
precipitates, contained in decaying organisms). Toxic effects on plankton, algae and fish of
excessive Cu and Zn concentrations in water systems have been reported (Stauber and Florence
1987; Bilgrami and Kumar 1997). Although there is no clear and positive correlation between
metal leaching and actual surface water contamination, this should be considered in depth before
slurry application is permitted in order to avoid unnecessary risks to surface water and potential
groundwater contamination.
Pigs excrete many zoonotic microorganisms and parasites (Campylobacter spp., E. coli,
Salmonella spp., Enterococcus spp. etc.) of relevance to human health (Muirhead et al. 2004).
Several of these may survive for days and sometimes even weeks in pig slurry applied to arable
land and may later contaminate water resources via runoff. Pharmaceuticals (mainly
antimicrobials) and also growth hormones (although use of hormones is not permitted in a
number of countries, particularly in Europe; FAO 2003) are used in large quantities in the
livestock sector. A substantial proportion of antimicrobials and hormones are not degraded in the
animal body, thus ending up in the environment. Previous study (Morse and Jackson 2003) have
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detected drug residues (mainly antibiotics) and hormones in various aquatic environments
including groundwater, surface water and tap water. Antimicrobials in water bodies can cause
bacteria to develop resistance to antibiotics, while increased amounts of hormone (androgen,
oestrogen, etc.) can lead to feminisation or masculinisation of fish and an increased incidence of
breast and testicular cancers and alterations of the male genital tract among mammals (Soto et al.
2004). Slurry treatments (slurry separation, composting, biogas production, etc.) implemented by
livestock producers can reduce the risks of environmental contamination with pathogens and
hormones. Most of the pathogens and total bacteria in slurry accompany the liquid separation
fraction (Paper I). Separation methods can change the chemical, physical and biological
properties of slurry relevant for pathogen and hormone distribution between separation fractions.
Studies examining the effect of separation methods on pathogen and hormone distribution
between separation fractions are scarce in the literature. Thus, it is of great importance to study
the occurrence and fate of pathogens and hormones in slurry and their distribution between slurry
separation fractions and particle size classes.
2.2.3. Air
The P, Cu and Zn in pig slurry do not pose a threat to the air in livestock housing and storage
facilities or during slurry application to arable land, due to their non-volatile chemical nature.
However, it should be stressed that other parameters related to the environmental impact
of pig slurry application were not studied in this project, but are also of great importance. For
example ammonia (NH3), the greenhouse gases methane (CH4) and nitrous oxide (N2O) and
odours are released to the air from animal houses and manure storage facilities, during
application of manure and from applied manure. Livestock manure is a major source of
atmospheric NH3, contributing about 74% of the total European NH3 emissions (ECETOC
1994). Livestock manure may account for 6-10% of annual global emissions of CH4 (Safely et
al. 1992), which has a global warming potential that is estimated to be 21 times higher than that
of carbon dioxide (CO2) (Houghton et al. 1996). Livestock manure contributes an estimated 3050% to global N2O emissions from agriculture (Sommer et al. 2009). Animal housing and
storage facilities are considered to be the main sources of odour emissions (Hayes et al. 2004).
However, odour emission is usually regarded as a local problem and is not assessed in national
inventories.
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Solid-liquid separation treatment produces solid and liquid fractions from an input of raw slurry.
Livestock manure can be separated by different methods depending on the separation objectives,
which may include reducing the dry matter content of the slurry, easing transportation and
reducing the risk of blockages in pipes and channels, and producing a liquid fraction that spreads
through the soil profile more homogeneously and leads to lower ammonia and odour emissions.
Another separation objective could be to improve the N:P ratio of the liquid fraction in order to
better meet crop requirements. Slurry separation can be performed as simple mechanical
separation or by introducing chemical pretreatments. The following section provides a general
overview of solid-liquid separation methods and slurry particle characteristics relevant for the
efficiency of the separators described in Papers I-III.
3.1. Mechanical separators
A great number of solid-liquid separators based on mechanical separation are presented in the
scientific literature (more detailed descriptions of different separation methods can be found in
Hjorth et al. 2010). Mechanical separation can be based on sedimentation (gravitational force),
centrifugation (centrifugal force), drainage (gravitational force + filtering/screening) or
pressurised filtration (pressure-forced + gravity) processes. In this thesis, sedimentation,
centrifugation and pressure filtration are referred to as simple mechanical separation methods.
Sedimentation
The simplest form of separation is sedimentation. For pig slurry, sedimentation occurs naturally
in the storage tank, but it can also be performed in a thickener, where solids are removed from
the conical bottom of a cylindrical container after settling of particles due to gravity (Suzuki et
al. 2002; Loughrin et al. 2006). The settling rate of the particles depends on their size, shape and
density, but also on the viscosity and density of the liquid through which they are passing (Hjorth
et al. 2010).
Centrifugation
The separation efficiency of sedimentation increases with increasing settling time. In order to
reduce the settling time, centrifugal force can be introduced to aid the separation. In practice it is
accomplished in decanting centrifuges, where solids and liquids are separated into an inner layer
with a high dry matter concentration and an outer liquid layer containing a suspension of
colloids, organic components and salts. Solid and liquid separation fractions are collected at
different ends of the centrifuge.
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Filtration
Many separation methods are based on filtration as the main separation process. Filtration is
based on drainage through either screens or fabric belts and it can be forced by using a screw
press (Hjorth et al. 2010). In its simple form, filtration through screens and drainage, the liquid is
drained out from solids by gravity in the separator. When pressure is applied using a screw press,
slurry is transported to the cylindrical screen with the screw. The liquid passes through the screen
first and then when the solids are pressed against the plate additional liquid is removed.
3.2. Chemical pretreatment
Solid-liquid separators usually have a limited capacity to retain small particles in the solid
fraction, which is often relatively nutrient-rich. Therefore, chemical treatment of slurry prior to
mechanical separation can increase the effectiveness of the separator by agglomeration of small
particles into larger particles (flocs) for which these mechanical separators have higher
efficiency. Additives (brown coal, bentonite, zeolite, crystals, chitosan and efficient
microorganisms) can be used as pretreatment for pig slurry (Hjorth et al. 2010). The most
common methods that have been developed and used as pretreatments to simple mechanical
separators are flocculation and coagulation. However, these pretreatments do not affect (control
and reduce) odour emissions from livestock production, one of the major complaints against
livestock farms from nearby residents. Use of ozone for chemical pretreatment of slurry is
recognised as an environmentally safe slurry treatment with potential to reduce odour emissions
from slurry. In this thesis, flocculation, coagulation and ozonation combined with screw press or
centrifugation are referred to as chemical-mechanical separation.
Flocculation
Flocculation is based on aggregations of large numbers of suspended particles into larger masses
(flocs) that settle out of suspension (Gregory 1989). The mechanisms involved in the process of
flocculation (reaction between cationic polyelectrolyte and a suspended anionic particle) are
polymer bridging (main reaction mechanism), patch flocculation (of limited significance in
manure) and charge neutralisation (less important in manure) (Gregory 1989; Vanotti and Hunt
1999; Hjorth et al. 2008). The flocculant used can be inorganic (aluminium sulphate (alum) or
polyaluminium chloride (PAC)), organic synthetic high-polymer flocculants (polyacrylamide
and polyethylene imine) or naturally occurring flocculants (chitosan (No and Meyers 1989),
sodium alginate (Sievers et al. 1994) and microbial flocculants (Salehizadeh and Shojaosadati
2001). The most frequently chosen flocculant (in the literature) for application to the slurry is
polymer polyacrylamide (commercial name PAM). When selecting the flocculant (polymer) type
for chemical pretreatment, the environmental and health consequences of the applied polymer
must be taken into consideration.
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Coagulation
A coagulation step may be performed before polymer flocculation. It involves the addition of
multivalent cations (coagulants) in order to neutralise surface charge of the particles by
oppositely charged counterions. A broad range of multivalent cations (calcium, iron or
aluminium as a multivalent cation) have been tested for slurry treatments and these show the
following efficiency Al2(SO4)3 ~ FeCl3 >CaO. Addition of multivalent cations (FeCl3) effectively
precipitates dissolved orthophosphate (Hjorth et al. 2008). Previous studies (Amuda et al. 2006;
Johnson et al. 2008) showed efficient removal of trace metals (based on precipitation of metals
with coagulant) from waste water when FeCl3 was used as coagulant. Therefore, the multivalent
cation is added (coagulant) in order to collect dissolved P, Cu and Zn and small particles into
larger agglomerates, while polymer is added to collect the larger particles and the agglomerates
formed by the multivalent cation. When selecting a multivalent cation, the use of separation
products should be considered (cation addition causes changes in pH, which may have an
influence on NH3 emissions or nitrification/denitrification as a step following separation) (Hjorth
2010).
Coagulant and flocculant need to be added carefully to the slurry at the right dosage in
order to achieve satisfactory aggregation. The amounts of flocculant added should be determined
based on visual characterisation of the floc size, solid fraction DM, turbidity (estimated by
spectroscopy) and volume separation. Overdosing occurs when adsorbed ions reverse the surface
charge, thus counteracting aggregation (Gregory et al. 1989).
Ozonation
In order to reduce odour emissions during manure storage and to deactivate microorganisms,
ozonation can also be introduced as a slurry treatment. Ozonation has been recognised previously
(Wu et al. 1998) as an environmentally safe and effective pretreatment for industrial effluents,
industrial water and sewage sludge (Masten and Davis 1994). Ozonation can be added to the
manure separation system at different points, as a pre- or post-treatment step (after separation).
The main reason for separation prior to ozonation is to reduce ozone consumption and hence
costs. As ozone is a powerful oxidising agent, it oxidises a wide range of organic and inorganic
compounds (it attacks C-C double bonds, C-N bonds and aromatic groupings and heterocyclic
compounds) (Watkins et al. 1997). Many aldehydes, ethers, alcohols and hydrocarbons are also
oxidised by ozone (Reynolds et al. 1989). Therefore, ozonation can potentially reduce odour
emissions from stored livestock manure by lysis of odour-producing microbial cells, thus
controlling the production rate of odour metabolites, or by oxidising the odour metabolites
produced by anaerobic fermentation, thus reducing their concentration (Watkins et al. 1997).
Previous studies (Weemaes et al. 2000; Deleris et al. 2002; Caravelli et al. 2006) showed that
ozonation also improves the settling properties of sludge and reduces bulking and scumming.
Sludge ozonation has been successfully applied in practice and it is a promising technique to

21

reduce sludge production (Sievers et al. 2004; Vergine et al. 2007). The major limitation to the
use of ozonation in full-scale plants is the cost of ozone production.
3.3. Slurry particles: characteristics relevant for separator performance and for
environmental impact after land application
Slurry particles consist of 10-15% proteins, 15-20% humic substances/lignin, 10-30%
carbohydrates/cellulose, 10-25% hemicellulose, 5% fat and 15-25% inorganic compounds such
as struvite (Liao et al. 2004; Rico et al. 2007; Christensen et al. 2009). Particles from <10 µm
contain alkylaromatics, phenols and lignin monomers, carbohydrates and N-containing
compounds, while larger particles (10 µm-2 mm) mostly contain fatty acids, lignin dimers and
sterols (Aust et al. 2009). The chemical origin of the slurry particles affects the relative amount
of free charges on particles. With increasing relative content of highly charged compounds
(humic substances), the free surface charge density of the slurry particles increases. The zeta
potential of particles is the electrical potential at the plane of shear (layer between the particle
surface and a fluid when there is a relative motion between these) (Gregory et al. 1989). Zeta
potential plays an important role when flocculation and coagulation pretreatments are introduced
into the separation system. For slurry particles, zeta potential is reported to be approximately -35
mV (Christensen et al. 2009). The negative value indicates that the overall slurry particle charge
is negative and therefore the flocculating agent must be positive (cationic). The zeta potential
value indicates that the slurry solution is moderately stable (does not flocculate spontaneously).
During flocculation separation pretreatment, the increasing amount of flocculating agent changes
the zeta potential of the slurry and it starts to flocculate. Flocculant agents may form some loops
and tails at low concentrations, but on adding high doses of flocculating agent it will starts to coil
up and form loops and tails to a higher degree, leading to deflocculation (steric hindrance
between the particles).
Particle size distribution has an effect on the efficiency of mechanical separation methods
and also when flocculation and coagulation are performed as chemical pretreatments (Hjorth et
al. 2010; Paper II). Mechanical separators based on filtration retain particles above a certain size,
while sedimentation is affected as colloidal particles diffuse (Brownian motion) in the slurry
solution and settle very slowly. When a flocculant is added, formation of larger flocs depends on
the surface (contact) area available for reactions between polymer and slurry particles. Small
particles (<25 µm) form larger flocs, thereby shifting in size to larger particles (>250 µm) (Paper
II). This can enhance slurry solid retention by screens and separation of colloidal particles by
settling.
The dry matter content of pig slurry has been found to vary from 3 to 6% of wet weight
(Moller et al. 2007b; Jorgensen et al. 2010; Paper I). Pig slurry consists of undissolved inorganic
and organic matter unevenly distributed among particle size classes. In the present study, around
44% of the dry matter in raw slurry was found to be present in the smallest particle size class <25
µm (which also includes dissolved dry matter), around 41% in the largest particles >250 µm and
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only around 15% in medium-sized particles (25-250 µm) (Papers I, II and III). These values
vary in the literature (Masse et al. 2005; Peters et al. 2011) due to differences in animal feeding
practices, management and slurry storage practices. Over time of slurry storage, the distribution
of dry matter into different particle size classes changes (Moller et al. 2002; Paper III). The
major change in dry matter distribution observed here was an increase in the relative amount of
particles 250 µm-1 mm at the expense of a decrease in the relative amount of particles larger
than 1 mm. This shift of particles may be explained by microbial degradation of organic matter
during storage (Moller et al. 2002).
Depending on the chemical nature and speciation of P, Cu and Zn, these are associated
with particles of different sizes in raw slurry (Table 1). In raw slurry about 70% of the P is
undissolved and bound to particles between 0.45-10 µm (Masse et al. 2005). Trace metals
(mainly Cu and Zn) in raw slurry are either associated with organic matter or are present as
inorganic precipitate (Marcato et al. 2008) with approximately 80% of Zn and over 95% of Cu
associated with particles between 0.45 and 10 m (Masse et al. 2005). After slurry had been
stored for 43 weeks at two temperature treatments (5 ºC and 25 ºC), P, Cu and Zn followed a
similar pattern to dry matter, with 57%, 87% and 75%, respectively, being found in the smallest
particle size class (<25 µm) (Paper III). Detailed analyses have shown that raw slurry particles
ranging in size from 25 to 250 µm contain the highest concentration (mg g-1 dm) of P, while Cu
and Zn occur in the highest concentrations (µg g-1 dm) in the smallest particle size class (<25
µm) (Marcato et al. 2008; Papers I, II and III).
Table 1. Concentration of P, Cu and Zn in different particle size classes of raw slurry. Modified
from Papers I, II and III (n=6).

Particle size class

P (mg g-1 DM)

Cu (µg g-1 DM)

Zn (µg g-1 DM)

> 250 µm
25- 250 µm
<25 µm

5.83
35.4
20.6

71.5
330
444

762
1761
1901

The mobility of particles through the soil profile depends to a great extent on their size
(McGehan et al. 2002). Smaller particles are usually more mobile through the soil profile than
larger particles, which are often retained in the topsoil (if there are no preferential flow
pathways) (McGehan et al. 2002). Therefore determination of the particle size distribution of raw
slurry and chemical characterisation of the particle size class could give a good indication of the
transport behaviour and risk of leaching of elements in pig slurry after land application.
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3.4. Separation efficiency
When comparing different separation methods, the simple separation index (Et) or the reduced
separation index (Et’) may be applied as a measure of separation efficiency. The simple
separation index is calculated based on a formula (eq. 1) from Svarovsky (1985):

Et ( x) =

m( x) solid
m( x) slurry

(eq. 1)

where m is the mass of compound x (DM, N, NH4-N, P, Cu, or Zn or any other element).
Simple separation states the distribution of x between solid and liquid separation fractions, and
ranges from 0-1, where a value of 1 indicates 100% separation (100% of x is present in the solid
fraction) and a value of 0 indicates no separation. The simple separation index gives no
indication of the increase in concentration of x in the solid fraction compared with the raw slurry.
This is calculated using the reduced separation index Et’ (eq. 2) (Svarovsky 1985):
m( solid )
m( slurry )
m( solid )
1−
m( slurry )

E t ( x) −
E t ' ( x) =

(eq. 2)
where m(slurry) is the total mass (g) of separated slurry and m(solid) the total mass (g) of
solids produced. The reduced separation index ranges from -1 to 1, with positive values
indicating an increase in the concentration of x in the solid fraction compared with the raw
slurry, and negative values indicating an increase in the concentration of x in the liquid fraction.
The simple (Et) and the reduced (Et’) separation index were used here when comparing
the efficiency of separators in commercial farm operations and of separation treatments
performed in the laboratory (Papers I and II). The separation of dry matter, nutrients and any
other element from raw slurry to solid and liquid separation fractions depends on the separation
method used (Hjorth et al. 2010). The chemical and physical characteristics of the input slurry
are significant for separation efficiency (Hjorth et al. 2010). Separation efficiency is also
influenced by the particle size distribution, concentration of inorganic and organic compounds,
pH and buffer system (Hjorth et al. 2010).

24

         
     


Separation efficiency of dry matter, nutrients and trace metals (Cu and Zn) from raw slurry into
the solid fraction depends on the performance of the separation method used and on slurry
characteristics (particle size distribution, organic and inorganic components, pH buffer system)
(Hjorth et al. 2010). Particle size distribution of raw slurry changes after separation, but these
changes are different after mechanical separation compared with after separation involving
addition of chemical pretreatments. In this section the focus is on the efficiency of different
separation methods in terms of dry matter, P, Cu and Zn and on the distribution of these between
different particle size classes.
4.1. Mechanical (solid-liquid) separation
4.1.1. Separation efficiency of mechanical separators
The separation efficiency of simple mechanical separators in terms of dry matter, P, Cu and Zn
was investigated in Papers I and II (Table 2). The results obtained regarding dry matter and P are
comparable to those reported in the literature (Moller et al. 2007b; Hjorth et al. 2010; Peters et al.
2011). In the literature, the separation efficiency of Cu and Zn has not been investigated for all of
the separation methods performed in Papers I and II.
Transfer and upconcentration of dry matter, P, Cu and Zn from raw slurry to the solid
fraction are achieved when sedimentation, centrifugation and pressure filtration are used as
slurry separation methods (Table 2) (Papers I and II). However, different mechanical separators
achieve this transfer and upconcentration of dry matter, P, Cu and Zn to the solid fraction with
different degrees of efficiency.
The differences between mechanical separation methods are usually based on their
efficiency in separating out small particles (colloids: 10 nm-1 µm and small particles: <25 µm),
with P, Cu and Zn being present in high proportions in this particle size class. In general,
mechanical separation methods have a limited capacity for separating out small particles.
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Table 2. Separation efficiency (based on simple separation index, Et) of mechanical separation methods
performed at commercial and laboratory scale. Modified from Papers I and II.

Simple separation index Et (%)
Dry matter

P

Cu

Zn

35

34

19

20

91
85

71
75

83
72

84
73

Dry matter

P

Cu

Zn

Pressure filtration (n=6)
Laboratory scale

0.61

0.29

0.11

0.10

Sedimentation (n=2)
Centrifugation (n=2)

0.78
0.78

0.36
0.62

0.63
0.58

0.64
0.6

Commercial scale
Pressure filtration (1n=6)
Laboratory scale
Sedimentation (n=2)
Centrifugation (n=2)
Reduced separation index Et’
Commercial scale

1

n at commercial scale indicates number of individual farms using a particular separation method
(variation in slurry type and actual separator type), while n at laboratory scale indicates true
replicates from one experiment.

Centrifugation is more specific in separating out small, nutrient-rich particles compared
with pressure filtration, drainage or sedimentation (Hjorth et al. 2010). Decanter centrifuges are
reported to retain particles >20-25 µm in the solid fraction (Moller et al. 2002), which was also
the case for centrifugation only (Paper II).
Settling of small particles depends on weight and size (Henriksen et al. 1998) and small
particles (colloids) are subject to Brownian motion, moving by diffusion through the liquid phase
of the slurry, causing slow settling time. These small particles eventually settle if a long settling
time is allowed. Therefore in cases where long settling time is not a problem, sedimentation can
be as efficient as centrifugation in terms of dry matter, P (Peters et al. 2011; Paper II), Cu and Zn
(Paper II). However, sedimentation often produces a solid fraction with a low dry matter
concentration (10.8% of total wet weight; Paper II) and thus might not be a feasible separation
method for obtaining a solid fraction with high dry matter content and a small volume.
When filtering slurry (with or without pressure), pore size of the filter needs to be large in
order for filtration to occur (Hjorth et al. 2010). This leads to a high loss of the smallest particles
to the filtrate (liquid separation fraction) and lower separation efficiency of pressure filtration for
dry matter, P, Cu and Zn (Paper I). Pressure filtration removes particles larger than 1 mm (Hjorth
et al. 2010) from the liquid fraction, but some retention of smaller particles can occur due to the
aggregation of particles on the filter. This was observed in Paper I, as most of the dry matter in
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the liquid fraction after pressure filtration was found in particle size classes below 250 µm
(Figure 2).
Centrifugation has been shown to be the most efficient (in terms of producing
upconcentrated solid fraction with reduced volume) mechanical separation method for
transferring and upconcentrating dry matter, P, Cu and Zn to the solid fraction, while pressurised
filtration gives the poorest separation of dry matter and P (Moller et al. 2002; Hjorth et al. 2010;
Paper II).
4.1.2. Dry matter, P, Cu and Zn distribution into particle size classes of solid and liquid
separation fractions after mechanical separation
The distribution of dry matter, P, Cu and Zn into different particle size classes is changed after
mechanical separation. Dry matter in slurry is mainly associated with larger particles, for which
mechanical separation methods have high separation efficiency (Moller et al. 2007b; Hjorth et al.
2010). The solid fraction contains 95% of its dry matter in particles larger than 25 µm, while the
liquid fraction contains most of its particles (77%) in particles smaller than 25 µm (Figure 2)
(Papers I and II).
b) Liquid fraction

a) Solid fraction

Dry matter distribution on
particle sizes (% of total)

100
80

<25 µm
25-50 µm
50-100 µm
100-250 µm
250-500 µm
500-1000 µm
>1000 µm

60
40
20
0

Press.
Filtr.

Cent.

Press.
Filtr.

Sed.

Cent.

Sed.

Figure 2. Dry matter distribution into particle size classes in a) solid and b) liquid separation fractions
produced after mechanical separation. Press Filtr. (n=6); Cent. (n=2); Sed. (n=2). Modified from Papers I
and II.

Large particles (>25 m) in the solid fraction contain higher concentrations of P, Cu and
Zn compared with large particles in raw slurry. Slurry particles carry negative charges, so they
repel each other (Gregory 1989). When raw slurry is separated using gravitation, centrifugation
or pressure separation methods, small particles are forced to aggregate, which may shift small
particles (<25 µm) rich in P, Cu and Zn into larger particles during the separation process. Most
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of the P, Cu (Figure 3) and Zn in the solid fraction after mechanical separation are in particle size
classes larger than 25 µm.
In the solid fraction, P, Cu and Zn are distributed among particle size classes in a similar
way to dry matter, except with sedimentation (Figure 3). Sedimentation treatment showed the
lowest efficiency in removing the smallest particle size class from the solid fraction, leaving a
high proportion of P, Cu, and Zn attached to these small particles in the solids.
The liquid fraction after mechanical separation contained most of the P, Cu (Figure 3)
and Zn in particle size classes smaller than 25 µm. In the liquid fraction, the proportion of Cu
and Zn associated with particles <25 m stayed the same as in raw slurry, and followed a similar
distribution pattern as dry matter (Papers I and II). All particles that ended up in the liquid
fraction (most of them particles <25 m) contained markedly lower concentrations of P, Cu and
Zn, most probably due to initially low concentrations of these elements in the liquid fraction
(Papers I and II).
Changes in the concentration of P, Cu and Zn could be a valuable indicator of the
environmental impact caused by application of raw slurry and separation fractions (see Sections
2 and 6).

b) Liquid fraction

a) Solid fraction

Cu distribution on particle
sizes (% of total)

100

80

60

<25 µm
25-50 µm
50-100 µm
100-250 µm
250-500 µm
500-1000µm
>1000µm

40

20

0

Press.
Filtr.

Cent.

Press.
Filtr.

Sed.

Cent.

Sed.

Figure 3. Copper distribution into particle sizes in a) solid and b) liquid separation fractions
produced after mechanical separation. Press Filtr. (n=6); Cent. (n=2); Sed. (n=2). Modified from
Papers I and II.
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4.2. Effect of chemical pretreatment
4.2.1. Separation efficiency of chemical-mechanical separators
The separation efficiency of chemical-mechanical separators in terms of dry matter, P, Cu and
Zn was investigated in Papers I and II (Table 3). The results obtained for dry matter and P are
comparable to those reported in the literature (Hjorth et al. 2010; Peters et al. 2011), while Cu
and Zn have not been studied previously.
Table 3. Separation efficiency (based on simple separation index Et) of chemical-mechanical separation
methods performed at commercial and laboratory scale. Modified from Papers I and II.

Simple separation index Et
Commercial scale
Flocculation+ screw press (n=9)
Laboratory scale
Flocculation + drainage (n=2)
Coagulation+ flocculation+ drainage (n=2)
Ozonation + centrifugation (n=2)

Dry matter

P

Cu

Zn

68

56

65

57

94
94
85

84
81
86

96
93
70

98
92
76

Dry matter

P

Cu

Zn

0.84

0.5

0.62

0.50

0.89
0.89
0.77

0.69
0.65
0.79

0.92
0.88
0.54

0.97
0.86
0.63

Reduced separation index Et’
Commercial scale
Flocculation+ screw press (n=9)
Laboratory scale
Flocculation + drainage (n=2)
Coagulation+ flocculation+ drainage (n=2)
Ozonation + centrifugation (n=2)
1

n at commercial scale indicate number of individual farms using a particular separation method,
while n at laboratory scale indicates true replicates from one experiment.

Flocculation and (pressure) filtration
Chemical pretreatment of slurry prior to mechanical separation can improve dry matter, N and P
separation, as floc formation increases the amount of dry matter and N- and P-containing organic
and inorganic compounds retained in the solid fraction (Hjorth et al. 2010). As P, Cu and Zn are
generally associated with smaller particles (<5-125 m) (Masse et al. 2005; Meyer et al. 2007),
their transfer and upconcentration in the solid separation fraction will depend on the efficiency of
the separation method in separating smaller particles into the solid fraction. Chemicalmechanical separation methods flocculate small particles into larger flocs, removing P-, Cu- and
Zn-rich particles (<25 m) into larger particle size classes, which mechanical separation methods
efficiently retain in the solid fraction. Flocculation of small particles into larger flocs is brought
about by addition of polymer, which increases the effective particle size by creating flocs
(aggregation of small particles and smaller flocs). These flocs separate out from the liquid part of
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raw slurry more rapidly than their constituent small particles alone would do (Peters et al. 2011)
and they can be more easily retained by screens and enhance separation of colloidal particles by
their settling (Vanotti et al. 2002). Our findings (Papers I and II) for chemical-mechanical
separation methods were thus in agreement with previous studies showing that 85% of total P
and more than 95% of Cu and Zn are removed to the solid fraction with the chemical
precipitation and belt press separation method (Moller et al. 2002; Moller et al. 2007b).
Coagulation and flocculation and (pressure) filtration
After coagulant addition, charge neutralisation of slurry particles (negatively charged) by Fe ions
takes place, and it is more effective for the smaller particles as these have e.g. larger specific
surface (Hjorth et al. 2010). The flocculation and coagulation treatments tested in Papers I and II
increased capture of the P-, Cu- and Zn-rich particles (<25 m) in the solid fraction, thereby
producing solids with high transfer of dry matter, N, P, Cu and Zn to the solid fraction, which is
in line with previous findings (Peters et al. 2011). Consequently, when optimised in the
laboratory, flocculation and centrifugation produced a liquid fraction almost free of particles
larger than 25 m, and with very low concentrations of P, Cu and Zn (Paper II).
Ozonation and centrifugation
When ozonation is used as pretreatment for centrifugation of slurry, the chemical characteristics
of slurry are modified. Transfer and upconcentration of dry matter, Cu and Zn (Table 3) after
ozonation followed by centrifugation and after centrifugation alone (Table 2) were not markedly
different, indicating that ozonation pretreatment did not improve the effectiveness of the
separation treatment in removing the smallest particles (<20 m ) to the solid fraction. However,
the absence of ozonation effect observed in Paper II certainly does not rule out ozonation as a
useful pretreatment, and this conclusion is only limited to the specific separation treatment set-up
tested in this experiment.
4.2.2. Dry matter, P, Cu and Zn distribution into particle size classes of solid and liquid
separation fractions after chemical mechanical separation
Chemical pretreatments affected the distribution of dry matter, P, Cu and Zn among particle size
classes (Figures 4 and 5). Chemical-mechanical separation involving flocculant and/or coagulant
addition on both commercial and laboratory scale demonstrated the greatest
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Zn

80
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Dry matter, P, Cu and Zn distribution on particle sizes (% of total)

efficiency for retaining small particles in
the solid separation fraction. This
indicates that enhanced agglomeration of
the small particles into larger flocs had
taken place after addition of flocculant
and coagulant. Addition of polymer at
optimised doses to the slurry at
laboratory scale resulted in production of
a solid fraction where a main shift in dry
matter was observed from small particles
(<25 µm) to particles in larger size
classes (100-500 µm), as size classes
from 25 to 100 µm are usually unaffected
by separation (Peters et al. 2011; Paper
I). Effects of polymer addition to the
slurry could clearly be seen at
commercial scale too. In the experiment
conducted at the commercial scale, slurry
was treated only with flocculants (Figure
4) dry matter was mainly shifted from the
smallest particle size class to 100-500
µm. Phosphorus, Cu and Zn followed a
similar pattern. They were shifted from
the smallest particle size class to particles
>50 µm.
Liquid separation fractions produced
after chemical-mechanical separation was
free of particles larger than 250 µm. A
higher proportion of particles was
retained in the solid separation fraction
after chemical-mechanical separation at
laboratory scale than at commercial scale,
creating a liquid fraction free of particles
larger than 25 µm.
The treatment where ozonation was
followed by centrifugation under
laboratory conditions did not show higher
efficiency for small particle removal than
was observed for centrifugation only.
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Figure 4. Dry matter, P, Cu and Zn distribution into
particle size classes after commercial scale chemical
treatment - flocculation (modified from Paper II).
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Figure 5. Dry matter distribution into particle size classes in a) solid and b) liquid separation fractions
produced after chemical-mechanical separation. Flocculation + screw press (F+SP) (n=6);
Flocculation + drainage (FD) (n=2); Coagulation + flocculation+ drainage (CFD) (n=2); Ozonation +
centrifugation (OC) (n=2)). Modified from Paper I and II.

A similar pattern of P, Cu and Zn distribution between particle size classes as for
mechanical separation was observed after chemical-mechanical separation. In both separation
fractions, the distribution of P, Cu (Figure 6) and Zn between particle size classes followed a
similar pattern to dry matter. Chemical-mechanical separation methods produced a solid fraction
with almost all P, Cu and Zn in particles larger than 25 µm, most probably because these
treatments shifted the smallest particle size class (<25 µm) to either larger particle size classes of
solids, or to the liquid fraction. Due to this shift, the concentrations of P, Cu and Zn in large and
medium particle size classes (>25 µm) of solids were higher than their concentrations in the
corresponding particle size classes of raw slurry (Paper II).
The liquid fraction after chemical-mechanical separation in commercial farm operations
(Papers I and II) contained low concentrations of P, Cu and Zn, mainly in the particle size class
smaller than 25 µm. As highly efficient retention of small particles in the solid fraction was
achieved by chemical-mechanical separation methods performed in the laboratory, all P, Cu and
Zn in the liquid fraction were in the smallest particle size class (<25 µm). The liquid fraction
after optimised flocculation and/or coagulation in the laboratory contained negligible
concentrations of dissolved and particulate P, Cu and Zn.
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Figure 6. Copper distribution into particle sizes in a) solid and b) liquid separation fractions produced
after chemical-mechanical separation. F+SP (n=6); FD (n=2); CFD (n=2); OC (n=2). Modified from
Paper I and II. For abbreviations see Figure 5.

4.3. Comparison of separation fraction characteristics after mechanical separation with
and without chemical pretreatment
Previous sections have described and documented the differences in transfer and upconcentration
efficiency of mechanical and chemical-mechanical separators in terms of dry matter, P, Cu and
Zn. These observations can be useful when implementing a separator on an actual farm.
The chemical characteristics of solid and liquid separation fractions vary after mechanical
and chemical-mechanical separation. The solid fraction produced after mechanical separation
contains higher dry matter content and lower concentrations of N, P, Cu and Zn (Papers I and II)
than the solid fraction produced after chemical-mechanical separation. Furthermore, several
studies have shown that the mineral fertiliser equivalent value (MFE: index of how much mineral
fertiliser N can be replaced by 100 kg of total solid fraction N) of mechanically separated solid
fraction is generally lower than in solids after chemical-mechanical separation (Pedersen et al.
2009).
The liquid fraction after mechanical and chemical-mechanical separation was produced in
lower volume than the original input (raw slurry), and contained a lower concentration of dry
matter than the raw slurry. Low dry matter concentration in the liquid fraction makes field
spreading more feasible, and the liquid fraction can be distributed better through the soil profile
than raw slurry. The liquid fraction after chemical-mechanical separation contained lower
concentrations of N, P, Cu, and Zn than raw slurry when calculated on a wet weight basis
(Papers I and II). After chemical pretreatment of the liquid fraction with flocculation/coagulation
(commercial and laboratory scale), the nutrient content was markedly improved (better N:P ratio)
and better matched crop requirements than the raw slurry.
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As the solid fraction is most often spread as a crop fertiliser on arable land far away from
the livestock production unit, production of a low volume solid fraction with a high DM content
and high concentrations of N and P is normally preferable. Therefore a combination of
flocculation chemical pretreatment followed by either pressure filtration or centrifugation would
be the most appropriate treatment option.
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5.1. Storage system and storage duration
Storage prior to field application of slurry and both separation fractions is very often a necessary
practice for farmers. Storage systems can be installed in the livestock building (under the floor)
or outside the building (belowground lagoons and pits, aboveground mixing pump and pump
station; Burton and Turner 2003). An aboveground slurry storage tank close to the animal houses
is one of the most common storage systems, usually built to hold the slurry for 3-9 months
production. These tanks are often connected to a reception pit (or pre-tank) alongside the animal
house, from where slurry is pumped to the main tank. The volume of the reception pit should be
sufficient to hold 2-3 days of intermediate storage, while the volume of the main storage tank
depends on the storage time and number and type of livestock on the farm. Slurry store covers
are often needed or even demanded by regulations, as slurry and liquid separation fraction
storage facilities are recognised to be major sources of odour and ammonia emissions. Covers
can be made of different materials (natural straw; foam clay particles; floating plastic sheets;
plastic roofs or tent constructions; solid concrete) (Burton and Turner 2003).
Mixing of slurry prior to separation treatment and of slurry or liquid fraction prior to land
application is quite important for achieving effective utilisation. Mixing (mechanical, hydraulic
or pneumatic) should homogenise the slurry and liquid separation fraction, which can enable
constant flow conditions during spreading and/or separating operations.
5.2. Changes in slurry and liquid separation fraction characteristics during storage
Slurry and liquid fraction composition may change significantly during the storage period due to
biological turnover of nutrients and organic matter, as well as inorganic reactions and
precipitation (Petersen et al. 1997; Paper III).
Dry matter losses during storage can be considerable and are usually a consequence of
transformation of organic material into gases (transformation of carbon to CH4 and CO2). A
decrease in the dry matter content of slurry during storage can influence the polymer requirement
in chemical pretreatment prior to separation. Assuming that the composition of the dry matter
remains unchanged over time, then a decrease in dry matter content would lead to a decrease in
the amount of polymer required. However, as the decrease in dry matter is usually a consequence
of slow dry matter degradation, the content of smaller particles created after degradation of
organic matter may increase, thus increasing the free particle surface charge density. In order to
achieve the same flocculation efficiency for stored slurry as for fresh slurry, increased demand
for polymer (flocculant) should be considered.
Biological decomposition during storage contributes to the transfer of nutrients,
especially N and P, between different fractions and chemical forms in slurry (Henze et al. 1996).
During the storage period, slurry undergoes anaerobic decomposition so that gases (NH3,
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hydrogen sulphide, CH4 and CO2) are emitted to the atmosphere (Zhang et al. 1997a; Nicholson
and Brewer 1997).
Temperature during storage is one of the major factors influencing N and C losses over
time. Increased temperature increases the mineralisation of organic N and affects the NH4+/NH3
balance, while it also increases emissions of CO2 (Dinuccio et al. 2008) and CH4 (Husted et al.
1994). If slurry is not well covered, typically 10-40% of total N is lost during storage for 14-43
weeks at temperatures higher than 20 °C (Petersen et al. 1997; Paper III) and most of the plantavailable N is reduced due to losses of inorganic N (NH3 emissions). This loss reduces the
nutrient value of slurry, but it can also pose an environmental hazard (see Section 2.2). Carbon is
predominantly emitted from slurry as CO2 (Hansen et al. 2006) and CH4 (Dinuccio et al. 2008)
and very little as volatile fatty acids (Paper III).
The pH of slurry is controlled by a complex buffer system (main controlling components
total inorganic carbon, volatile fatty acids and total NH4-N) (Sommer and Husted 1995) and it
changes during storage. The concentration of pH-controlling components undergoes changes
during storage, mainly due to volatilisation of NH3 (alkaline gas) and CO2 (acidic gas). Volatile
fatty acid is degraded by microbes, thereby producing CH4 and CO2, which can also cause
changes to the pH value over time. As components controlling pH value are highly dependent on
temperature, the increase in pH value differs when slurry and liquid separation fraction are stored
at different temperatures (Paper III).
Concentration of total P, Cu and Zn does not change with storage time and temperature,
as these elements cannot be lost due to volatilisation (Paper III). The increase in concentration of
P, Cu and Zn observed in raw slurry and the liquid fraction (Table 4) can be a consequence of the
appreciable volume reduction during storage. This reduction during storage is mainly the result
of water evaporation and it increases with increasing temperature (Dinuccio et al. 2008).
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Table 4. P, Cu and Zn concentration during storage of pig slurry and the liquid fraction at 5 ºC and 25
ºC. Means (n=3) and standard deviation in brackets. w.w = wet weight. Modified from Paper III.

Manure type

Storage
temperature

Storage
time
(weeks)
0
43

P
(mg g-1w.w.)

Cu
(µg g-1w.w.)

Zn
( µg g-1w.w.)

1.09a (0.05)
1.20a (0.27)

17.7a (0.31)
18.4a (1.23)

66.9a (1.00)
68.4a(7.68)

Raw slurry

5 ºC

Raw slurry

25 ºC

0
43

1.09a (0.05)
1.03a (0.09)

17.8a (0.31)
18.9a (0.95)

66.9a (1.00)
68.2a (3.28)

Liquid
fraction

5 ºC

0
43

0.38b (0.04)
0.40b (0.02)

6.34b (0.59)
6.95b (0.24)

22.8b (2.01)
24.2b (0.75)

Liquid
fraction

25 ºC

0
43

0.38b (0.04)
0.30b (0.03)

6.34b (0.59)
4.27c (0.31)

22.8b (2.01)
18.8b (2.36)

Temperature
treatment
Storage time
(weeks)

5ºC 25ºC

5ºC 25ºC
0

16

16

0

16

16

100

Distribution on particle sizes (% of total)

During storage of liquid separation
fraction, dissolved volatile solids are
the first to be consumed by microbes
due to their high degradability, but at
the same time the microbes hydrolyse
and convert suspended solids into
dissolved in order to obtain a
continuous food supply for their growth
(Zhu et al. 2000). This process changes
the particle size distribution of liquid
separation fraction when stored at
different temperatures (Figure 7). The
increased relative amount of particles
smaller than 25 µm in liquid fraction
stored at 5 ºC compared with the
distribution before storage (Paper III)
may be explained by an increase in
amount of dissolved solids and
decrease in amount of suspended solids
during storage. Different distribution
pattern of particles into size classes
when liquid fraction is stored at 25 ºC
may be a consequence of lower survival
rate of microbes at higher temperatures.
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Figure 7. Distribution of Cu and Zn into particle
size classes in raw slurry and liquid separation
fraction after storage at different temperatures.
Modified from Paper III.
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When applying separation fractions to arable land as a fertiliser, one should bear in mind how
this affects the loads of Cu and Zn to the soil and their behaviour in the soil after application.
This section combines data from Papers I, II and III on Cu and Zn in order to estimate the
consequences for their loads to the soil (Table 5).
Table 5. Content of P, Cu and Zn expressed relative to either DM, total N or total P content of the
raw slurry, liquid or solid fraction. Mean (min–max). Modified from Papers I, II and III).

P

Raw slurry
Liquid fraction
Solid fraction

g kg-1 DM
31.1 (16.2-57.1)
33 (15.6-61.8)
18.9 (6.58-42.6)

g kg-1 N
265 (161-440)
185 (45.2-413)
513 (254-862)

g kg-1 P

Cu

Raw slurry
Liquid fraction
Solid fraction

0.39 (0.16-1.05)
0.45 (0.06-0.7)
0.27 (0.04-0.83)

3.74 (1.29-6.86)
2.33 (0.18-6.95)
5.89 (1.21-15)

15.8 (4.4-33.7)
13.8 (3.48-46.8)
11.7 (3.94-26.5)

Zn

Raw slurry
Liquid fraction
Solid fraction

1.93 (0.84-5.34)
1.94 (0.38-3.58)
1.21 (0.77-3.68)

21.7 (9.39-64.6)
11.7 (1.09-40.1)
28.3 (2.49-66.2)

82.6 (40.6-188)
59.1 (4.48-169)
58.2 (24.2-97)

Slurry application rate is very often based on the N requirement of the crop controlled by
Nitrate Directive regulation (170 kg N ha-1 y-1), and this usually limits the maximum permissible
rate of slurry applied to the soil. Based on data from Papers I and II, around 540 g of Cu ha-1 y-1
and 3300 g Zn ha-1 y-1 would be introduced to the soil in this case1. With long-term slurry
application, P may become the limiting factor for further slurry application, due to excessive soil
P status. Based on the data from Paper I and II, lower amounts of Cu and Zn (400 Cu ha-1 y-1 and
2200 g Zn ha-1 y-1) would be introduced to the soil when slurry application rate is calculated
based on P requirement2 rather than N requirement. Crop uptake demand is only 20-30 g ha-1 y-1

1
The application rate of raw slurry was calculated based on the assumption that crop N requirement is on
average 150 kg N ha-1 y-1. The concentrations of N, Cu and Zn used in calculations are based on the average
concentrations of these elements measured in raw slurry in Papers I and II.
2
The application rate of raw slurry based on crop P requirement was calculated based on the assumption of
25 kg P ha-1 y-1. The concentrations of P, Cu and Zn used in calculations are based on the average
concentrations of these elements measured in raw slurry in Papers I and II.
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Cu and 180 g ha-1 y-1 Zn. With both application rates the load to the soil is much higher than the
crop demand for Cu (16-21 times) and Zn (12-18 times).
The liquid separation fraction is often used as an N fertiliser because of its high
concentration of inorganic N. Therefore, the maximum permissible rate of liquid fraction that
can be applied to the soil should be based on the N demand of the agricultural crop. When
applying the liquid fraction to the soil, based on the data in this study (Papers I and II) the loads
of Cu and Zn would be markedly lower than with slurry application. Lower loads of Cu would be
introduced to the soil on applying liquid fraction produced by chemically improved separation
methods, while both separation methods would lead to much lower Zn loads. When flocculation
and coagulation separation treatments are optimised in the laboratory the loads of Cu and Zn
would be lowest, so the risk of Cu and Zn accumulation in the topsoil after plant uptake and
leaching would be avoided.
When applied directly to arable land for crop fertilisation, the solid fraction could be used
primarily as a P fertiliser due to its high P content. The amount of P in the solid fraction depends
on the separation method applied. However, based on the data from our study (Papers I and II),
the amounts of Cu and Zn (350 and 1500 g ha-1 y-1, respectively) added when applying the solid
fraction at the rate needed to meet crop P requirements would not differ more than one- to two
fold from the amounts of Cu and Zn introduced to the soil with slurry application (see Section
2.2.1.1). The amounts of Cu and Zn added to the soil would be lower with application of the
solid fraction produced by the mechanical separation treatment compared with that produced by
chemical-mechanical separation.
Legislation recognising separation fractions as manure-based fertilisers with different N
and P content than raw slurry is not fully develop yet. Thus in worst cases solid fraction can be
used as N fertiliser, which would lead to high loads of Cu and Zn (790 and 3700 g ha-1 y-1,
respectively) compared with raw slurry.
Raw slurry and separation fractions are produced continuously on farms, but can only be
applied to arable land in certain periods of the year, either in autumn (for autumn-sown crops), or
in spring (for spring-sown crops). Therefore, the changes occurring in chemical, physical and
biological characteristic of raw slurry and separation fractions during storage may play a key role
when estimating their end use value as fertiliser. After long-term storage of raw slurry and the
liquid fraction, the loads of Cu and Zn to arable land will not be markedly changed compared
with freshly collected manure, as the concentration of Cu and Zn is not changed over time (Paper
III). However, the changes in their distribution into different particle size classes may affect the
fate and availability of Cu and Zn in the soil after application.
Information on the availability and environmental fate of Cu and Zn after application of
slurry separation fractions to arable land is largely lacking. However, the literature offers studies
on the availability and fate of Cu and Zn introduced to the soil by sewage sludge and in general,
some of the mechanisms involved can be assumed to be similar for Cu and Zn in slurry
separation fractions. Leaching studies on soils supplied with sewage sludge show hardly any
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increase in metals in the leachate (Emmerich et al. 1982; Gasco et al. 2005), indicating that most
of the metals are retained in the topsoil. Most of the metals in pig slurry are bound to organic
matter, which strongly retains metals, and hence Cu and Zn could be considered to be relatively
immobile in the soil. However, preferential flow and colloid-mediated transport of adsorbed Cu
and Zn through macropores (which can be influenced by the mobility of clay particles) are
processes by which metals are transported to lower depths in the soil profile, greatly increasing
the mobility of Cu and Zn to the groundwater (Camboreco et al. 1996; Karathanasis et al. 1999).
The risk of harmful effects of Cu and Zn increases in soils with a lower clay content due to the
influence of clay on metal retention (Gasco et al. 2003). These findings indicate that vertical
transport of Cu and Zn through the soil could be influenced by their association to different types
and sizes of particles in the slurry and the soil solution. It could be assumed that dissolved Cu
and Zn and that associated with the smallest particles (<25 µm) will be leached to a greater
extent than Cu and Zn associated with larger particles (>250 µm). On the other hand, Cu and Zn
bound to organic matter in larger particles (>250 µm) could be slowly released over a long
period in the soil due to microbial degradation.
When manure is added to the soil, part of its organic matter decomposes rapidly.
Decomposition rate depends on manure characteristics, soil parameters and environmental and
application conditions. Decomposition is generally lower when C:N ratio is higher and for
manure with a higher dry matter content. Decomposition of organic matter leads to production of
low molecular weight organic substances (free amino acids, sugars, peptides, etc.) or dissolved
organic carbon (DOC). DOC is highly active in the soil environment and has significant binding
availability for trace metals, and it is often reported to reduce metal adsorption. Low molecular
weight humic acids (fulvic acids) tend to form chelating complexes with metals and therefore
inhibit their adsorption to solid surfaces, thus increasing metal availability. Fulvic acids can be
taken up by plants directly with metals bound onto them (Strom et al. 1992). On the other hand,
addition of high molecular weight humic substances (acids) with slurry/separation fraction
application will enhance the ability of the soil to retain greater quantities of trace metals, and this
ability is pH-dependent (retention peak at pH 6-8). These acids will bind metals strongly enough
to keep them away from plant-available pools. The ratio of humic to fulvic acids in slurry-soil
mixture decreases following slurry application, indicating a risk of trace metal availability for
months to even years after slurry application.
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7.1. Conclusions
The primary aim of this thesis was to determine and document the effects of different separation
methods and storage on the distribution of dry matter, P, Cu and Zn between separation fractions
and particle size classes, and to discuss their importance for further application of separate
fractions to arable land. The main conclusions were:
•

On-farm chemical-mechanical and mechanical separation methods transferred and
upconcentrated dry matter, P, Cu and Zn from raw pig slurry to the solid fraction. The
separation efficiency differed markedly between these two separation methods. The solid
fraction from chemical-mechanical separation of slurry contained lower amounts of dry
matter, but higher amounts of P, Cu and Zn than the solid fraction from mechanically
separated slurry.

•

Centrifugation separation proved to be the most efficient mechanical separation method,
as it transferred and upconcentrated dry matter, P, Cu and Zn with high efficiency from
raw slurry to the solid fraction. Chemical pretreatment involving flocculation and/or
coagulation increased the amount of P, Cu and Zn in the solid fraction due to the
agglomeration of smaller particles and flocs into larger flocs, which are more easily
retained in the solid fraction. Ozonation pretreatment followed by centrifugation did not
improve the effectiveness of the centrifugation separation treatment alone.

•

When optimised in the laboratory, chemical pretreatment with flocculation and/or
coagulation showed higher transfer and upconcentration of dry matter, P, Cu and Zn to
the solid fraction than the same pretreatment in on-farm, full-scale separators.

•

Raw slurry and liquid fraction stored at 5 ºC and 25 ºC showed a significant decrease in
dry matter and ammonium content over time that was more intense at higher storage
temperature. In both manures total P, Cu and Zn concentrations were not affected by
storage time or temperature.

•

The distribution of Cu and Zn between particle size classes of raw pig slurry followed a
similar pattern to dry matter distribution. Phosphorus was present in larger particles than
Cu and Zn. Particle size distribution was affected by slurry separation, storage time and
temperature.
o In solid and liquid separation fractions the distribution of dry matter, P, Cu and Zn
was different for different separation methods, and was dependent on the
42

efficiency of the method in retaining the smallest particle size class (<25 µm) in
the solid fraction. Regardless of separation method, most dry matter, P, Cu and Zn
in the solid fraction was in particles larger than 25 µm. The liquid separation
fraction contained most dry matter, P, Cu and Zn in particle size classes smaller
than 25 µm.
o Regardless of the temperature in raw slurry during storage, relative amount of
particles larger than 1 mm decreased at the same rate as relative amount of
particles 250 µm-1 mm increased. The relative amount of particles smaller than
25 µm increased when the liquid fraction was stored at 5 ºC, but decreased with
storage at 25 ºC. Distribution of P, Cu and Zn into different particle size classes
followed a similar pattern as dry matter distribution when liquid fraction was
stored at 5 ºC and 25 ºC.
•

When solid fraction is utilised as crop fertiliser (primarily as P fertiliser), the loads of Cu
and Zn to the soils are not markedly different than the loads supplied with raw slurry. The
lowest amounts of Cu and Zn are added to the soil with the solid fraction from screw
press separation. On the other hand, when the liquid fraction is used as crop fertiliser
(primarily as N fertiliser), the loads of Cu and Zn are markedly lower than those supplied
with raw slurry.
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7.2. Perspectives
Slurry separation into solid and liquid fractions can reduce excessive loads of N, P, Cu, and Zn to
arable land. It has been shown that inclusion of chemical pretreatment prior to mechanical
separation can improve the efficiency of separation, resulting in a solid fraction with lower dry
matter but higher P, Cu, and Zn concentration than after mechanical separation alone. The results
in this thesis give an indication of possible loads of P, Cu, and Zn when separation fractions are
applied to arable land as organic fertilisers. General regulatory measures in most EU countries
primarily focus on N, without addressing the role of critical source areas for P losses and
excessive loads of Cu and Zn.
The key to good practice is to consider how activities on individual pig farms (e.g. Cu
and Zn addition to pig feed) can affect the environment. Care should be taken to minimise
negative impacts through selection of appropriate technologies (proper diet, slurry separation,
storage and spreading etc.), human resources (education and training of farmers) and
management (proper planning activities and emergency planning, monitoring etc.) for each site.
The next step should move from individual farms to a wider scale and lead to more specific
legislation regarding P, Cu and Zn loads.
Necessary steps for the development of scientifically based official norms for P
fertilisation should be undertaken. Strategies for alternative use of P from solid fraction should
be developed so that the eutrophication risk is reduced and utilisation of solid fraction P is
increased (as global P resources are finite). Knowledge from this thesis may be helpful in
formulating environmentally friendly and economically sustainable strategies to reduce P, Cu,
and Zn loads. Such strategies should be based on environmental impact assessment of applying
slurry separation fractions to arable land. It should combine existing knowledge on slurry and
separation fraction characteristics, performance of separators and soil parameters (texture, pH, P,
Cu and Zn concentrations, etc.).
More research is needed in order to assess the bioavailability of P, Cu, and Zn from pig
slurry and separation fractions, and the potential toxicity of Cu and Zn to crops and soil
microorganisms. Diffusive Gradient in Thin Films (DGT) methodology can be used as a better
indicator of P, Cu and Zn bioavailability than commonly used sequential extraction methods.
Microbial biosensors can be used to predict the potential toxicity of trace elements for the
environment.
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Abstract
Animal slurry separation is a relatively simple and environmentally friendly technology as it
enables export of surplus nutrients to areas where higher nutrient inputs are needed. This study
investigated the effects of different separation methods on P, Cu, Zn, total bacteria, and fecal
indicator bacteria (E. coli and Enterococcus spp.) distribution between solid and liquid
separation fractions from commercial slurry separators at 13 farms in Denmark. Particle size
fractionation of raw slurry and both separation fractions was performed by subjecting them to
wet fractionation and total P, Cu, and Zn were subsequently measured. Dry matter, P, Cu and Zn
were transferred and upconcentrated from raw slurry to the solid fraction more efficiently with
chemical-mechanical than with mechanical separation method. There has been very little affect
of both separation methods on transfer and upconcentration of total bacteria to the solid fraction.
Therefore, the liquid fractions contained a significant proportion of the total bacteria, including
the pathogen indicator organisms E. coli and Enterococcus spp. Most of dry matter (around 95%)
in solid fractions were found to be in particles above 25 m, while for liquid fractions the
highest content of dry matter (around 77%) was as particles smaller than 25 m. In both solid
and liquid separation fractions, distribution of P, Cu, and Zn among particle sizes followed
similar pattern as the dry matter.
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1. Introduction
During recent decades, the structure of the pig industry in many European countries has
continuously intensified, increasing the negative environmental impact of excessive nutrient
loads to arable land and the unsustainable use of slurry. Slurry separation into a dry matter and Prich solid fraction, and a liquid fraction rich in inorganic N, is a relatively simple and
environmentally friendly technology (Burton 2007; Hjorth et al. 2009). This technology allows
farmers dealing with surplus slurry to export it to areas without livestock production where
higher nutrient inputs are needed.
In traditional, small and medium scale animal production systems, like still practiced
widely in e.g. Asia, slurry separation is done in-house by manual scraping of the solid
components, and drainage of the urine to a storage tank. In more intensive, larger scale animal
production systems, as e.g. in Europe and North America, slurry based systems are commonly
used, due to the easier and more rational logistics for slurry management (Petersen et al., 2007;
Hjorth et al., 2010). Until recently, mechanical slurry separation has been a less developed
practice in these regions, as slurry treatment is still considered as an additional and nonprofitable cost of livestock production. In Denmark, the total amount of separated slurry in 2010
was about 1 million tons, or 3% of animal slurry produced on Danish farms. So far, the 50 solidliquid separators in operation have mainly separated pig slurry (Birkmose 2010). However, due
to growing environmental concerns, an increase in processing and anaerobic digestion of animal
slurry is expected over the coming years.
Several pathways of utilization for liquid and solid fractions are available today. The
most common application for both separation fractions is as a crop fertilizer applied directly to
arable land. The liquid fraction can be further refined (membrane filtration, evaporation, struvite
crystallization or NH3 stripping) in order to produce concentrated fertilizers for plant production,
while the high amount of effluent water can be used for irrigation of crops, or for cleaning
animal houses (Hjorth et al. 2009). The solid fraction can also be utilized for composting (Brito
et al. 2008a; Brito et al. 2008b) or bioenergy production (anaerobic digestion for biogas
production, incineration, gasification; (Moller et al. 2004; Moller et al. 2007a).
In areas with intensive livestock production, animal slurry is one of the major sources of
P input to soils (Dao and Schwartz 2010). However, it may contain high concentrations of
certain trace metals (Moller et al. 2007), which may result in accumulation of these elements in
the soil. Cu and Zn are added to pig feed at high concentrations as additives, even though pigs
can assimilate very little of the Cu and Zn (80- 90% of the Cu and Zn added to the feed is
excreted). Therefore, pig slurry contains high concentrations of Cu and Zn (360- 800 µg Cu g-1
DM and 500- 1900 µg Zn g-1 DM, (Nicholson et al., 1999; Robel and Ross, 1975) and pig slurry
application can possibly lead to Cu and Zn accumulation in top soil. Previous studies have shown
2

that slurry separation typically removes a significant proportion of P, Cu, and Zn to the solid
separation fraction, and the separation efficiency of these elements is strongly dependent on the
separation method used (Moller et al. 2007b).
The biodegradability of the organic phase of slurry and the reactivity of the inorganic
fraction in soil may be dependent on its particle size distribution. Smaller particles would be
expected to be more susceptible to microbial attachment and degradation than larger particles
(Magid et al., 2010). Association of P with different particle sizes in slurry depends on the
chemical nature and speciation of P. In raw slurry, about 80% of the P is undissolved and bound
in particles with diameter between 0.45 m and 1 mm (Masse et al. 2005). In solid separation
fractions, P distribution among particles depends on the efficiency of the separation method in
separating out smaller particle sizes (Peters et al. 2011). Trace metals (mainly Cu and Zn) in
slurry are either associated with organic matter or are present as inorganic particulates (Marcato
et al. 2008), with approximately 80% of Zn and over 95% of Cu associated with particles
between 0.45 and 10 m in size (Masse et al., 2005). Therefore knowledge of slurry P and trace
metal distribution among particle sizes may be essential for understanding their fate in soil after
slurry application.
Livestock waste contains a variety of zoonotic pathogens including Salmonella,
Campylobacter, enteric viruses, and protozoan parasites (Jones 1980; Kearney et al. 1993;
Mawdsley et al. 1995; Maddox-Hyttel et al. 2006; Ziemer et al. 2010). These microorganisms
can be present as free cells in solution, but are preferentially associated with particles, e.g. clay
minerals (McDowell-Boyer et al. 1986), slurry particles (Bradford et al. 2006), or metal oxides
(Lukasik et al. 1999; Zhuang and Jin 2003). In some cases, these organisms can persist in soil
after slurry application to land and are later transported to surface water by runoff or to
groundwater (Mawdsley et al. 1995). Therefore slurry treatments (slurry separation, composting,
drying, digestion, and alkaline stabilization) available to livestock producers may reduce the
risks of pathogen contamination. Fecal indicator microorganisms, e.g. E. coli and fecal
enterococci, are associated with fecal material from humans and other warm blooded animals
and their presence are used to predict the occurrence of zoonotic pathogens. These are therefore
often determined as indicator organisms, as they eliminate the need to analyze for every
pathogenic microorganism (Simpson et al., 2002).
Our starting hypothesis was that improved efficiency of dry matter removal through
separation will increase the proportion of P, trace metals, and zoonotic pathogens in the solid
separation fraction. We also assumed the separation method used would affect distribution of
particle sizes between solid and liquid separation fractions.
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The objectives of the study were to investigate raw slurry, and liquid and solid fractions
separated from this slurry, in order to:
1. Determine the distribution of P, trace metals, total bacteria, E. coli, and Enterococcus
spp. between liquid and solid separation fractions produced by different commercial
separation methods.
2. Quantify whether changes in the distribution of P and trace metals between different
particle sizes depends on the separation method used.
These effects were studied using commercial slurry separators and raw slurry and liquid
and solid fractions collected from a number of farms with slurry separators in Denmark.
2. Materials and methods
2.1. Sampling procedure
Fresh pig slurry (combination of slurry from fattening pigs, sows, and piglets the proportion
varying from 1:3 to 3:1 between farms) and solid and liquid fractions separated from the slurry
were collected from 13 commercial farm operations in Denmark (Table 1). Sampling was
organized into two sampling campaigns. The first of these was conducted during winter
2008/2009, when 10 farms were visited, and the second in autumn 2009, when samples were
taken from three additional farms. On each farm, raw pig slurry and both separation fractions
were collected from a separation plant in operation. A sample of liquid fraction from one farm
operation (RFD+SP2) was not collected due to inaccessibility of the tank, which had a frozen lid.
Raw slurry was sampled from the pre-tank, containing the slurry accumulated from the animal
house over a period of 1-2 weeks, and then stirred thoroughly by pumping during separation.
Solid and liquid samples were collected directly from the separator outlet. Eight of the separated
solids and liquids were collected after separation with Kemira separators (Kemira Water A/S,
Denmark). This separation technology is based on chemical pretreatment with flocculant
(polyacrylamide polymer; commercial name C2260) addition at the rate depending on the
nutrient reduction required at each individual farm, followed by mechanical separation with a
sieve (0.2 mm screen size) and screw press. The capacity of these separators at the commercial
scale is 6-15m3 per hour, depending on the dry matter content of raw slurry. Three of the
separated solids and liquids were collected after separation with Samson Bimatech technology,
based on mechanical separation only, using filter drums with a screw press in the middle, lined
with a fine mesh. The remaining two samples were taken from simple mechanical separators
consisting of either a screw press or rotating filter. All samples were collected by subsampling
over a period of 30 minutes during separator operation. The composite samples were stored in
10-L airtight buckets and transported at ambient temperature in the car (15-17 °C) to the
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laboratory within 24 hours. The samples were carefully mixed, subsampled, split into 250 mL
containers, and frozen at -18 °C for further analyses, with the exception of analysis of viable
microorganisms, which was done immediately after subsampling. Prior to subsampling, solid
samples were thoroughly mixed by hand for 10 minutes, while raw slurry and liquid samples
were mixed with the rod for 2 minutes (Jorgensen and Jensen 2009).
Table 1. Overview of the separation types and technologies sampled.
Separation method
Chemical –mechanical treatment:
Flocculation + belt press + screw press

Mechanical treatment:
Rotating filter drum + screw press
Centrifuge
Screw press
Total

Company

Abbreviation

Number of
farms

Kemira Water Denmark
A/S

FSP

8

Samson Bimatech
MEC Energy
SWEA Type A

RFD+SP
RFD
SP

3
1
1
13

2.2. Particle size distribution
Samples from raw slurry, liquid and solid fractions from two farms using chemical-mechanical
and two farms using mechanical separation methods were chosen to be analyzed further for
particle size distribution, and microbiological indicator organisms (see below). All four raw
slurries, as well as solid and liquid separation fractions, were analyzed in duplicate for particle
size distribution by serial wet sieving through metal (1000, 500, and 250 m), nylon (100 m)
and polyethylene (50 and 25 m) mesh filters. Wet sieving was performed using pure (distilled)
water. All water used for wet sieving of samples, together with particles smaller than 25 m, was
collected in the bucket below the smallest sieve. The maximum value at 25 m was chosen due
to the practical limitation of the sieving processing time. Material from each sieve was collected
after sieving, dried and weighed. The total amount of particles smaller than 25 m was
determined by taking two subsamples from the bucket after the fraction in the bucket had been
thoroughly mixed with magnetic stirrer equipment to bring all particles into suspension.
Subsamples were dried and weighed, and the total mass of this fraction was calculated based on
the dry matter content of subsamples and the total mass of wet fraction. Recovery was calculated
based on the dry matter content.
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2.3. Chemical analysis
Dry matter content was determined by drying fresh samples to constant weight at 105 °C for 24
h. Volatile solids content was measured on dried samples as loss on ignition at 550 °C for 3 h
(Clesceri et al., 1989). The pH was measured in 1:5 (wt:wt) wet samples to de-ionized water
ratio for all samples (Jorgensen and Jensen 2009). Electrical conductivity (EC25) was measured
in the same suspension but at different dilutions with distilled water. Solid fractions were
measured in 1:10 dilution with ionized water. Raw slurry and liquid fractions were measured in
1:2.5; 1:5 or 1:10 depending on the sample characteristics (for some samples the values were out
of range at lower dilution). A CMD 210 Meter laboratory conductivity meter (Radiometer,
Denmark) was used and conductivity for the undiluted sample calculated. Total N was measured
in duplicate by the Kjeldahl method (Clesceri et al., 1989). For ammonium determination, solid
fractions were prepared in a 1:20 (wt:wt) suspension of wet solids and 1M KCl shaken endover- end for 45 minutes and filtered (Advantec TM No. 5), while raw slurry and liquid fractions
were centrifuged for 10 minutes at 4 °C and 10000 G and filtered (Advantec TM No. 5).
Ammonium was measured in prepared samples (extracts and supernatants) by a flow injector
analyzer system (Lachat Instruments Division, Milwaukee, Wis). Total P and trace metals in raw
slurry and solid and liquid separation fractions were determined in wet samples (equivalent to 25
g d.wt) digested in 5 mL 35% HNO3 and 4.5 mL H2O2 at 120 ºC on a graphite heating block
(MOD block, CPI International, Amsterdam, Holland) digestion system. The analytical accuracy
was evaluated using 2781 Domestic Sludge standard reference material (U.S. Department of
Commerce National Institute of Standards and Technology, Gaithersburg, MD 20899).
Phosphorus and trace metal concentrations in digestate were measured on an ICP-OES system
(Optima 5300 DV, PerkinElmer, USA) equipped with a Meinhard nebulizer and cyclonic spray
chamber. For different particle size fractions, total P and trace metals were determined in dry
samples (25 g) using the same digestion procedure as for fresh samples, and the concentrations
were measured by ICP-OES.
2.4. Microbial analysis
2.4.1.Culturable fecal bacteria
Analysis for E. coli was carried out on Brilliance E. coli/coliform chromogenic medium
(CM1046, Oxoid, Hampshire, UK) using the spread plate method, and purple colonies were
counted after incubation at 37 °C for 24 h. Enterococcus spp. was enumerated on Slanetz and
Bartley Medium (CM0377, Oxoid) and characteristic maroon colonies were counted after 48 h
incubation at 44 °C. Liquid samples (liquid fraction and raw slurry) were 10-fold diluted in
Maximum Recovery Diluent (CM0733, Oxoid) and 100 µL of each dilution were spread on a
Petri dish containing Brilliance E. coli/coliform Chromogenic medium (Oxoid) or Slanetz and
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Bartley Medium (Oxoid). A 10 g portion of solid fraction was added to 90 mL Maximum
Recovery Diluent (Oxoid) and treated in an ultrasound bath (Metason 60; Struers, Copenhagen,
Denmark) for 30 s to release microorganisms from slurry particles. A 10-fold dilution of the
solid fraction solution was analyzed as described for liquid samples. All samples were analyzed
in triplicate. Due to logistic problems, concentrations of E. coli and Enterococcus spp. in raw
slurry, solid and liquid fractions were only analyzed from one farm with chemical-mechanical
and two farms with mechanical separation equipment in autumn 2009.
2.4.2. Total count of bacteria by quantitative PCR on the rpoB gene
DNA was extracted directly from raw manure or separation products, using the UltraClean Fecal
DNA kit (Mobio, Solana; CA, USA) as recommended by the manufacturer. DNA was finally
diluted in 50 µL of the elution buffer and a purity assay showed no inhibition of the PCR
reaction from 1 µL of the extracts (Lindberg et al. 2007). Quantitative PCR was performed in
triplicate on 1 µL extracts using the universal primers for single copy gene rpoB (Case et al.
2007). Amplification was carried out in an iCycler (Biorad, USA) with the following program:
10 min enzyme activation at 95 °C, followed by 50 cycles of the following steps: 30 s at 95 °C,
45 s at 57 °C, 45 s at 72 °C and 10 s at 78 °C (for photorecording of primer-dimer free product).
After an final extension at 72 °C, the heating block was cooled down to 50 °C and from this
temperature the block was gradually heated in increments of 0.5 °C to 95 °C to generate melting
curves of the products. A standard curve was produced by adding 10-fold dilutions of a pure
culture of Salmonella enterica DSM 554 to 250 µL of autoclaved manure and extracting the
DNA using the UltraClean Fecal kit as above.
All individual runs were checked for the presence of the rpoB melting curve within the
expected temperature range to ensure that the quantification was based on the q-PCR product.
The concentration of bacteria was then calculated using the iCycler software (Biorad).
2.5. Calculation
2.5.1. Separation index
The separation efficiency of dry matter, total N, P, Cu, and Zn from the raw slurries into the solid
fraction was calculated for each farm, using the simple separation index Et (eq.1) (Svarovsky
1985):
Et ( x) =

m( x) solid
m( x) slurry

(eq.1)
where m is the mass of the compound x (DM, N, P, Cu, or Zn). Simple separation states
the distribution of x between solid and liquid separation fractions, and ranges from 0-1, where
e.g. Et(x) = 0.70 indicates that 70% of x is present in the solid fraction.
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As the simple separation index gives no indication of the increase in concentration of x in
the solid fraction, the increase of the concentration of total DM, P, Cu, and Zn in the solid
fraction compared with the raw slurry was calculated using the reduced separation index Et’
(eq.2) (Svarovsky 1985):
m( solid )
m( slurry )
m( solid )
1−
m( slurry )

E t ( x) −
E t ' ( x) =

(eq.2)

where m(slurry) is the total mass (g) of separated slurry and m(solid) the total mass (g) of
solids produced. The reduced separation index ranges from -1 to 1, with positive values
indicating an increase in the concentration of x in the solid fraction compared with the raw slurry,
and negative values indicating an increase of the concentration of x in the liquid fraction.
Measurements of volume separation in commercial farm operations are difficult, if not
impossible, to perform, as the volumetric rate of slurry entering the separator cannot be easily
quantified. Official machine specifications stating the expectable volume separation for each of
the separators used at the 13 farms are available from the manufacturers. However, when the
separator is brought into operation on a particular farm, the volume separation may change
depending on the actual operating conditions. For that reason, we calculated volume separation
index based on the concentration of dry matter in separation fractions for all farms. The standard
specified and our calculated volume separation efficiencies were not found to be markedly
different (with exception for screw press that shows higher actual separation efficiency than
stated in the machine specification). Therefore, the reduced separation index was calculated
based on the volume separation stated by machine specification for each type of separator in use
and the measured concentrations of dry matter and elements (P, Cu, and Zn).
2.5.2. Phosphorus, copper, and zinc distribution among particle size classes
Distributions of P, Cu, and Zn in the particle size fractions were calculated as the percentage of
the total content of the compound in the recovered sample, normalized to 100%, including the
DM content from each fraction. Recovery corresponded to 55-300% of total concentration in the
whole sample.
2.6. Statistical analyses
For chemical characteristics of raw slurries and solid and liquid separation fractions within the
farms using the same separation method, means were compared by Friedman ANOVA test.
Differences in chemical characteristics of solid and liquid separation fraction produced with
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different separation methods were tested using one- way ANOVA. T test was performed for
comparing separation efficiencies of the two separation methods with respect to five slurry
parameters (DM, total N, P, Cu and Zn). Correlation analyses were performed using Spearman’s
rank correlation coefficient (r).
3. Results
3.1. Dry matter, nutrients, and trace metals in raw slurry and liquid and solid separation
fractions
For all raw slurries the dry matter content was on average 3.27%, of which 71% was volatile
solids (VS, Table 2). Dry matter content in liquid separation fractions from both separation
methods was lower than in the corresponding raw slurries. For all raw slurries, pH was on
average 7.8 and it was not significantly different from pH in all solid and liquid fractions. After
chemical- mechanical separation, total N content (dry matter basis) was significantly higher (P<
0.01) in all liquid separates than in solid separates and raw slurries. Liquid separates produced
after mechanical separation had significantly higher (P< 0.01) total N content (dry matter basis)
than in solid fractions. In raw slurries, ammonium (NH4-N) comprised about 58% of total N, and
it was following similar distribution pattern between solid and liquid separates as total N.
With the both separation methods there was significant difference (P< 0.01) in dry matter
between raw slurry and solid separation fractions. With mechanical separation method total P
concentration (dry matter basis) of solid separates was significantly lower (P<0.01) than in liquid
separates. Zinc concentration was significantly higher (P<0.01) in liquid separates than in raw
slurry, while there has not been significant difference in Cu concentration of raw slurry and both
separation fraction. However, for chemical-mechanical separation there were no significant
differences (P>0.01) between raw, solids and liquids for dry matter based total P, total Cu, and
total Zn concentration.
Solid and liquid separation fractions from chemical-mechanical separation had
significantly higher concentrations (P<0.01) of P than those from mechanical separation. This
was also observed for Cu and Zn, but differences were not statistically significant.
The strongest positive correlation was found between total N and total P in raw slurry
(r=0.802; p=0.001) and in solid separation fractions (r=0.676; p=0.01). A high negative
correlation was also found between Cu and pH for raw slurry (r = -0.676; p=0.01), and for solid
fractions (r = -0.734; p=0.01), while in liquid fractions there was no significant correlation to pH.
The Zn content was correlated to the total P content in all fractions, although only significantly
in separation fractions (in solid r =0.676; p=0.01 and in liquid r =-0.615; p=0.03). Copper and P
were not correlated. No correlations were found between E. coli, Enterococcus spp., or total
bacteria and any of the chemical parameters analyzed.
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Table 2. Chemical and microbiological characteristics of raw slurry, solid and liquid separation fractions. Means
with minimum to maximum range in brackets. Means within raw slurry, solid and liquid fractions after chemicalmechanical separation (a, b, c) or mechanical separation (d, e, f) followed by different letters are significantly
different.
Separation method and fraction
Chemical – mechanical separation
(n=8)

Mechanical separation
(n=5)

Property

Unit

Raw slurry

Solid

Liquid

Raw slurry

Solid

Liquid

Dry matter
(DM)

% of w.w.

2.84b
(1.55- 4.44)

27.9a
(24.2-33.8)

1.24b
(0.67- 2.52)

3.95e
(1.52- 7.43)

36.2d
(27.6-50.5)

2.52e
(0.91- 5.09)

Volatile solids
(VS)

% of DM

70.1a
(60.4- 76,2)

83.7a
(75.9- 93.1)

53.8b
(38,2- 61.7)

73.3e
(60.1-79.1)

90.4d
(86.9- 93.8)

63.0f
(54.7- 73.2)

7.97a
(7.84- 8.29)

7.99a
(7.42- 8.56)

8.38a
(7.82- 8.93)

7.77d
(7.48- 8.21)

8.28d
(7.77- 8.75)

8.36d
(7.93- 8.79)

pH
Electrical
conductivity
(EC25)

S m-1

1.95a
(1.40- 3.02)

1.60a
(0.61- 2.73)

1.09a
(0.72- 1.96)

2.86d
(1.51- 4.69)

2.44d
(1.43- 3.97)

2.67d
(1.10- 4.47)

Total nitrogen
(Tot N)

mg N g-1DM

134.7a
(82.7- 209.6)

42.7b
(30.8- 55.6)

245c
(165-345)

118.2d
(76.6- 231.2)

30.3e
(17.6- 44.6)

214.5d
(61-509)

Ammonium
(NH4-N)

% of total N

58b
(38.8- 74.4)

31.2c
(20.4- 44.2)

76.1a
(54.8- 95.7)

57.9d
(24.1- 87.2)

34.0e
(27.5- 40.6)

64.1d
(60.8- 68.5)

Total
Phosphorous
(Tot P)

mg Pg-1 DM

35.6a
(24.8- 57.1)

23.1a
(9.04- 42.6)

33.9a
(15.6- 61.8)

25.4de
(16.2- 52.1)

11.7e
(6.58- 22.6)

31.1d
(22.3- 42,3)

Total Copper
(Tot Cu)

g Cu g-1 DM

415a
(160- 1015)

269a
(82.6- 836)

304a
(61.5- 696)

429d
(175- 617)

159d
(40.2- 530)

402d
(203- 594)

Total Zink
(Tot Zn)

g Zn g-1 DM

2884a
(1052- 5342)

1487a
(76.7- 3680)

1860a
(377- 3580)

2061d
(839- 3619)

552de
(259- 1434)

1803e
(1180-2446)

Total bacteria

cells g-1 DM

1.07 x 109b

7.16 x 107b

2.38 x 109a

2.63 x 108de

4.60 x 107e

6.52 x 108d

E. coli *

CFU g-1 DM

Enterococcus *

CFU g-1 DM

(1.60×108-2.81×109) (2.69×106-3.60×108) (8.48×108-4.84×109) (5.69×107-5.90×108) (5.59×106-1.00×108) (1.26×108-1.17×109)

4.77 × 106

1.10 × 105

2.35 × 107

1.09 × 105

2.73 × 102

1.64× 105

(2.89×106-6.65×106) (1.03×105-1.16×105) (2.11×107-2.59×107) (2.75×104-2.10×105) (2.27×101-7.15×102) (1.09×102-3.41×105)

7.85 × 105

2.67 × 104

2.29 × 106

1.17 × 106

7.28 × 103

1.03 × 106

(7.20×105-8.50×105) (2.31×104-3.03×104) (2.21×106-2.36×106) (5.75×104-2.14×106) (5.48×102-1.56×104) (2.65×104-2.49×106)

*

Results are from one farm with chemical- mechanical (n=1) and two farms with mechanical (n=2)
separation method.
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3.2. Separation efficiency
The dry matter content of solid separation fractions was 9-10 times higher than that of raw
slurry. Furthermore, the concentrations (wet weight basis) of N, P, Cu, and Zn in solid separation
fractions (11.2; 5.48; 0.06 and 0.32 mg g-1 w.w., respectively) were 3- 7 times higher, than that
in raw slurry (3.57; 0.9; 0.01 and 0.08 mg g-1 w.w., respectively). The N, P, Cu, and Zn in slurry
were more efficiently removed into the solid fraction after addition of polymer (chemicalmechanical separation method), which transferred 36% of N, 77% of P, and 63-72% of metals to
the solid fraction (Figure 1).

1

DM

N

P

Cu

Total
Zn bacteria E.coli Enterococcus

0.6

0.4

0.2

Chem- mech
Mech

Chem- mech
Mech

Chem- mech
Mech

Chem- mech
Mech

Chem- mech
Mech

Chem- mech
Mech

Chem- mech
Mech

0

Liquid
Solid

Chem- mech
Mech

Simple separation index, Et

0.8

Figure 1. Distribution (Simple separation index, Et) of DM, total N, total P, Cu, Zn and total bacteria,
E.Coli and Enterococcus between separation fractions. Values for DM are based on separator
specification available from producers.

As a result, the separation of dry matter, P, and trace metals (Cu and Zn) into the solid
fraction, based on the reduced separation index Et’(x) differed significantly (P<0.01) between the
two separation methods (Table 3). Total P, Cu, and Zn were separated with higher efficiency
(P<0.01) by the chemical-mechanical separation method. This was also observed for dry matter
and total N, but differences were not statistically significant. However, the concentrations of total
bacteria in the solid separation fraction were practically unchanged compared with raw slurry, as
indicated by reduced separation index close to zero (Table 3). The concentrations of fecal
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indicator bacteria E. coli and Enterococcus spp. were slightly increased in the liquid fraction as
indicated by slightly negative reduced separation index Et’(x) compared with the raw slurry,
regardless of the separation method applied (Table 3).
Table 3. Reduced separation index of the two separation methods for the different slurry components
measured. Means followed by different letters are significantly different (P<0.01) between separation
methods.

Solid separates after:

DM

Reduced separation index
Total Total
Total
Total
N
P
Cu
Zn

Chemical- mechanical
separation method
(n=8)
Mechanical separation
method
(n=5)

1.18a

0.29a

0.75a

0.69a

0.81a

0.14a

0.32b

0.15b

Total
bacteria

E. coli*

Enterococcus
spp. *

0.59a

0.004

-0.08

-0.08

0.15b

0.12

-0.09

-0.07

* Results are from one farm with chemical- mechanical (n=1) and two farms with mechanical (n=2)
separation method.

3.3. Bacteria in raw slurry and liquid and solid separation fractions
The concentration of total bacteria in raw slurry was higher on the eight farms with chemicalmechanical separation than on the five farms with mechanical separation (Table 2). The
distribution of total bacteria showed that the majority (>80%) of the bacteria were present in the
liquid fraction for both mechanical and chemical-mechanical separation. Furthermore, the
chemical-mechanical separation method resulted in a higher amount of total bacteria in the liquid
fraction dry matter (>85%) than the mechanical separation method (Table 2).
In the raw slurry used for chemical-mechanical separation, the highest concentration of
total bacterial cells found was 2.8 x109 and the lowest concentration was 1.6x108, while the
corresponding values from the raw slurry used for mechanical separation were lower (5.9x108
and 5.7x107 cells per g DM) (Table 2).
On the three farms that were also analyzed for viable E. coli and Enterococcus spp., the
concentration of both bacteria was highest in the raw slurry used for chemical-mechanical
separation (Table 2) indicating a shorter storage time of raw slurry.
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In solid separation fractions,
distribution of P, Cu, and Zn among
particle sizes followed a similar pattern as
dry matter, with the highest proportion of
these elements (around 72%, 80%, and
54%, respectively) in particles above 25
m in diameter (Figure 3, 4, and 5). The
proportion of P, Cu, and Zn in the solid
fraction was higher in particles >250 m
than in large particles of the

proportion in the smaller particle size classes
of liquid separation fractions was higher than
in the same particle size class of the
corresponding raw slurry. Separation did not
markedly change the proportion of P, Cu, and
Zn in the small particle size class in liquid
separation fractions and the corresponding raw
slurry.
100
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decreased, while for Cu and Zn remained
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small particles of the corresponding raw
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Proportion of Zn in small particles of
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In liquid separation fractions, the
distribution of P, Cu, and Zn among
particle sizes followed similar pattern as
dry matter. Around 42%, 33%, and 34%
of P, Cu, and Zn, respectively, was found
in particles larger than 25 m (Figure 3,
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and Zn was lower in large particles (>250
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4. Discussion
4.1. Chemical composition of slurry and separation fractions
Dry matter and elemental composition (N, P, Cu, and Zn concentration) of the slurries
and separation fractions studied here varied by a factor of 2-8, but the values were similar
to ranges reported previously (Moller et al. 2007; Marcato et al. 2008; Jorgensen et al.
2010). Animal slurry is a mixture of complex organic compounds originating from
undigested feed, simple organic and inorganic compounds produced in the gastric tract
and intestines of the animal, bedding material, water and spilled feed (Zhang and
Westerman 1997). The chemical composition of slurry also varies with the species and
growth stage of the animals, diet composition, amount of water and bedding added to the
slurry, and the slurry collection system on the actual farm. Therefore the chemical
composition of raw slurry and separation fractions can vary greatly between different
farm systems operating in practice, as sampled in the present study.
The liquid fractions produced by mechanical separation method tested contained
higher concentrations of P, and Zn on a dry matter basis than the solid fractions, while for
chemical- mechanical separation methods these differences were not statistically
significant. On a wet weight (mg g-1) basis the concentrations were of course higher in
the solid (5.48 and 0.32, respectively) than in the liquid (0.52 and 0.03, respectively)
separation fractions. This confirms previous findings that P and trace metals in slurry are
present as particulates or associated with dry matter particles, and are hence concentrated
in the solid fraction during separation (Moller et al. 2007b). Zn concentrations on both a
dry (Table 2) and wet weight basis (mg g-1) were higher in the solid separation fractions
derived from the chemical-mechanical method (0.39) than those derived from the
mechanical method (0.20) (Moller et al. 2007b).
The positive correlation observed between total N and total P may be explained
by the fact that N and P have similar distribution pattern among particle sizes. Both are
primarily associated with smaller particles in slurry and solid separation fractions (Peters
et al. 2011) or dissolved in the liquid phase (NH4-N). Total Cu and pH were negatively
correlated in solid separation fractions, which may be the result of oxidation processes
involving Cu and leading to the decrease in pH. The positive correlation between total P
and total Zn in both separation fractions may be explained by adsorption of Zn by
phosphate (Perez- Novo et al. 2011), as previous studies have shown that 49% of Zn in
raw pig slurry is bound to organic matter (Legros et al. 2010). There, Zn can bind to
carboxyl, aldehyde, hydroxyl, sulfhydryl, phosphoryl and amine groups (Sarret et al.
1998).
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4.2. Separation efficiency
Addition of polyacrylamide increases the effective particle size by creating flocs which
are result of flocculation of particles and existing smaller flocs. These large flocs separate
out from the liquid part of raw slurry more rapidly than the small particles constituting
them would do alone (Peters et al. 2011). Moreover, these larger particles can be more
easily retained by screens and may also enhance separation of colloidal particles by their
settling (Vanotti et al. 2002). The higher separation efficiency for dry matter, P, and
metals observed in the present study on farms with chemical-mechanical compared with
mechanical separation methods was therefore expected, and the variability of slurry and
separation fraction properties was of a similar magnitude to that reported previously for
on-farm separators (Jorgensen and Jensen 2009). In slurry, much of the total N is in the
form of dissolved NH4-N (Sommer and Husted 1995), which accompanies the liquid
fraction, resulting in the lower separation efficiency for N than for P observed in this
study.
In slurry P, Cu, and Zn are generally associated with the smaller particles (<5-125
m) (Masse et al. 2005; Meyer et al. 2007), and hence their removal into solid separation
fractions will depend on the efficiency of the separation method in separating smaller
particles into the solid fraction. Chemical- mechanical separation methods flocculate
small particles into larger flocs, removing P, Cu and Zn rich particles (<25 m) into
larger particle sizes. Mechanical separation methods have high efficiency in removing
small particles from raw slurry to solid fraction. Our findings for chemical-mechanical
and mechanical separation methods (Table 3) were thus in accordance with previous
studies showing that 85% of total P and more than 95% of Cu and Zn are removed to the
solid fraction with the chemical precipitation and belt press separation method (Moller et
al. 2002; Moller et al. 2007b).
4.3. Distribution of total bacteria and fecal indicators between separation fractions
More than 80% of total bacteria present in the raw slurry were found in the liquid fraction
and an even higher proportion of the fecal indicator bacteria E. coli and Enterococcus
spp. was found in the liquid fraction. This indicates that the majority of the bacteria were
attached to small particles (less than 25 µm diameter) present in the liquid fraction or
present as planktonic cells. In fresh stormwater, E. coli attached to particles has been
found to be distributed with 18% to particles less than 5 µm in diameter, 80% to particles
having diameters between 5 µm and 75 µm, and 2% attached to particles larger than 75
µm, respectively (Jeng et al. 2005). A later study reported low attachment of fecal
coliforms to clay and silt sized particles in the presence of manure particles causing
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predominately planktonic cell transport of manure-borne fecal coliforms (Guber et al.
2007b). A substantial fraction of particles released from slurry under simulated rainfall is
of silt and clay particle sizes, which also include the size classes of viruses, bacteria, and
protozoan parasites (Pachepsky et al. 2009). A significant difference in the release rate of
E. coli and Enterococcus spp. from slurry has been observed, indicating that E. coli
resides in the liquid part of the slurry fraction, whereas enterococci are possibly attached
to the solid parts of slurry (Guber et al. 2007a). E. coli has also been found to be
transported predominantly as planktonic cells in runoff from cowpats (Muirhead et al.
2006). In contrast, (Jeng et al. 2005) found a higher attachment of E. coli to suspended
particles in stormwater compared with enterococci and fecal coliforms. Enterococci
attached to particles with a diameter of 10-30 µm, while E. coli had a broader
distribution. At least 60% of E. coli and enterococci released from slurry are reported to
be associated with particles 8-62 µm in diameter (Soupir et al. 2010).
The few viable cells of E. coli and Enterococcus spp. found in the solid fraction
of the mechanical separated slurry (Table 2) can be due to loss of culturability owing to
partial drying of the fecal material in the solids. In a study investigating the influence of
drying in fecal material using three different methods (immunofluorescent microscopy,
viable cell count, and direct DNA quantification), drying of the material did not influence
DNA-based quantification, but the number of viable bacteria that were able to form
colonies on an agar plate was heavily affected (Pedersen and Jacobsen 1993). The
mechanical separation of raw slurry produced a significantly higher content of dry matter
in the solid fraction and therefore a comparable loss of culturability which could explain
the low concentration of E. coli and Enterococcus spp. Although data on viable counts of
E. coli and Enterococcus spp. were only collected on three out of the 13 farms studied,
these two fecal indicator bacteria were present in consistently higher proportions in the
liquid fraction, as also observed for the total number of bacteria (Table 2). However, it is
not known at this point whether E. coli and Enterococcus spp. can serve as representative
indicators for pathogenic bacteria, e.g. Salmonella, in their attachment to different-sized
slurry particles. Total bacteria were found in higher concentrations in the liquid
separation fractions, which could indicate that pathogenic bacteria will also be attached to
small particles (<25 µm). Since fecal coliforms and fecal enterococci vary considerably
in terms of size, morphology, motility, and surface chemistry, this could lead to a
difference in their ability for attachment to solid surfaces within soils and aquifers
(Celico et al. 2004) but also in fecal material. In human fecal material there is evidence
that particle-associated and planktonic communities of microbiota differ significantly
(Walker et al. 2008). A study of a small clone library of bacteria in pig manure (Snell18

Castro et al. 2005) found that the bacterial groups most often represented were the
Eubacterium (22% of total sequences), the Clostridium (15% of sequences), the BacillusLactobacillus-Streptococcus subdivision (20% of sequences), the Mycoplasma and
relatives (10% of sequences), and the Flexibacter-Cytophaga-Bacteroides (20% of
sequences). The relatively low abundance of E. coli and Enterococcus spp. in our slurry
samples compared with the number of total bacteria indicates that these bacteria only
represent a minor fraction of bacteria in slurry but their presence indicates the possible
occurrence of zoonotic pathogens which could pose a risk to the public health.
4.4. Distribution of dry matter, P, Cu, and Zn in particle size fractions
A previous study showed changes in the distribution of dry matter and P among particle
sizes compared with the raw slurry only for chemically separated solid fractions, while
simple mechanical separation methods did not affect dry matter and P distribution in the
solid separation fractions (Peters et al. 2011). However, in the present study, there were
changes in dry matter and P distribution among size classes in liquid and solid fractions
compared with their initial distribution in raw slurry with both separation methods.
In solid separation fractions the proportion of large particles (>250 m) increased
compared with their initial distribution in raw slurry. The proportion of small particles
(<25 m) and medium (25-250 µm) sized particles decreased. This indicates that small
particles had been shifted to the large class size, most probably due to agglomeration of
particles smaller than 250 m in diameter into larger flocs after polyacrylamide addition
in chemical-mechanical separation (Peters et al. 2011). In solid fractions produced by
mechanical separation, changes in distribution might be explained by the fact that dry
matter in slurry is mainly associated with larger particles, for which mechanical
separation methods have high separation efficiency. P, Cu, and Zn underwent the same
changes in distribution as dry matter, with only Zn distribution not being affected by
mechanical separation.
In all liquid separation fractions, the proportion of particles smaller than 25 m
increased compared with their proportion in raw slurry. The proportion of large particles
(>250 m) decreased, at the expense of a similar increase in small particles as the
proportion of medium-sized particles (25-250 m) was similar to their proportion in raw
slurry. This indicates that both separation methods transferred a large amount of particles
greater than 250 m in diameter, but also many particles in the 25-250 m class, to the
solid fraction. The distribution of P followed the same distribution as dry matter, but the
proportion of Cu and Zn associated with particles smaller than 25 m decreased in
chemical-mechanical liquid fractions, while that after mechanical separation stayed the
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same as in raw slurry. Previous studies have shown that mechanical separation generally
has little effect on the dissolved fraction of slurry, indicating that Cu and Zn in liquid
separation fractions are either dissolved or colloidal (Westerman and Bicudo 2000).
5. Conclusions
Chemical-mechanical and mechanical on-farm separation methods both showed transfer
and increased concentrations of dry matter, total N, P, Cu, and Zn from the raw slurry to
the solid fraction. However, the separation efficiency differed markedly between the two
separation methods. Total P, Cu, and Zn were separated with higher efficiency when the
chemical-mechanical separation method was applied. The liquid fractions contained a
significant proportion of the total bacteria, including the pathogen indicator organisms E.
coli and Enterococcus spp., regardless of the separation method applied.
Regardless of separation method applied, solid fractions contain approximately
95% of particles above 25 m. In liquid fractions approximately 77% of dry matter was
in particles smaller than 25 m. In both solid and liquid separation fractions, the
distribution of P, Cu, and Zn among particle sizes followed similar pattern as the dry
matter.
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Abstract
Pig slurry separation is a slurry treatment technique that can reduce excess loads of P, Cu and Zn
to the arable land. This study investigated the effects of different commercial and laboratory
separation treatments for pig slurry on P, Cu and Zn distribution into solid and liquid fractions.
Solid and liquid separation fractions were collected from two commercial separators installed on
the farm. Five different separation treatments were performed (polymer flocculation and
drainage; coagulation with iron sulphate addition and polymer flocculation and drainage;
ozonation and centrifugation; centrifugation only; and natural sedimentation) on sow and
suckling piglet raw slurry. Particle size fractionation was performed on raw slurry and all
separation fractions by sequential wet sieving and P, Cu and Zn concentrations were then
measured in the particle size classes. Dry matter and total P, Cu and Zn were separated with
higher efficiency when chemical pretreatments with flocculants and coagulants were introduced
before mechanical separation at both commercial and laboratory scale. When solid fractions are
utilised as crop fertiliser (primarily as P fertiliser), the loads of Cu and Zn to the soils are not
markedly different than the loads applied with raw slurry. When liquid fractions are used as crop
fertiliser (primarily as N fertiliser), the loads of Cu and Zn are markedly lower than those
supplied with raw slurry. The loads of Cu and Zn introduced to the soil were lowest on
application of the liquid fraction produced by optimised separation treatments that included
flocculation and coagulation..
________________________________________________________________________
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1. Introduction
The global increase in pig production has resulted in a near doubling in the number of pigs over
the past half century and it appears almost certain that the number will increase further [1]. Pig
producers continue to specialise and intensify, so the number of livestock on the individual farm
is rising. This is leading to increased challenges for farmers in dealing with excess slurry
produced on their farms. Pig slurry application is usually based on crop nitrogen requirements in
accordance with Nitrate Directive and in most EU Countries slurry application is limit at 170 kg
N ha-1 y-1. This application rate very often leads to excess P, Cu and Zn loads to arable land, and
it can possibly create environmental problems after excessive nutrient loads to surrounding land
and the environment.
Even though P is essential element for plant growth, the elevated soil P level is an
environmental concern when P is carried away by runoff and via drains [2] to streams and lakes,
where it causes eutrophication [3]. In areas of dense livestock production, application of slurry
enriched with Cu and Zn may lead to accumulation of these in the topsoil. Although Cu and Zn
are essential micronutrients, they can have toxic (deleterious) effects on soil microorganisms,
higher plants and animals when applied at high rates to the soil. Previous studies have shown that
pig slurry application is the major anthropogenic source of organic P, Cu and Zn for agricultural
soils [4, 5]. Therefore, slurry separation into a liquid fraction that is poor in dry matter but rich in
inorganic N and a solid fraction that is rich in dry matter, P, Cu and Zn could be one option for
tackling the environmental challenges posed by application of P-, Cu- and Zn-enriched animal
slurry.
Throughout the literature separation efficiency of mechanical separators (decanting
centrifuge and screw press) [6] and some separation methods including chemical pre treatment
(chemical precipitation) [7] in terms of Cu and Zn was investigated. These separation
technologies showed transfer and upconcentration of P, Cu and Zn from raw slurry to solid
fraction, and are commonly used at commercial scale. However, there has been no data available
on efficiency of particular set up of chemical pre treatment (ozonation, coagulation and
flocculation) and mechanical separation (centrifugation and pressure filtration) on Cu and Zn
transfer and upconcentration to solid separation fraction tested in this study.
The chemical nature and speciation of P, Cu and Zn govern their association to different
particles in slurry and separation fractions. The area of contact between particles and solution
can play an important role in process of P and metal adsorption. Smaller particles have larger
surface (contact) area available for reactions than larger particles, thus most of P, Cu and Zn can
be expected in the smallest particle size class. Moreover, previous studies [8, 9] showed that
slurry particles of different size classes vary in chemical origin. Chemical variation will affect
the surface charges of individual particle sizes with the small particles having larger surface
charge density than the larger particles In raw slurry, about 60% of the P is undissolved and
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bound in particles measuring between 0.45 m and 250 µm in diameter [10]. Trace metals
(mainly Cu and Zn) in slurry are either associated with organic matter or are present as inorganic
particulates [11], with approximately 80% of Zn and over 95% of Cu associated with particles
with between 0.45 and 10 m diameter [10]. Therefore knowledge of slurry P and trace metal
distribution among particle sizes may be an essential step in understanding their fate in soil after
land application of slurry or slurry separation fractions.
Pig slurry separation at commercial scale is often driven by economy aspect (e.g. additional
running or maintenance of slurry separation equipment) while in the laboratory separation tests
are performed based on efficiency of separation treatment. The hypothesis of this study was to
test different combination of mechanical separation and chemical pre treatment at commercial
and laboratory scale with respect to P, Cu and Zn transfer and upconcentration to solid fraction.
The aims of the present study were to investigate raw slurry and liquid and solid fractions
separated by eight different separation (3 at commercial scale and 5 at laboratory scale) methods
in order to:
1. Determine differences in removal efficiency for P, Cu and Zn into the solid fraction
of commercial and laboratory-scale treatments.
2. Quantify whether the separation methods cause changes in dry matter (DM), P, Cu
and Zn distribution into different particle size classes of solid and liquid fractions.
The knowledge from this study can be used when proposing separation set up (combination
of chemical pre treatment and mechanical separation) that should ensure lowest loads of P, Cu
and Zn after separation fraction application to the arable land.
2. Materials and methods
2.1. Sampling
Fresh pig slurry and solid and liquid separation fractions were collected from a single
commercial farm operation in Denmark, where the slurry was produced only by sows and
suckling piglets. Sampling was carried out in November 2009, when raw slurry (around 300 L)
was collected from the pre-tank (short-term storage connected directly to the animal house).
The solid and liquid separation fractions were collected from two commercial separators
(Kemira Water, Denmark, and Swea, Denmark) installed on the farm. The Kemira separation
unit consists of two process steps, a chemical step that consists of flocculant (polymer) addition
to the raw slurry followed by gravity drainage through a mechanical belt filter; and a mechanical
separation step in a screw press (Swea, Kolding, Denmark). Therefore, solid and liquid fractions
were taken from the Kemira separator at two different separation points, after the first step of
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polymer addition and belt filter drainage (Floc1+drain) and at the end of the Kemira separation
process (Floc1+scr. press) (Table 1).
All samples were collected by subsampling over a period of 30 minutes during separator
operation. Raw slurry was collected in 60-L barrels, while solid and liquid fractions from the
commercial separator were collected in 10-L airtight buckets and transported at ambient
temperature (15-17 °C) to the laboratory (within 8 hours), where they were subsampled into 250
mL containers and frozen at -18 °C for further analyses (for further details on the subsampling
procedures used, see [12].
2.2. Laboratory separation treatments
Five separation treatments were applied to the collected raw slurry at laboratory scale. Four of
these treatments represented commercially available separation methods and one represented
natural separation in the slurry tank (Table 1).
Table 1. Treatment IDs and details of separation methods applied.

Treatment ID
Commercial scale

Separation method

Details of method/procedure

Floc1+drain
Floc1+scr.press

Chemical
Chemical- mechanical

Scr.press

Mechanical

KEMIRA separator without screw press
KEMIRA separator (using flocculants) with
screw press
Screw press alone

Laboratory scale
Floc2+drain

Chemical

Coa+floc2+drain

Chemical

Ozon+cent

Chemical-mechanical

Cent

Mechanical

Sed

Undisturbed
sedimentation

Simulates the first process (chemical) step in
KEMIRA separator with flocculant addition
alone
Simulates the first process (chemical) step in
KEMIRA separator with both coagulant and
flocculant addition
Simulates Infarm Smellfighter separator
technology
Simulates decanting centrifuge (simplified
model)
Simulates natural separation during storage in
slurry tank

A flocculation and drainage treatment (Floc2+drain) was performed by adding 175 mL 0.2%
polyacrylamide polymer (superfloc C-2260, cationic, linear, high molecular weight, 40% charge
density, Kemira Kemwater, Finland) to 600 mL slurry, followed by gravity drainage through a
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0.2 mm filter for 20 minutes. A coagulation, flocculation and drainage treatment
(Coa+floc2+drain) was performed by adding 2 mL Fe3(SO)4 (commercial name PIX-115) prior
to flocculation with 150 mL 0.2% polyacrylamide polymer, followed by drainage as above. In
both treatments the amounts of flocculant added were determined based on visual
characterisation of the floc size, solid fraction DM, turbidity and volume separation. Turbidity
was estimated by spectroscopy.
Treatment with ozonation was simulated using the Infarm Smellfighter (Infarm A/S,
Grundfos, Denmark) technology (at the time of the experiment this technology was undergoing
testing and appears promising for the commercial market). This separation method uses ozone
gas, which breaks down most odour-causing compounds in slurry and converts them to oxygen.
For Ozon+cent separation treatment, a volume of 3 L pig slurry was ozonated (ozonation dose
0.125 L/min) and then separated by centrifugation.
Centrifugation (Cent) was performed by transferring around 200 mL slurry to a
centrifugation tube, centrifuging for 30 seconds at maximum speed (with additional 15 seconds
for acceleration and 20 seconds for deceleration) at 3500g, and carefully collecting the
supernatant by suction. A decanting centrifuge is typically running with this retention time.
Centrifugation was applied as a simplified model for a decanter centrifuge [7].
Sedimentation (Sed) was performed for 24 hours in a filled 3-L glass beaker and the liquid
fraction was collected by careful suction.
All separation treatments were performed in duplicate. The separation fractions obtained
were stored at -18 °C until further analyses.
2.3. Particle size distribution
Particle size distribution was determined in duplicate for all samples by serial wet filtration
through metal (1000, 500 and 250 m), nylon (100 m) and polyethylene (50 and 25 m) mesh
filters. Wet sieving was done using pure (distilled) water. All water used for wet sieving of
samples was collected together with particles smaller than 25 m in the bucket below the
smallest sieve. Material from each sieve was removed, dried and weighed. The total amount of
particles smaller than 25 m was determined by thoroughly mixing the fraction (magnetic stirrer
equipment) to bring all particles into suspension and ensure representativity and then taking two
subsamples from the bucket. These subsamples were dried and weighed and the total mass of this
fraction was calculated based on the DM content of subsamples and the total mass of wet
fraction. Recovery (76-118%) was calculated, normalised to the total DM content in non
fractionated sample. The distribution of P, Cu, and Zn among the particle size fractions was
calculated as the percentage of the total content of the compound in the recovered sample,
normalised to 100%, including the DM content from each fraction.
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2.4 Chemical characterisation
Dry matter content was determined by drying fresh samples to constant weight (24 h) at 105 °C
and expressed as a percentage of fresh weight. Volatile solids (VS) content was determined on
dried samples as loss on ignition at 550 °C for 3h [13] and expressed as a percentage of dry
matter. The pH was measured in 1:5 (w.wt) wet sample to de-ionised water ratio for all samples
[12]. Electrical conductivity (EC25) was measured in the same suspension as pH, but with
different dilutions for solids (1:10) using a conductivity meter (CMD 210 Meter Lab,
Radiometer, Denmark) and conductivity for undiluted sample was calculated. Total N and NH4N were measured by the Kjeldahl method. Total P and trace metals were determined in dry
samples (0.25 g) digested in 5 mL 35% HNO3 and 4.5 mL H2O2 at 120 ºC on a graphite heating
block digestion system (MOD block, CPI International, Amsterdam, Holland). The analytical
accuracy was evaluated using 2781 Domestic sludge (U.S. Department of Commerce National
Institute of Standards and Technology Gaithersburg, MD 20899) as the standard reference
material. Phosphorus and trace metal concentrations in digested sample were measured on an
ICP-OES system (Optima 5300 DV, PerkinElmer, USA equipped with a Meinhard nebuliser and
a cyclonic spray chamber). For different particle size fractions, total P and trace metals were
determined in dry samples (0.25 g) using the same digestion procedure as for non-fractionated
samples, and the concentrations were measured by ICP-OES.
2.5. Data analysis
For comparisons of separation methods on the basis of dry matter, P, Cu and Zn separation, the
Simple separation index (Et) and the Reduced separation index (Et’) were used [14]. For further
details, see [15, 16]. In brief, Et indicates the relative proportion of the component which ends up
in the solid fraction. It can be calculated using following formula (eq. 1):
Et ( x) =

m( x) solid
m( x) slurry

(eq.1)

where m is the mass of the compound x (DM, N, P, Cu, or Zn). Simple separation states the
distribution of x between solid and liquid separation fractions, and ranges from 0-1, where e.g.
Et(x) = 0.70 indicates that 70% of x is present in the solid fraction.
Reduced separation index (Et’) indicates the degree of upconcentration of the component,
with a positive value indicating upconcentration in the solid fraction and a negative value
indicating upconcentration in the liquid fraction. It can be calculated using following formula
(eq. 2):
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m( solid )
m( slurry )
m( solid )
1−
m( slurry )

E t ( x) −
E t ' ( x) =

(eq.2)

where m(slurry) is the total mass (g) of separated slurry and m(solid) the total mass (g) of
solids produced. The reduced separation index ranges from -1 to 1, with positive values
indicating an increase in the concentration of x in the solid fraction compared with the raw slurry,
and negative values indicating an increase of the concentration of x in the liquid fraction.
Volume separation was not measured directly for the commercial separation methods applied
on the farm, as the volumetric rate of slurry entering the separator could not be easily quantified.
Therefore, the Reduced separation index was calculated based on the volume separation stated
by the machine specification for each type of separator used. The standard specified efficiency
and our calculated volume separation efficiency (based on the DM concentration of the fractions)
were found to be not markedly different. For the Floc1+drain separation method, which is only
the first of two process steps in the commercial separator, the volume separation used for further
calculation was based on values for chemical pre-treatment [15].
2.6. Statistics
Differences in chemical characteristics in all solids and liquids within the fraction were tested by
one-way ANOVA. Correlation analyses were performed using Spearman’s rank correlation
coefficient (r). The values included in the correlation calculation were values of total N, P, Cu
and Zn (Table 2). Spearman rank correlation coefficient (r) is computed by using rank scores Ri
for Xi and Ci for Yj. These rank scores are defined as follows (eq. 3):
Ri=  rk+(ri+1)/2
k < i
Cj=  ch+(cj+1)/2
h < j

for i=1, 2, ...,
R

for j=1, 2, ...,
C

(eq. 3):
For each of the variables X and Y separately, the observations are sorted into ascending order
and replaced by their ranks.
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3. Results
3.1. Chemical variation in raw slurry, solid and liquid fractions
The measured chemical composition of the pig slurry studied was similar to that previously
found on commercial farms in Denmark [16,17] (Table 2). Dry matter content was generally
higher in solid and liquid fractions separated in the commercial farm equipment than in the
corresponding optimised separation treatments applied in the laboratory (Table 2). This was due
to the different separation performance (lower amount of flocculant added, screw press liquid
removal efficiency) of the commercial-scale separation. Total N content (on a DM basis) was 3-6
times higher in the liquid fraction than in the solids, but when based on fresh weight, total N in
the liquid fraction was lower than in raw slurry and the solid fraction. In solid fractions,
ammonium (NH4-N) comprised about 55% (range 44-66%) of total N, while in liquid fractions
the proportion of ammonium was higher (mean 87%, range 77-97%). The highest total N
concentration and ammonium (NH4-N) proportion were recorded for liquid fractions after the
laboratory flocculation treatments (Floc2+drain and Coa+floc2+drain). In solid fractions, the
highest total P, Cu and Zn concentrations were recorded after chemical-mechanical separation
for both commercial and laboratory-scale processes. In liquid fractions, total P, Cu and Zn
concentrations were by far the lowest after the laboratory flocculation treatments (Floc2+drain
and Coa+floc2+drain).
For solid fractions, a strong positive correlation was found between total N and total P
(r=0.76; p=0.03) and between total Cu and total Zn (r=0.91; p=0.002). In liquid fractions the
strongest positive correlation was between total Cu and total Zn (r=0.98; p<0.001), while a very
strong negative correlation was observed between total N and total P (r=-0.92; p=0.001). Dry
matter was negatively correlated to total N in both the solid and liquid fractions (r= -0.88; p<
0.001; r=-0.958; p<0.001 respectively).
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Product and treatment ID

w slurry
id fraction:
mmercial scale:
c1+drain
c1+scr.press
. Press
boratory scale
c2+drain
a+floc2+drain
on+cent
nt
d
quid fraction:
mmercial scale
c1+drain
c1+scr.press
.press
boratory scale
c2+drain
a+floc2+drain
on+cent
nt
d
VS

%
of DM
77

6

c

%
of w.wt

2.1
b
2.6
c
3.3

a

0.7
d
0.7
e
1.4
e
1.5
e
1.5

d

78.1
a
79.9
b
84.4

78.8
a
75.6
a
78.2
a
76.3
a
77.9
a

58.4
a
58.5
a
64.2
a

37.3
b
33.2
a
65.5
a
62.7
a
61.4

b
d

a

c

a

a

8.05
b
8.26
c
8.20

8.05
b
8.26
c
8.20
a

8.10
a
8.05
d
8.11
d
8.10
e
7.99
d

8.18
a
8.13
b
7.99
a

8.15
b
7.96
c
8.41
b
8.03
b
8.05

a

1.71
d
1.59
c
2.06
c
2.03
c
1.97
8.10
a
8.05
d
8.11
d
8.10
e
7.99

1.33
b
0.78
c
1.83
a

78.8
a
75.6
a
78.2
a
76.3
a
77.9

8.15

cd

1.71
d
1.59
c
2.06
c
2.03
c
1.97

a

1.33
b
0.78
c
1.83
28.8
28.3
32.3
26.2
23.7

36.5
37.7
39.2
13.9
6.16
14.0
12.5
17.7

a

51
a
51
a
57
a
66
a
62

a

-1

d

cd

1.38
a
2.46
a
1.97
ab

1.57
a
1.74
ab
1.22
a
2.10
a
2.15

ab

9
87
a
87
b
79

a

c

g Cu
g-1 DM

Total Zn

32.7
389
1916

25.3
22.7
17.1
337
503
139
1661
1903
623.4

28.8
28.3
32.3
26.2
23.7

400
387
314
301
330
2021
1881
1662
1502
1636

87
a
87
b
79
a

36.5
37.7
39.2
512
349
867
2098
1837
3337

c

13.9
6.16
14.0
12.5
17.7

8.56
8.18
746
422
337

10.2
19.8
2554
1697
1277

173
b
141
c
125
a

297
e
333
f
238
g
226
h
225

d
a

51
a
51
a
57
a
66
a
62

95
c
97
a
83
a
87
a
85
d

a

56
b
44
b
50

0.7
d
0.7
e
1.4
e
1.5
e
1.5
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1.57
a
1.74
ab
1.22
a
2.10
a
2.15

ab

1.38
a
2.46
a
1.97
72

b

8.18
a
8.13
b
7.99

a

58.4
a
58.5
a
64.2

57.1
d
55.7
a
48.2
b
36.5
d
52.8
a

46.9
b
35.3
c
23.3

a

74.44

ab

Total Cu

mg P
g-1 DM

a

Total P

%
of tot N

8.15
b
7.96
c
8.41
b
8.03
b
8.05

a

NH4 -N

mg N
g-1DM

37.3
b
33.2
a
65.5
a
62.7
a
61.4

Sm
2.60

Total N

2.1
b
2.6
c
3.3
d

297
e
333
f
238
g
226
h
225

a

173
b
141
c
125

d

57.1
d
55.7
a
48.2
b
36.5
d
52.8

EC25
95
c
97
a
83
a
87
a
85

25.3
22.7
17.1

56
b
44
b
50

46.9
b
35.3
c
23.3

a

72

74.44

pH

12.3
c
12.3
a
15.1
a
17.1
c
10.8

77

78.1
a
79.9
b
84.4

%
of DM

15.0
b
27.9
b
25.9

32.7

%
of tot N

mg N
g-1DM

mg P
g-1 DM

NH4 -N

Total N

VS

a

a

8.15

Sm-1
2.60

EC25

%
of w.wt

a

15.0
b
27.9
b
25.9

pH

DM

Raw slurry
Solid fraction:
Commercial scale:
Floc1+drain
Floc1+scr.press
Scr. Press
Laboratory scale
Floc2+drain
Coa+floc2+drain
Ozon+cent
Cent
Sed
Liquid fraction:
Commercial scale
Floc1+drain
Floc1+scr.press
Scr.press
Laboratory scale
Floc2+drain
Coa+floc2+drain
Ozon+cent
Cent
Sed

12.3
c
12.3
a
15.1
a
17.1
c
10.8

DM
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Product and treatment ID
Total P

8.56
8.18
746
422
337

512
349
867

400
387
314
301
330

337
503
139

389

g Cu
g-1 DM

Total Cu

10.2
19.8
2554
1697
1277

2098
1837
3337

2021
1881
1662
1502
1636

1661
1903
623.4

1916

g Zn
g-1 DM

Total Zn

Table 2. Characteristics of raw slurry and solid and liquid fractions from different separation treatments (for ID explanations, see Table 1). Means
(n=2) within solid and liquid fractions after different separation treatments followed by different letters are significantly different (p<0.01).
Concentrations of metals were determined in only one replicate. Means within raw slurry, solid and liquid fractions followed by different letters
are significantly different.

ble 2. Characteristics of raw slurry and solid and liquid fractions from different separation treatments (for ID explanations, see Table 1). Means
2) within solid and liquid fractions after different separation treatments followed by different letters are significantly different (p<0.01).
ncentrations of metals were determined in only one replicate. Means within raw slurry, solid and liquid fractions followed by different letters
significantly different.
g Zn
g-1 DM

3.2. Separation efficiency of commercial separators and optimised treatments in the laboratory
At the commercial scale, separation with only the flocculation step (Floc1+drain) produced a
solid fraction with the highest simple separation index for DM content (77% in the solid
fraction), while Scr. press transferred a lower proportion (46%) of the total DM to the solid
separation fractions (Table 3). Transfer of total P, Cu and Zn was associated with dry matter.
Floc1+drain treatment showed the highest upconcentration of total P and total Zn to the solids,
while Scr. press showed almost no upconcentration of total N, Cu and Zn to the solid fraction
(Table 4).
All laboratory separation treatments showed transfer and upconcentration of N, P, Cu and Zn
to the solid fraction. Floc2+drain treatment at the laboratory scale showed the highest transfer
and upconcentration of DM, P, Cu and Zn to the solid fraction (Tables 3 and 4). However, the
Coa+floc2+drain separation treatment also efficiently transferred and upconcentrated dry matter
and metals (Cu and Zn) to the solids, while the Ozon+cent treatment was highly efficient in
transferring and upconcentrating P into the solid fraction.
Table 3. Simple separation index for the different slurry components (Et, % in the solid fraction
of total slurry content) with different separation treatments (for ID explanations see Table1).

Sample ID

DM

N

P

Cu

Zn

Commercial scale:
Floc1+drain
Floc1+scr.press
Scr.press

77
55
46

48
22
13

60
32
22

67
60
15

67
46
14

Laboratory scale:
Floc2+drain
Coa+floc2+drain
Ozon+cent
Cent
Sed

94
94
85
85
91

73
70
57
42
70

84
81
86
75
71

96
93
70
72
83

98
92
76
73
84
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Table 4. Reduced separation index for the different slurry components (Et’, range -1 to +1, positive
values indicating upconcentration in solid fraction) with different separation treatments (for ID
explanations see Table 1).

Sample ID

DM

N

P

Cu

Zn

Floc1+drain
Floc1+scr.press
Scr.press

0.66
0.50
0.40

0.25
0.13
0.04

0.42
0.24
0.14

0.52
0.55
0.06

0.52
0.40
0.04

Laboratory scale:
Floc2+drain
Coa+floc2+drain
Ozon+cent
Cent
Sed

0.89
0.89
0.77
0.78
0.78

0.49
0.45
0.33
0.13
0.33

0.69
0.65
0.79
0.62
0.36

0.92
0.88
0.54
0.58
0.63

0.97
0.86
0.63
0.60
0.64

Commercial scale:

3.3. Dry matter, P, Cu and Zn distribution in particle size classes
In raw slurry, most DM (about 70%) was found in particles larger than 25 µm (Figure 1).
Solids produced by chemical (Floc1+drain) and chemical-mechanical (Floc1+scr.press)
separation at commercial scale contained about 16% of DM in particles smaller than 25 µm,
while mechanical separation (Scr. press) left only about 8% of DM in the smallest particle size
class, but a concomitantly higher proportion in particles >1 mm. At laboratory scale, the
Floc2+drain and Coa+floc2+drain separation treatments produced solids with the lowest amount
of DM (about 11%) in the smallest particle size class (<25 µm). Solids from the Ozon+cent and
Cent separation treatments contained about 30% of DM in the smallest particle size class (<25
µm), while the Sed treatment produced solids with the highest amount (around 40%) of DM in
the smallest particle size class (<25 µm). All liquid fractions produced at commercial scale were
free of particles larger than 250 µm, while those produced by optimised separation treatments in
the laboratory were almost absolutely free of particles larger than 25 µm, therefore leaving most
of the P, Cu and Zn attached to the smallest particles (<25 µm) or dissolved in the solution
following the laboratory treatments. Laboratory separation treatments produced liquid fractions
with a higher amount of DM in the smallest particle size class (about 96%) compared with
liquids produced at the commercial scale (about 76%).
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100

a- Solid

80

60

Distribution on particle sizes (% of total)

40

20

0
100

b- Liquid

80

60

40

< 25µm
25-50µm
50-100µm
100-250µm
250-500µm
500-1000µm
>1000µm

Sed

Cent

Ozon-cent

Coa-floc2-drain

Floc2-drain

Scr. press

Floc1-scr. press

Floc1-drain

0

Untreated slurry

20

Commercial
scale

Lab
scale
Figure 1. Distribution of DM between particle size classes in untreated slurry and in the

separated solid fraction (a) and liquid fraction (b).

In all solids, the distribution of P, Cu, and Zn among particle sizes followed more or less the
same pattern as DM, with the highest proportion of these elements in particles >25 µm except for
the Sed treatment, where only 52-74% were in particles >25 µm. Solids produced at commercial
scale and after chemical separation treatments in the laboratory had the highest proportion of P,
12

Cu and Zn (99.5%, 100%, and 99%, respectively) in particles >25 m in diameter (Figures 2, 3,
and 4), while the Ozon+cent and Cent separation treatments produced solids with 1-5% of P, Cu
and Zn in the smallest particle size class (<25 µm). The highest proportion of P, Cu and Zn
(69%, 73% and 74%, respectively) in liquid fractions produced at commercial scale was in the
smallest particle size class (<25 µm). For all separation treatments optimised in the laboratory,
the P, Cu and Zn remaining in the liquid fraction were more or less entirely found in the smallest
particle size class (<25 µm).
100

a- Solid

80

Distribution on particle sizes (% of total)

60

40

20

0
100

b- Liquid

80

60

< 25µm
25-50µm
50-100µm
100-250µm
250-500µm
500-1000µm
>1000µm

40

Sed

Cent

Ozon-cent

Coa-floc2-drain

Floc2-drain

Scr. press

Floc1-scr. press

Floc1-drain

0

Untreated slurry

20

Lab
scale

Commercial
scale

Figure 2. Distribution of P between particle size classes in untreated slurry and in the separated solid
fraction (a) and liquid fraction (b).
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a- Solid
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a- Solid

80
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60
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Distribution
Distribution
on particle
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(%total)
of total)

40
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20
20

0
100
0
100

b- Liquid
b- Liquid

80
80
60
60

< 25µm
25-50µm
< 25µm
50-100µm
25-50µm
100-250µm
50-100µm
250-500µm
100-250µm
500-1000µm
250-500µm
>1000µm
500-1000µm

40
40
20

Commercial
scale
Commercial
scale

Lab
scale
Lab
scale

SedSed

Cent
Cent

Ozon-cent
Ozon-cent

Coa-floc2-drain
Coa-floc2-drain

Floc2-drain
Floc2-drain

Scr.Scr.
press
press

Floc1-scr.
Floc1-scr.
press
press

0

Floc1-drain
Floc1-drain

0

Untreated
Untreated
slurry
slurry

20

>1000µm

Figure 3. Distribution of Cu between particle size classes in untreated slurry and in the separated solid
Figure 3.(a)Distribution
of Cu between
fraction
and liquid fraction
(b). particle size classes in untreated slurry and in the separated solid
fraction (a) and liquid fraction (b).
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100-250µm
250-500µm
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Ozon-cent
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Floc2-drain

Scr. press
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Untreated slurry
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Figure 4. Distribution of Zn between particle size classes in untreated slurry and in the separated solid
fraction (a) and liquid fraction (b).
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In raw slurry, the highest concentration of P was measured in medium particle size classes
(25-250 µm), while metals (Cu and Zn) were mostly concentrated in the smallest particle size
classes (<25 µm) (Table 5). All separation methods tested in this study produced solid and liquid
fractions with altered concentration of P, Cu and Zn in different particle size classes (Table 5). In
all solid fractions P, Cu and Zn concentrations were highest in the medium size class and higher
than their concentration in the same particle size class of raw slurry. The largest particles (>250
µm) had higher concentrations of P, Cu and Zn and the smallest particles (<25µm) had lower
concentrations than in the corresponding particle size class of raw slurry. In liquid fractions
produced after only the first step in the Kemira separator (Floc1+drain), the concentrations of P,
Cu and Zn were found to be higher in the medium particle size classes than in the smallest, and
higher than in the medium size class of raw slurry. When the liquid fraction was produced from
the complete Kemira separation process (Floc1+scr.press), P was highly concentrated in the
smallest particle size class, while metals were equally distributed between both particle size
classes (medium and small). Mechanical separation (Scr.press) did not markedly change the
concentration of P, Cu and Zn between particle size classes in the liquid fraction compared with
raw slurry. All separation treatments optimised in the laboratory produced liquid fractions with
all P, Cu and Zn in the smallest particle size class. The smallest particle size class of all liquid
fractions (except after Scr.press) contained lower concentrations of all three elements than the
same particle size class of raw slurry.
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Table 5. Concentration of P, Cu and Zn in different particle sizes of the raw slurry and solid and
liquid fractions.

Particle size class
P mg g-1DM

Raw
slurry

> 250 µm
Solid Liquid

10.7

Raw
slurry

25-250 µm
Solid
Liquid

58.5

Raw
slurry

<25 µm
Solid
Liquid

33.2

Floc1+drain
Floc1+scr.press

17.6
13.6

nd*
nd

44.8
46.5

60.5
41.2

0.01
0.01

23.8
78.5

Scr.press
Floc2+drain
Coa+floc2+drain

10.8
23.3
24.0

nd
nd
nd

50.9
53.6
44.9

67.1
nd
nd

<0.01
<0.01
<0.01

29.3
0.03
<0.01

Ozon+cent
Cent
Sed

15.5
17.1
10.7

nd
nd
nd

53.6
56.8
150

nd
nd
61.9

0.01
0.02
0.34

14.1
13.9
15.0

Floc1+drain
Floc1+scr.press

220
145

nd
nd

765
697

819
604

0.01
0.03

376
584

Scr.press
Floc2+drain
Coa+floc2+drain

60.8
404
356

nd
nd
nd

189
805
679

616
nd
nd

0.02
0.04
0.03

951
0.01
<0.01

Ozon+cent
Cent
Sed

97.1
81.5
71.3

nd
nd
nd

558
484
252

nd
nd
0.93

0.11
0.06
1.70

656
447
61.2

Cu µg g-1DM
51.6

Zn µg g-1DM

431

159

827

2199

3554

Floc1+drain
Floc1+scr.press

1078
611

nd
nd

3518
3228

3833
2783

0.45
0.20

1679
2906

Scr.press
Floc2+drain
Coa+floc2+drain

212
1743
1562

nd
nd
nd

1238
3729
3140

2918
nd
nd

0.19
0.42
0.12

4079
<0.00
<0.00

Ozon+cent
Cent
Sed
*
not determined: when

388
nd
2744
nd
305
nd
2482
nd
247
nd
1298
3425
separation methods completely removed particles >250 µm

0.59
2488
1.22
1821
2.75
1403
(or >25 µm

for some of the laboratory separation treatments) from the liquid fraction, concentrations could
not be determined
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C, N and P content in the sludge matrix, while their content in the micro-solids and supernatant
increased (the amount of micro-solids also increased). The majority of the C, N and P and most
metals (including Cu and Zn) were also found in the micro-solids [21]. Therefore, the
concentrations of P, Cu and Zn in the liquid fraction produced following the ozonation and
centrifugation (Ozon+cent) separation treatment in this study were higher than in liquids
produced by centrifugation (Cent) only. On the other hand, transfer and upconcentration by the
Ozon+cent separation treatment for DM, Cu and Zn and by centrifugation alone were not
markedly different, indicating that ozonation pretreatment did not improve the effectiveness of
the separation treatment in removing the smallest particles (<20 m ) to the solid fraction.
After polymer addition to slurry, smaller particles form larger flocs due to polymer bridging
[18]. These larger particles (flocs) can enhance slurry solid retention by screens and separation of
colloidal particles by settling [22, 23]. After coagulant addition, charge neutralisation of
negatively charged slurry particles by Fe ions takes place, and it is more effective for the smaller
particles as they have a larger specific surface [18]. The flocculation and coagulation treatments
tested in this study increased capture of the P-, Cu- and Zn-rich particles (<25 m) in the solid
fraction, thereby producing solids with the highest transfer of DM, N, P, Cu and Zn to the solid
fraction, which is in line with previous findings [15]. Consequently, all laboratory flocculation
and centrifugation treatments (Coa+floc2+drain, Floc2+drain, Ozon+cent and Cent) produced
liquid fractions almost free of particles larger than 25 m (Figure 1), and with very low
concentrations of P, Cu and Zn.
The choice of separator for an actual farm depends very much on the reason for separation.
As solid fractions are most often spread on arable land as crop fertilisers, production of a low
volume solid fraction with a high DM content and high concentrations of P, Cu and Zn would
normally be the preference. Therefore a combination of the Floc1+drain treatment followed by
either pressure filtration or centrifugation would be the preferred option.
The positive correlation observed between total N and total P in the solid fraction may be
explained by the fact that N and P have more or less the same distribution pattern among particle
sizes, mainly associated with smaller particles in slurry and solid separation fractions [15], or
dissolved in the liquid phase (as NH4-N). However, in liquid fractions, a strong negative
correlation between total N and total P was observed, showing that in the liquid fraction most
total N is in the form of ammonium dissolved in the liquid phase, while P is bound to the
smallest particles. Despite the fact that most Cu and some Zn (14%) in pig slurry is bound to
sulphur (Cu2S and ZnS), the positive correlation between total P and total Cu and Zn in both
separation fractions may be explained by adsorption of Cu and Zn by phosphate, as shown by
previous studies [24, 25].
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4.2. P, Cu and Zn distribution between different particle size classes
Our findings for particle size distribution in solids (Figure 1) produced at commercial and
laboratory scale were in agreement with previous studies showing that changes in the particle
size distribution in solid fractions are mainly based on the shift of small particles (<25 µm) to
larger size classes (>250 µm), as medium size classes (25-250 µm) are usually unaffected by
separation [15, 16]. Optimised separation treatments in the laboratory, including chemical
pretreatment with flocculants and/or coagulants, produced solids with the lowest proportion of
dry matter in the smallest particle size class (<25 µm), indicating that agglomeration of the small
particles into larger flocs had taken place after addition of the optimal dosage of flocculant and
coagulant. At the commercial scale, the solid fraction produced by the screw press (Scr. press)
contained a smaller proportion of DM in the smallest particles (25 µm) compared with the
Floc1/drain and Floc1/Scr. press separation methods, which is in line with previous studies
showing that most of the DM in slurry is associated with large particles, for which mechanical
separators have high separation efficiency [15, 16]. All commercial separation methods and
optimised separation treatments with flocculation and coagulation produced solid fractions with
almost all P, Cu and Zn in particles larger than 25 µm, most probably because these treatments
shifted the smallest particle size class (<25 µm) to either larger particle size classes of solids, or
to the liquid fraction. Due to this shift, the concentrations of P, Cu and Zn in large and medium
particle size classes (>25 µm) of solids were higher than their concentrations in the
corresponding particle size classes of raw slurry. Sedimentation treatment showed the lowest
efficiency in removing the smallest particle size class from the solid fraction, leaving a high
proportion of P, Cu and Zn attached to these small particles in the solids. All particles that ended
up in liquid fractions (most of them particles <25 µm) contained markedly lower concentrations
of P, Cu and Zn, most probably due to initially low concentrations of these elements in the liquid
fraction.
A previous study [26] has shown that after pig slurry application, most of the Cu and Zn
applied with the slurry accumulate in the topsoil (0-20cm). Zn and Cu proved to be bound to
organic matter (by ion exchange and chemisorption reactions), to Fe- and Mn-oxides (by
chemisorption) or to carbonates. Leaching studies [27, 28] on soils supplied with sewage sludge
show hardly any increase in metals in the leachate, proving that most of the metals are retained in
the topsoil. When introduced to the soil through pig slurry application, Cu complexes strongly
with organic components (humic substances) [29], and is therefore less mobile in the soil than
Zn. However, most of the metals in pig slurry are bound to organic matter, which strongly retains
metals, and hence Cu and Zn could be considered to be relatively immobile. However,
preferential flow has been shown to be a process by which metals are transported to lower depths
in the soil profile, greatly increasing the mobility of Cu and Zn to the groundwater [30]. It has
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also been shown that colloid- mediated transport of adsorbed Cu and Zn through macropores
could be a potential pathway for vertical movement of Cu and Zn [31], and it could be influenced
by the mobility of clay particles [32]. The risk of harmful effects of Cu and Zn increases in soils
with a lower clay content due to the influence of clay on metal retention [33]. These findings
indicate that vertical transport of Cu and Zn through the soil could be influenced by their
association to different types and sizes of particles in the slurry and the soil solution. It could be
assumed that dissolved Cu and Zn associated to the smallest particles (<25 µm) will be leached
to a greater extent than Cu and Zn associated to larger particles (>250 µm). On the other hand,
Cu and Zn bound to organic matter in larger particles (>250 µm) could be slowly released over a
long period in the soil due to microbial degradation.
When determining the application rate of slurry, the N requirement of the crop is usually the
parameter that limits the maximum allowable rate of slurry which can be applied to the soil.
Typically 100-200 kg N ha-1 y-1 is required by common agricultural crops. However, with longterm slurry application, P may become the limiting factor for further slurry application, due to
excessive soil P status. In general, agricultural crop requirements do not exceed 20-30 kg P ha-1
y-1, which in the case of the slurry used in this study means a maximum application rate of 12.6 t
ha-1 y-1 of raw slurry. With this application rate, around 297 and 1464 g of Cu and Zn ha-1,
respectively, would be introduced to the soil when slurry is applied to meet crop P requirements.
The solid fraction from slurry separation is very often spread on arable land for crop
fertilisation and due to its high P content could be used primarily as a P fertiliser. The amount of
P in the solid fraction depends on the separation method applied used on the raw slurry (Table 2).
However, based on the data from our study, the amounts of Cu and Zn added when applying the
solid fraction at the rate needed to meet crop P requirements would not differ more than one- to
twofold from the amounts of Cu and Zn introduced to the soil with slurry application. The lowest
amounts of Cu and Zn would be added to the soil with application of solid fractions produced by
the Scr. press separation treatment.
The liquid separation fraction is often used as an N fertiliser because of its high concentration
of inorganic N. Therefore, the maximum allowable rate of liquid fraction that can be applied to
the soil must be based on the N demand of the agricultural crop. When applying the liquid
fraction to the soil, based on the data from our study the loads of Cu and Zn would be markedly
lower than with slurry application (1-1918 and 2-6598 fold for Cu and Zn, respectively). The
lowest loads of Cu and Zn would be introduced to the soil on applying liquid fractions produced
by optimised separation treatments including flocculation and coagulation (Floc2+drain and
Coa+floc2+drain), while the highest loads would be introduced with the liquid fraction produced
by screw press separation (Scr.press).
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5. Conclusions
All separation methods studied (chemical-mechanical and mechanical) showed transfer and
increased concentrations of dry matter, total N, P, Cu and Zn from raw slurry to the solid
fraction. However, the separation efficiency differed markedly between the separation methods.
Dry matter and total P, Cu, and Zn were separated with higher efficiency when a chemical
pretreatment with flocculants and coagulants was introduced before mechanical separation at
both commercial and laboratory scale.
Optimised separation treatments (especially with chemical pretreatment) showed high
efficiency in removing large particles from the liquid fraction. In both solid and liquid separation
fractions, the distribution of P, Cu, and Zn among particle size classes followed more or less the
same pattern as DM distribution.
When solid fractions are utilised as crop fertiliser (primarily as P fertiliser), the loads of Cu
and Zn to the soils are not markedly different than the loads applied with raw slurry. The lowest
amounts of Cu and Zn would be added to the soil with the solid fraction from screw press
separation. On the other hand, when liquid fractions are used as crop fertiliser (primarily as N
fertiliser), the loads of Cu and Zn are markedly lower than those supplied with raw slurry. The
lowest loads of Cu and Zn would be introduced to the soil when applying liquid fractions
produced by optimised separation treatments including flocculation and coagulation, while the
highest loads would be introduced with the liquid fraction produced by screw press separation.
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Abstract
Chemical-mechanical separation of pig slurry into a solid fraction rich in dry matter, P, Cu and
Zn and a liquid fraction rich in inorganic N but poor in dry matter may allow farmers to manage
surplus slurry by exporting the solid fraction to regions with no nutrient surplus. Pig slurry can
be applied to arable land only in certain periods during the year, so it is commonly stored prior to
field application. This study investigated the effect of storage duration and temperature on
chemical characteristics and P, Cu and Zn distribution between particle size classes of raw slurry
and its liquid separation fraction. Dry matter, VFA, total N and ammonium content of both slurry
products decreased during storage and were affected by temperature, being higher at higher
storage temperatures. In both products, total P, Cu and Zn concentrations were not significantly
affected by storage duration or temperature. Particle size distribution was affected by slurry
separation, storage duration and temperature. In raw slurry, particles larger than 1 mm decreased,
whereas particles 250 µm-1 mm increased. The liquid fraction produced was free of particles
>500 µm, with the highest proportions of P, Cu and Zn in the smallest particle size class (<25
µm). The proportion of particles <25 µm increased when the liquid fraction was stored at 5 ºC,
but decreased at 25 ºC. Regardless of temperature, distribution of P, Cu and Zn over particle size
classes followed a similar pattern to dry matter.
______________________________________________________________________________
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1. Introduction
Production and land application of slurry in areas with specialist and intensified pig farming
often exceeds crop demands for nutrients. This poses a risk of nitrate and phosphorus (P)
leaching and runoff, accumulation of trace metals in the topsoil and other severe environmental
problems (Kronvang et al., 2005). Legislative restrictions on slurry application rate cause a
shortage of land for slurry application in livestock-intensive regions, so slurry separation into a
dry matter- and P-rich solid fraction and inorganic N-rich liquid fraction provides a possible
solution for farmers to manage surplus slurry by export to regions with no nutrient surplus.
In order to synchronise nutrient supply from animal manures with crop requirements,
which vary throughout the year and are typically largest in spring and early summer, animal
slurry commonly needs to be stored prior to field application (Sommer, 2001). Storage duration
is usually determined by differences in cropping season, slurry application strategy and
regulation of livestock production (Burton and Turner, 2003). The average storage capacity for
slurry is around 6 months, but is longer in Scandinavian countries (9-12 months) (Burton and
Turner, 2003). Both liquid and solid fractions from slurry separation are commonly used as a
crop fertiliser applied directly to arable land, and therefore both fractions need to be stored
before application for a similar period of time, but storage conditions (temperature, degree of
aeration etc.) can be expected to affect raw slurry and its liquid and solid fractions differently.
In areas with intensive livestock production, animal slurry is one of the major sources of
P input to soils (Dao and Schwartz, 2010). However, slurry may also contain high concentrations
of certain trace metals (Moller et al., 2007), 360-800 µg Cu g-1 DM and 500-1900 µg Zn g-1 DM
(Nicholson et al., 1999; Robel and Ross, 1975), as Cu and Zn are added to pig feed at high
concentrations as additives and pigs excrete 80-90% of the Cu and Zn supplied in feed.
The composition of slurry and the liquid separation fraction changes during storage due
to turnover of organic matter and nutrients (Petersen and Sorensen, 2008). Microbial processes
(anaerobic bacteria) lead to a decrease in total suspended solids (TSS) (Zhu et al., 2001).
Nitrogen and P can be transferred between different fractions and chemical forms in slurry due to
biological decomposition during storage (Henze et al., 1996). Microbial decomposition may also
change the pH and chemical form of salts and metals (Henze et al., 1996; Sommer and Husted
1995). The chemical nature and speciation of P, Cu and Zn govern their association to different
particles in slurry and liquid separation fractions. Rather than particle size or the volume that
they occupy, the contact surface can play a dominant role in the processes of P and metal
adsorption. Therefore, it is important to know whether these elements are associated with
particles or are dissolved in the liquid phase. Moller et al. (2002) showed that particle size
distribution of slurry changes during storage and therefore the distribution of P, Cu and Zn
between particle size classes may also change during storage due to microbial activity.
2

The objective of the present study was to investigate the effect of storage of raw slurry
and its separated liquid fraction at different temperature on chemical characteristics and on the
distribution of P and trace metals (Cu and Zn) between different particle size sizes.
2. Materials and methods
2.1. Sampling and experimental set-up
Fresh pig (sow and suckling piglet) slurry and the liquid fraction after separation of the slurry
with a commercial full-scale KEMIRA separator (Flocculation + belt press + screw press) were
collected from one commercial farm operation in Denmark. Sampling was done in May 2010,
when raw slurry (around 150 L) was collected from the pre-tank (short-term store connected
directly to the animal house), while the same amount of liquid fraction was collected directly
from the outlet of the separation plant in operation. Raw slurry and liquid fraction were collected
in 6 plastic barrels (40-60 L each), transported at ambient temperature by car (15-17 °C) to the
laboratory within 8 hours and stored overnight at room temperature. The samples were carefully
mixed with a rod for 2 minutes and divided into 1-L blue cap bottles (for more details on subsampling procedures for best reproducibility, see Jorgensen and Jensen 2009).
The experiment was carried out at two temperature treatments for 43 weeks (approx. 10
months). The blue cap bottles were covered with paraffin film (Parafilm® M) during the whole
experiment. Parafilm® M is permeable to oxygen and carbon dioxide, but resistant to ammonia,
and with low water permeability (highly insensitive to moisture loss and moisture adsorption).
One sample series including both raw slurry and liquid fraction were stored at 5 ± 1 °C under
controlled temperature conditions, while the other sample series was stored at room temperature
(25 ± 5 °C) with temperature logged during the whole duration of the experiment for both
treatments. The experiment was organised with 11 sub-sampling times and the zero subsampling was performed on the day of experiment set-up. At each sub-sampling time, destructive
samples were taken as 3 replicate bottles from each series, after vigorous stirring and mixing of
sample, split into 250-mL containers and frozen at -18 °C for further analyses.
2.2. Particle size distribution
Samples from two sub-sampling times (zero and 16 weeks) were analysed for particle size
distribution. All raw slurry and liquid fraction samples were analysed in triplicate for particle
size distribution by serial wet sieving through metal (1000, 500 and 250 m), nylon (100 m)
and polyethylene (50 and 25 m) mesh filters. Wet sieving was performed using pure (distilled)
water. All water used for wet sieving of samples, together with particles smaller than 25 m, was
collected in a bucket below the smallest sieve. The cut-off at 25 m was chosen due to the
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practical limitation of the sieving processing time. Material from each sieve was collected after
sieving, dried and weighed. The total amount of particles smaller than 25 m was determined by
taking two sub-samples from the bucket after the contents had been thoroughly mixed (magnetic
stirrer equipment) to bring all particles into suspension. Sub-samples were dried and weighed,
and the total mass of this fraction was calculated based on the dry matter content of sub-samples
and the total mass of wet fraction. Recovery was calculated based on the dry matter content and
was found to be 101% and 98% for raw slurry and liquid fraction, respectively.
2.3. Chemical analyses
Dry matter content was determined by drying fresh samples to constant weight (24 h) at 105 °C
and volatile solids content was measured on dried samples as loss on ignition at 550 °C for 3 h
(Clesceri et al., 1989). The pH was measured in 1:5 (wt:wt) wet samples to de-ionised water ratio
for all samples (Jorgensen and Jensen, 2009). Electrical conductivity (EC25) was measured in the
same suspension but at different dilutions with distilled water (1:10 wt:wt) on a CMD 210 Meter
laboratory conductivity meter (Radiometer, Denmark) and conductivity for the undiluted sample
was calculated. Total N and ammonium were measured by the Kjeldahl method by distillation
and titration. The concentration of volatile fatty acids C2–C5 (VFA;- acetic, propionic, isobutyric,
butyric, methylbutyric and valeric acid) was determined by gas chromatography (Moller et al.,
2002). Total P and trace metals in raw slurry and solid and liquid separation fractions were
determined in dry samples (0.25 g d.w.) digested in 5 mL 35% HNO3 and 4.5 mL H2O2 at 120 ºC
on a graphite heating block (MOD block, CPI International, Amsterdam, Holland) digestion
system. The analytical accuracy was evaluated using 2781 Domestic Sludge standard reference
material (U.S. Department of Commerce National Institute of Standards and Technology,
Gaithersburg, MD 20899). Phosphorus and trace metal concentrations in digestate were
measured on an ICP-OES system (Optima 5300 DV, PerkinElmer, USA) equipped with a
Meinhard nebuliser and cyclonic spray chamber. For different particle size fractions, total P and
trace metals were determined in dry samples (0.25 g) using the same digestion procedure as for
non- fractionated samples, and the concentrations were measured by ICP-OES. All chemical
analyses were performed in triplicate.
2.4. Phosphorus, copper and zinc distribution among particle size classes
Distributions of P, Cu and Zn in the particle size fractions were calculated as the percentage of
the total content of the compound in the recovered sample, normalised to 100%, including the
DM content from each fraction. Recovery for P, Cu and Zn in raw slurry corresponded to 115%,
104% and 111% of total concentration in the whole sample, respectively, while the
corresponding values for the liquid fraction were 119%, 118% and 131%.
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2.5. Statistical analyses
Differences in chemical characteristics of the two slurry products individually and between subsamples were tested by one-way ANOVA. Student’s T test was used at first and last subsampling when differences between two slurry types were tested,. Correlation analyses were
performed using Spearman’s rank correlation coefficient (r).
3. Results
3.1. Chemical characterisation of raw slurry and liquid fraction at sub-sampling time zero
The measured initial (week 0) chemical composition of the raw fresh pig (sow and suckling
piglets) slurry was similar to that reported for commercial pig farms in Denmark (Popovic et al.,
2011a; Sommer and Husted, 1995). The initial chemical characteristics of the liquid fraction
were in line with previous findings (Popovic et al., 2011a; Jorgensen and Jensen, 2009) for liquid
fractions produced after KEMIRA separation (chemical pretreatment with flocculants and screw
press). Dry matter and volatile solids content were significantly higher (p<0.01) in raw slurry
than in the liquid fraction. Total N content (on a wet weight basis) was significantly higher (by
30%; p<0.01) in raw slurry than in the liquid fraction (Table 1). In the liquid fraction,
ammonium (NH4-N) comprised about 89% of total N, while in raw slurry the proportion of
ammonium was 77%. Total VFA concentration was slightly (but not significantly) higher in raw
slurry than in the liquid fraction (Figure 4), and values were in line with previous findings
(Christensen et al., 2009; Zhu et al., 1999). The largest component of VFA was acetic acid,
comprising 65% of total VFA acids measured in raw slurry and 70% in the liquid fraction. Total
P, Cu and Zn concentrations in the liquid fraction (on a wet weight basis) were significantly
lower than in raw slurry (Table 2). Expressed on a dry matter basis, total P, Cu and Zn
concentrations in raw slurry (21.3 mg g-1, 346.1 µg g-1 and 1308 µg g-1 DM, respectively) were
similar to those in the liquid fraction (23.2 mg g-1, 390.1 µg g-1 and 1399 µg g-1 DM,
respectively).
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Table 1. Chemical characteristics of raw slurry and the liquid fraction at the start (sampling time
zero) and end (week 43) of the storage period. Means (n=3), standard deviation in brackets.

Slurry
product
Raw
slurry

Liquid
fraction

Storage
Storage
DM
temperature duration
(mg g-1
w.w.)
(weeks)
0
51.4a (3.61)
5ºC
43
41.8b(0.58)
25ºC
43
29.4c (0.57)

5ºC
25ºC

0
43
43

16.3d(0.35)
12.5e (0.15)
10.9f (0.45)

VS
(g g-1DM)

EC25
(Sm-1)
2.85a (0.06)
2.55b (0.09)
1.28b (0.03)

Total N
(mg g-1
w.w.)
4.48a (0.06)
4.35a (0.14)
1.47b (0.22)

NH4-N
(mg g-1
w.w.)
3.47a (0.04)
3.34a (0.02)
0.76b (0.07)

0.80a (0.02)
0.72b (0.05)
0.67c (0.02)
0.62d (0.01)
0.49e (0.01)
0.47f (0.02)

2.24c (0.05)
2.39d (0.03)
1.29e (0.02)

3.41c (0.03)
3.53d (0.11)
0.84e (0.02)

3.02c (0.03)
3.03c (0.01)
0.57d (0.12)

Table 2. P, Cu and Zn concentration during storage of pig slurry and liquid fraction at 5 ºC and
25 ºC. Means (n=3), standard deviation in brackets.

Slurry
product

Storage
duration
(weeks)
0
16
43

P
(mg g-1w.w.)

Cu
(µg g-1w.w.)

Zn
(µg g-1w.w.)

1.09a (0.05)
0.86a (0.11)
1.20a (0.27)

17.7a (0.31)
17.2a (1.34)
18.4a (1.23)

66.9a (1.00)
61.5a (5.00)
68.4a(7.68)

25 ºC

0
16
43

1.09a (0.05)
1.08a (0.04)
1.03a (0.09)

17.8a (0.31)
18.5a (1.04)
18.9a (0.95)

66.9a (1.00)
66.8a (3.73)
68.2a (3.28)

5 ºC

0
16
43

0.38b (0.04)
0.39b (0.02)
0.40b (0.02)

6.34b (0.59)
6.78b (0.41)
6.95b (0.24)

22.8b (2.01)
23.7b (1.83)
24.2b (0.75)

25 ºC

0
16
43

0.38b (0.04)
0.29b (0.05)
0.30b (0.03)

6.34b (0.59)
4.64b (1.13)
4.27c (0.31)

22.8b (2.01)
15.9b (4.05)
18.8b (2.36)

Storage
temperature

Raw slurry
5 ºC

Liquid
fraction

3.2. Changes in dry matter, pH, total N, NH4-N and VFA content during storage
Dry matter content in raw slurry and the liquid fraction decreased significantly (p<0.01) during
storage at both temperatures tested (5 ºC and 25 ºC) (Figure 1), with the largest decrease at 25 ºC
(43% and 32% decrease in dry matter content for raw slurry and liquid fraction, respectively).
Changes in volatile solids followed a similar pattern to dry matter. For the liquid fraction, the
decrease in volatile solids as a proportion of dry matter was significantly larger at the end of the
experiment (week 43) at both temperatures than it was for the raw slurry (Table 1).
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Figure 1: Changes in dry matter content during storage of pig slurry and liquid fraction at 5 ºC and 25 ºC.
Means (n=3) and standard deviation.

From the initial value of approximately 8, the pH in raw slurry and the liquid fraction
increased slightly (0.1-0.2 units) during the first 8 weeks of storage at both temperatures (Figure
2), but then the treatments digressed. The pH in the liquid fraction declined to below 8 at 5 ºC
(although at the last sampling it had risen to almost 8.3 again), while at 25 ºC it continued to
increase, with a final value of 8.45. The raw slurry behaved similarly at both 5 ºC and 25 ºC,
with only a slight further increase to around 8.2 to 8.3 towards the end of storage (week 43).
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Figure 2: Changes in pH during storage of pig slurry and liquid fraction at 5 ºC and 25 ºC. Means
(n=3) and standard deviation.
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Total N and NH4-N content (based on wet weight) decreased slightly after storage of raw
slurry fraction at 5 ºC (by approximately 3% and 4%, respectively), while in liquid fraction the
concentrations were unchanged (Table 1, Figure 3). Significant losses of total N (68% for raw
slurry and 76% for liquid fraction) and NH4-N (78% for raw slurry and 81% for liquid fraction)
were found after storage at 25 ºC (Table 1, Figure 3).
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Figure 3: Changes in total N (a) and ammonium N (b) concentration during storage of pig slurry
and liquid fraction at 5 ºC and 25 ºC. Means (n=3) and standard deviation.

Total VFA concentration decreased significantly (p<0.01) during storage at both
temperatures in raw slurry and the liquid fraction (Figure 4), with the most rapid losses at 25 ºC.
After 16 weeks of storage at 5 ºC, only acetic acid was detected in raw slurry, whereas all
measured VFA had been lost from the liquid fraction. In raw slurry total carbon concentration
was 24 g kg-1 w.w. and it was reduced during 43 weeks of storage to 17 and 6 g kg-1 w.w. at 5 ºC
and 25 ºC, respectively (Table 3). VFA-C constituted about 10% of total carbon in freshly
collected slurry, and losses of total carbon via VFA losses accounted for 34% and 20% at 5 ºC
and 25 ºC, respectively. In the liquid fraction total carbon concentration decreased from 5.82 g
kg-1 w.w. to 3.56 and 2.97 g kg-1 w.w. at 5 ºC and 25 ºC, respectively (Table 3). VFA-C
constituted about 37% of total carbon in freshly collected liquid fraction, and losses of total
carbon via VFA losses during storage were much higher (96 and 76% at 5 ºC and 25 ºC,
respectively) than in raw slurry.
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Figure 4: Changes in total VFA concentration during storage of pig slurry and liquid fraction at 5
ºC and 25 ºC. Means (n=3) and standard deviation.

In both slurry products, concentrations of P, Cu and Zn did not change significantly
during storage at either temperature (Table 2). The only exception was Cu concentration, which
was significantly lower in the liquid fraction after 43 weeks of storage at 25 ºC.
In raw slurry stored at 5 ºC, the P concentration was positively correlated to both Cu
(r=0.886; p=0.02) and Zn (r=0.943; p=0.01). No correlation was observed between P and metals
in raw slurry stored at 25 ºC. When the liquid fraction was stored at 25 ºC, P was positively
correlated to Cu (r=0.829; p=0.04) while at 5 ºC a positive correlation was observed between P
and

Zn

(r=0.943;
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p=0.01).

Table 3. Losses of C (% of total C) from raw slurry and the liquid fraction due to VFA degradation
during storage at 5 ºC and 25 ºC.

Slurry
product

Storage
temperature

Storage
duration
(weeks)
0

Total C
(g C kg-1 w.w.)

VFA-C
(g kg-1 w.w.)

% of total C

24.0

2.49

10

5 ºC

2
4
16
43

24.2
21.9
21.3
17.4

2.51
2.38
1.27
0.27

10
11
6
2

25 ºC

2
4
16
43

20.7
15.9
15.4
11.4

2.33
0.21
0.05
0

11
1
0
0

0

5.82

2.18

37

5 ºC

2
4
16
43

7.48
5.48
5.30
3.56

1.81
1.40
0.34
0

24
26
6
0

25 ºC

2
4
16
43

5.54
4.55
3.44
2.97

2.64
0.78
0
0

48
17
0
0

Raw slurry

Liquid
fraction

3.3. Changes in P, Cu and Zn distribution and concentrations at different particle sizes over time
in two temperature treatments
In raw slurry, regardless of the temperature during storage, the proportion of particles larger than
1 mm decreased, whereas the proportion of particles between 500 µm and 1 mm increased
compared with the distribution in initial raw slurry (Figure 5). The proportions of other particle
sizes were unaffected by storage.
In the liquid fraction, regardless of the temperature during storage, the proportion of particles
larger than 100 µm decreased compared with the initial distribution (Figure 5). When the liquid
fraction was stored at 5 ºC, the proportion of particles in the size range 25-100 µm remained
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unchanged and the majority of dry matter (91%) was found in particles smaller than 25 µm.
When the liquid fraction was stored at 25 ºC, the proportion of particles in the size range 25-100
µm increased and the proportion (73%) of the smallest particles (>25 µm) decreased compared
with the initial distribution.
Temperature
treatment
Storage time
(weeks)

0

5ºC

25ºC

16

16

0

5ºC

25ºC

16

16

Distribution on particle sizes (% of total)
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60

40

< 25µm
25-50µm
50- 100µm
100- 250µm
250- 500µm
500µm- 1mm
> 1mm

20

0

Raw slurry

Liquid fraction

Figure 5. Distribution of dry matter between particle size classes in raw slurry and in the liquid fraction

Most of the P, Cu and Zn in raw slurry (49%, 57% and 57%, respectively) was found in
particles smaller than 25 µm (Figure 6). Medium-sized particles (25-250 µm) in raw slurry
contained 37% of P, 32% of Cu and 33% of Zn, whereas the largest particles (>250 µm)
contained the lowest concentrations (14% P, 11% Cu and 10% Zn). In raw slurry, an effect of
storage temperature was not observed for P distribution among particle size classes, while the
distribution of Cu and Zn was affected by both storage temperatures. After 16 weeks of storage
at both temperatures, the proportions of Cu and Zn increased in the smallest particle size (<25
µm). The distribution of P, Cu and Zn among particle size classes in the liquid fraction was
similar to that in raw slurry. After storage of the liquid fraction at 5 ºC, the proportion of P, Cu
and Zn in particles smaller than 25 µm increased (by 27%, 68% and 63%, respectively). Storage
at 25 ºC did not affect P, Cu and Zn proportions in the smallest particle size class (<25 µm), but
the proportion of all three elements increased in the particle size class 25-50 µm.
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Figure 6. Distribution of P, Cu and Zn between particle size classes in raw slurry and in the
liquid fraction.
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4. Discussion
4.1.Chemical composition of freshly collected raw slurry and liquid fraction
The significantly higher content (p<0.01) of dry matter, total N, P, Cu and Zn in raw slurry than
in the liquid fraction confirms that the separation method involving flocculation and screw press
transferred a considerable amount of these into the solid fraction (Popovic et al., 2011a; Popovic
et al., 2011b; Peters et al., 2011). The higher content of ammonium (calculated as % of total N)
in the liquid fraction than in the raw slurry confirmed previous findings (Peters et al., 2011) that
even though chemical-mechanical separators often have high efficiency for transferring organic
N to the solid fraction, dissolved NH4+ accompanies the liquid fraction. A previous study
(Christensen et al., 2009) showed that most slurry VFA can be found in the colloidal and
dissolved fractions and thus VFA can be expected to accompany the liquid fraction during
separation. As the liquid fraction after chemical-mechanical separation mainly contains particles
smaller than 25 µm (Figure 5), the concentrations of VFA in raw slurry and the liquid fraction
did not differ significantly.
4.2. Changes in chemical parameters during storage at two different temperatures
During storage of pig slurry and the liquid fraction, the dry matter content decreased due to
degradation of organic matter, a process mainly based on transformation of organic carbon into
methane (CH4) and carbon dioxide (CO2) (Moller et al., 2002). Temperature plays a key role for
carbon turnover during storage (Petersen et al., 1997) as it has been shown that temperatures
around 25 ºC increase CH4 (Dinuccio et al., 2008; Husted, 1994) and CO2 production and thus
their losses (Dinuccio et al., 2008). Therefore, higher losses of dry matter at higher storage
temperature were recorded for both slurry products (raw slurry and liquid fraction) (Figure 1).
During storage of raw slurry and liquid fraction, VFA undergoes microbial decomposition,
producing CH4 and CO2. In both slurry products, the highest losses of total C due to net VFA
degradation were observed between 4 and 16 weeks of storage at 5 ºC. Regardless of storage
temperature, in raw slurry little of the total C was lost due to VFA-C losses in the first 4 weeks
of the experiment. This can be explained by formation of VFA due to microbiological
degradation of easily degradable material being faster than VFA losses due to degradation. In the
liquid fraction, the high losses of total carbon via VFA-C losses show that only a small
percentage of total carbon in the liquid fraction occurs in stable compounds.
Nitrogen losses during storage of animal manure typically range from 10 to 40% (Eghball
et al., 1997). These losses reduce the fertiliser value of the manure and have negative effects on
the environment. A previous study (Dinuccio et al., 2008) showed that ammonium volatilisation
accounted for 41% of total N in liquid fraction stored at 25 ºC in open vessels under laboratory
conditions. As the amount of NH3 that can volatilise from manure is highly affected by the NH414

N content of the manure (Conn et al., 2007), we based our assumptions on NH3 losses from the
two slurry products studied on NH4-N measurements. Ammonia emissions from pig manure also
depend on the temperature (Van der Peet-Schwering et al., 1999), with a temperature increase
altering the NH4+/ NH3 balance in favour of the latter. Furthermore, temperature increases the
rate of mineralisation of organic N in manure, leading to an increasing concentration of NH4+.
These processes increase the concentration and potential emissions of NH3. It is therefore likely
that our findings of significant losses of total N and NH4-N at the higher storage temperature (25
ºC) and no significant losses at the lower storage temperatures (5 ºC) can be explained by these
processes.
The pH value of slurry is controlled by a complex buffering system, mainly total
inorganic carbon (CO2, HCO3- and CO32-), total ammonium nitrogen (NH3 and NH4+) and volatile
fatty acids (C2-C5 acids) (Sommer and Husted, 1995). During manure storage the pH value
changes, mainly due to NH3 and CO2 volatilisation. As volatilisation of CO2 (acidic gas) is faster
than that of NH3 (alkaline gas), the pH usually increases over the storage period. Degradation or
emissions of VFA during storage can also bring about pH changes over time, with e.g.
decreasing concentrations of VFA (at constant total inorganic carbon concentrations) increasing
pH (Sommer and Husted, 1995). This could be explain the rapid increase in pH values observed
in the first 6 weeks of storage in this study at both temperatures. The subsequent decrease in pH
observed for the liquid fraction at 16 weeks (at both temperatures) could be explained by most
VFA having been lost at that time, leaving NH3 emissions to dominate. After 24 weeks of storage
the pH again increased, most probably due to CO2 volatilisation resulting from exhaustion of the
ammonium pool, at least at 25 ºC. This increase in pH value was slower for raw manure stored at
5 ºC than at 25 ºC, as NH3 volatilisation at lower temperatures was slower.
The positive correlation between total P and total Cu and Zn observed in this study for
the liquid fraction at different storage temperatures may be explained by the fact that most P, Cu
and Zn is associated with the smallest particles (<25 µm) and thus accompanies these particles
during the separation process. Previous studies (L’ Herroux et al., 1997; Legros et al., 2010a;
Legros et al., 2010b) have shown that in raw pig slurry, 66% and 49% of Cu and Zn,
respectively, is bound to organic matter. There, Cu and Zn can bind to carboxyl, aldehyde,
hydroxyl, sulphydryl, phosphoryl and amine groups (Sarret et al., 1998). Thus, precipitation of
Cu and Zn by phosphate (Mohan et al., 2007; Perez-Novo et al., 2011) could explain the positive
correlation between P and the Cu and Zn concentration.
4.3. Storage effects on dry matter, P, Cu and Zn distribution between particle size classes
In raw slurry, major changes in dry matter distribution between particle size classes were
observed, with a reduction in the proportion of particles larger than 1 mm and a concomitant
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increase in the proportion of particles 250 µm-1 mm. This was in line with findings from a
previous study (Moller et al., 2002), which showed that the decrease in the proportion of
particles larger than 1 mm in raw slurry may be a consequence of microbial degradation of
organic matter during storage. Distribution of P followed a similar pattern to dry matter, while
the Cu and Zn re-distribution towards smaller particles was more affected by storage duration at
both temperatures than dry matter and P distribution. About 87% of Cu and 75% of Zn were
found in the smallest particle size class.
The liquid fraction contained no particles larger than 500 µm, and when stored at 5 ºC
and 25 ºC contained only 8.9 % and 26% of its dry matter, respectively, in particles larger than
25 µm. This shows that the separation method involving flocculation and screw press has a high
efficiency in retaining large particles in the solid fraction (Popovic et al., 2011a; Popovic et al.,
2011b; Peters et al., 2011). Most of the dry matter in the liquid fraction (84%) was found in
particles smaller than 25 µm and during storage these particles are the first to be consumed by
microbes due to their higher degradability. However, at the same time microbes hydrolyse and
convert larger particles into particles smaller than 25 µm in order to obtain a continuous food
supply for their growth (Zhu et al., 2000). This leads to an increase in particles <25 µm and a
decrease in larger particles in the stored material. These processes may explain the increase in
particles smaller than 25 µm in the liquid fraction stored at 5 ºC relative to the distribution before
storage. When the liquid fraction was stored at 25 ºC, survival of microbes should be shorter than
at lower temperatures and therefore the pattern of dry matter distribution between particle size
classes should not be as obvious as for liquid fraction stored at 5 ºC. Information on bacteria
distribution between particles in liquid separation fractions is largely lacking. However, the
literature provides data on bacterial attachment to different particle size classes in stormwater
and some of the mechanisms involved can be assumed to be similar in liquid separation fractions
of slurry. In stormwater the majority of the bacteria are attached to small particles (<75 µm
diameter) or present as planktonic cells (Popovic et al., 2011a; Jeng et al., 2005) and their
survival is dependent on storage temperature and time, as well as on pH, NH3 and VFA
concentration (Patni et al., 1985; Nicholson et al., 2004). Spore-forming bacteria can survive for
many years in resistant dormant state in the soil (Gyles and Thoen 1993) and when growth
conditions become more favourable, they germinate to vegetative cells. The spores are tolerant to
heat and lack of oxygen (Clostridium spp. grow only under anaerobic conditions, while Bacillus
spp. are facultatively aerobic) (Songer and Post, 2005; Quinn et al., 1994). After storage for 16
weeks at 25 ºC, when VFA were lost in the liquid fraction and ammonium concentration was
low, Clostridium spp. and Bacillus spp. could germinate into vegetative cells (>25 µm), which
can lead to an increase in the proportion of particles in the 25-100 µm size class.
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Distribution of P followed a similar pattern to dry matter when the liquid fraction was stored
at 25 ºC, while when stored at 5 ºC the proportion of P in particle size class 25-100 µm increased
compared with the initial distribution, indicating that Cu and Zn in the liquid fraction followed a
similar pattern to dry matter. The Cu and Zn in the liquid fraction were found to be mainly in
particles <25 µm, indicating that they were in either dissolved or colloidal form (Westerman and
Bicudo 2000).
5. Conclusions
The highest losses of dry matter were observed at a storage temperature of 25 ºC (43% and 32%
for raw slurry and liquid fraction, respectively). Regardless of the temperature, during the first 8
weeks of storage the pH increased slightly (0.1-0.4 units). Total N and NH4-N content (based on
wet weight) in raw slurry decreased slightly after storage at 5 ºC, while in the liquid fraction the
concentrations were unchanged. Significant losses of total N (68% for raw slurry and 76% for
liquid fraction) and NH4-N (78% for raw slurry and 81% for liquid fraction) were found after
storage of these slurry products at 25 ºC.
Total VFA concentration decreased significantly (p<0.01) during storage at both
temperatures for raw slurry and the liquid fraction. The most rapid losses were at 25 ºC for both
products. In raw slurry, the carbon fraction lost due to VFA losses was around 34% at 5 ºC and
20% at 25 ºC at all sampling times, while for the liquid fraction the losses were higher (96% at 5
ºC and 76% at 25 ºC).
In both manures total P, Cu and Zn concentrations were not significantly affected by storage
duration or temperature.
Particle size distribution was affected by slurry separation, storage duration and temperature.
In raw slurry, the proportion of particles larger than 1 mm decreased during storage, whereas the
proportion of particles 500 µm-1 mm increased. The liquid fraction contained no particles larger
than 500 µm, with the highest proportion of dry matter, P, Cu and Zn in the smallest particle size
class (<25 µm). The proportion of particles <25 µm increased when the liquid fraction was
stored at 5 ºC, while it decreased at 25 ºC. Regardless of storage temperature, the distribution of
P, Cu and Zn over particle size classes in the liquid fraction followed a similar pattern to dry
matter.
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