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1. INTRODUCTION

During the last decades, EU countries became igicrgly sensitive about environmental problems
related the human activities. Concerning the aditical sector, livestock production is the activity
that presents the highest environmental impact. @gndvestock production activities, manure
management is the activity mostly involved in negatenvironmental impact. In fact, livestock
productions increased during thé"afentury, leading to an increase in herds size #ndg, to a larger
production of livestock wastes (Burton and Turr&03). The volume of wastes produced often
exceeds the capacity of neighboring lands to abd$whutrient contained within manure; therefore,
this leads to environmental problems related totigier nutrient content of manure compared to
crops requirements. These environmental problemgeated to emissions to air and water bodies,
which are caused by biological, chemical and plajgicocesses associated with the degradation of
the organic materials contained in animal manuhe @missions to atmosphere related to agricultural
practices are related to nitrous protoxide@N methane (CkJ and ammonia (Nk). Emissions to
water bodies are mainly related to the leachingimhtes (NQ) contained in animal manure, which
contribute to eutrophication processes and may fedtie deterioration of drinking waters quality.
The same problems are caused by the run off ofgttowas (P).
Animal manure is a valuable resource for fertiigiand amendment, which could replace large
amounts of chemical fertilizers when it is proparged (Bouwman and Booij, 1998). Animal manure
contains nitrogen (N), phosphorus and potassium (jich represents the main plant nutrients.
Furthermore, livestock wastes provides large amafnbrganic material, which improves sail
physical properties. However, the heterogeneousr@atf manure, their unbalanced composition and
their long-term over-application make it difficati control changes in soil properties related talla
distribution. Moreover, an improper manure managemeuld lead to nutrient losses, particularly N
and P, through run-off and leaching. These nusieme therefore transported and accumulated to
surface- and ground-waters, leading to eutropldpaflhis process causes the deterioration of water
ecosystems, which includes (Diaz et al., 2012):

* Excessive phytoplankton and microalgae growth, Wwhicauses an organic carbon

accumulation, a reduced light penetration and,, thlisss of the aquatic vegetation;
« An unbalanced nutrient ratios that promote the ¢iavf phytoplankton species and create the
optimal conditions for toxic microalgae;

¢ Reduced dissolved oxygen concentration and, thedormation of hypoxic or dead zones.
The management of livestock manure could also camgssions of ammonia (NHand greenhouse
gasses (GHG) to air. In particular, ammonia emissimontribute to soil acidification, cause problems
to N-limited ecosystems and represent a risk fandiu and animal health due to the Nidsed
particles in the air (Ndegwa et al., 2008; Peterseal., 2008). Ammonia losses represent a loss of
fertilizer value.
GHG are carbon dioxide (G) methane (Ck and nitrous oxide (MD); among these, GHand N20
are of particular importance in the Agriculturencg their emissions are mainly related to the
degradation of organic compounds during manure gemant practices. GHind NO emissions are
influenced by several factors, such as storage dgaityre, organic matter and nitrogen contents in
manure and the storage time (Peters et al., 2008).
Different treatment processes have been develapedder to minimize the negative environmental
impact related to manure management. Among thes¢ntents, solid-liquid separation is one of the
widely applied techniques. In fact, separation négpnes often represent a relatively cheap techgolog
furthermore, they lead to the production of twoasaged fraction, which present different dry matter
and nutrient content. Therefore, these fractions ba managed differently, leading to a more
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appropriate nutrient application to fields and, sthuminimize nutrient losses and their related
environmental problems.

1.1. Characteristics of animal manure

The different types of farming systems that areduisehe European countries lead to the production
of different types of manure. According to theiristore content, manure types are divided in: (i)
slurry or liquid manure, (ii) solid manure or faramg manure, (iii) dirty waters (Pain and Menzi,
2011). Among these three categories, slurries e the most difficult to manage, since they have
low dry matter content. These are a mixture of §eard urine, bedding material (e.g. straw, wood
shavings, sawdust), split feed and drinking waser] water used for washing floors. Slurries are
therefore liquid, with dry matter content from 480110% (Pain and Menzi, 2011).
The knowledge of slurry characteristics withinvae$tock farm is necessary in order to define agarop
manure management, which could allow to reducdemittosses to water, air and soil. In particular,
slurry characteristics that could affect the marzok#ection, storage and spreading are the tofa so
content (as dry matter content). The nutrient aunte particular N, P and K concentrations, alect
the amount of effluent that should be spread tal l&fhang and Lorimor et al., 2000). These
parameters are highly variable, since they aretteby different factors:

¢ Animal characteristics: species, age, physiologtage and productivity;

* Feed: type of feeding, digestibility, fiber and {@io content;

« Environment: climate, season.
Slurry characteristics also vary according to ttozage time and to manure treatments (Barth et al.,
1999). E.g. High storage temperatures combinedng Istorage time cause the mineralization of
organic compounds and a reduction of the particde, deading to a reduction of the separation
efficiency (Kunz et al., 2009).

1.1.1. Physical characterigtics

The main physical characteristics of slurry aré:tie dry matter and moisture contents, (ii) the
particle size, (iii) the density and (iv) the visiy.

1.1.1.1. Solids

The sum of all the solids contained in the mansiriié dry matter (DM). This represents the residual
after drying the sample at 105°C. Usually, the Ddtent is represented as percentage of the weight
of the sample.

The DM consists of Suspended Solids (SS) and Disddbolids (DS). SS are determined by filtration
of the sample through a 0.45 um filter, while DSrespond to the fraction that passes through the
filter. SS are divided in settable solids, floatswids and colloids (IRSA CNR, 2009). Settabledsol
are solids that settle in an Imhoff cone after GAutes, while floating solids are the residual d®li
contained in the liquid above the settled fractiGolloids are non separable SS, which consists of
particles between 1 nmand 1 um.

Total solids are also defined as the sum of fix@dls (FS) and volatile solids (VS). Both FS and VS
are determined by combustion of the sample at 600%¥muffle furnace. FS are the residual of this
combustion (ash); they represent the content oferala in the slurry. VS are generally used to
represent the content of organic matter in the meanu



1.1.1.2. Density and viscosity

The total solids content affects the density amdvibcosity of the slurry. According to the relaiship
expressed by Thygesen and Jhonsen (2012), theydehanimal slurry is affected by the DM content
and the animal species, with lower density valeesdttle slurry at the same DM content:

Cattle:
DM + 236
Psturry = W
Pig:
DM + 279
Psturry = W

wherepgry is the density (kgn®) of the slurry and DM is the dry matter conterg-(K).

When the DM content is higher than 5%, the flowpenty of the slurry has been found to be non-
Newtonian, while at lower DM values the slurry bedsas a Newtonian liquid (Landry et al., 2004;
Hjorth et al., 2010).

Viscosity is a measure of the resistance of a fluiich is being deformed by either shear stress or
tensile stress (Sommer et al., 2013). This paranadtects the transport and the movement of the
slurry in a porous media such as soil, stored sobdiure, stirred liquid manure or slurry transparte
to pipes. According to Landy et al. (2004), slwriscosity could be estimated by the equations below

Dairy Cattle:
Hsturry = 4-1073 - DM**671

Pig:
Hsturry = 4-107% - DM*0%32

1.1.1.3. Patrticle size

Particle size and their distribution within thersjuis one of the main parameter that affects tiigls
liquid separation treatment. The size of manureigdes is closely related to the animal species and
the type of housing and feeding systems. Genettaillyparticle size is larger for cattle slurry;fact,
according to Mgller et al. (2002) the amount of DMMhe particle size fraction below to 0.025 mm is
larger in pig slurry than in cattle one. Other fastthat affect particle size distribution are feed
composition, the diet, the category of animal (Mesteal., 2007; Sommer et al., 2008) and the storag
time and temperature (Mgller et al., 2002; Chriségnet al., 2009).

Manure treatments could modify particle size digttion in manure. E.g. anaerobic digestion leads to
a reduction of small particles, shifting particleesdistribution to larger sizes (Martacto et aDP9).
This is related to the easier degradability of $nparticles, which are mineralized during the
anaerobic digestion process (Marcato et al., 2008ter and Mdller, 2012). Another treatment that
modifies manure particle size is slurry acidifioati According to Hjorth et al. (2013) lowering thi

of pig slurry causes a reduction of the negativargh of particles, leading the smaller particles to
attach to each other and to form larger flocs.

Small particles are often associated to nutriezgpecially N and P. In particular, about the 70% of
undissolved N and P is related to particle siz&@2%80 um (Masse et al., 2005).



1.1.2. Chemical characteristics

The chemical characterization of animal manurenigartant for the definition of the nutrient content
particularly referred to N, P and K and, thus, tofertilizing value. Chemical characterizationoals
allows analyzing in which form the different nutrie are in the slurry; therefore, it is possible to
calculate the plants uptake of nutrients.

1.1.2.1. Nitrogen

N concentration of manure is affected by the proteintent of diet: about 5-45% of plant proteins is
transformed in animal ones, while the remainingd5%6 is excreted through feces and urines (Hjorth
et al., 2010). N production in slurry is also atést by animal species, animal category and type of
housing system (Table 1.1).

Table 1.1. Amounts of Nitrogen produced by differenanimal species: values expressed to fields subttany ammonia
losses. Values are divided by solid and liquid mame. (Regione Lombardia, 2011).

TN
Animal category and housing system Total In slurry In solid manure
kg/animal/year | kg/t lw/year | kg/t lw/year | kg/t lw/year

Pigs: lactating sow 26,4 101

*  Without bedding 101

e With bedding 101
Pigs: growing/finishing 9,8 110

*  Without bedding 110

e With bedding 110
Dairy cow (live weight: 600 kg/animal) 83 138

» Tied or free-stall without bedding 138

* Loose housing 62 76

e Tied-stall with bedding 39 99

*  Free-stall 85 53
Dairy followers (live weight: 300 kg/animal) 36 120

*  Free-stall with slatted floor 120

*  Free-stall without bedding 120

»  Tied-stall with bedding 26 94

*  Free-stall with bedding 61 59

*  Free-stall with bedding also in the feedlot 17 103

* Calves on slatted floor 120

»  Calves with bedding 20 100
Beef cattle (live weight: 400 kg/animal) 33,6 84

*  Free-stall with slatted floor 84

*  Free-stall without bedding 84

»  Tied-stall with bedding 18 66

*  Free-stall with bedding 43 41

*  Free-stall with bedding also in the feedlot 12 72

Both inorganic N and organic N are content in amisharry. The inorganic form is the fraction readil
available for plants, while the organic form caralbsorbed by plants only after mineralization.
Among all the nutrients contained in animal sluidyis the more variable, because of ammoniag)NH
volatilization. The N species usually determinedbimoratory are:

» Total Nitrogen (TN), which represents all N forms;

8



e Total Kjeldhal Nitrogen (TKN), which is the sum ofganic and reduced forms of nitrogen
contained in slurry, excluding nitrates;

* Total Ammoniacal Nitrogen (TAN), which is the suhammonia (NH) and ammonium ion
(NH4+);

* Nitrates (N-NQ@), an ionic form which is not adsorbed by soil céemps because of its
negative charge; it could be lost by denitrificatjgrocesses, or through leaching and run-off
processes;

* Nitrites (N-NG,), as nitrites, an anionic form that is not adsdrbg soil complexes; it is an
intermediate product of the nitrification process.

1.1.2.2. Phosphorus

The 80% of phosphorus (P) in slurry is in the optimsphate form (P9) (Hjorth et al., 2010), with a
concentration from 0.1 to 5 kg and higher values referred to pig slurry. The maart of P is
excreted in feces (Meyer et al., 2007). Animals abte to use the ingested P with different
efficiencies according to their species: cattle gs@ the P in feed with a high efficiency, while &b-
60% of P in feed for pigs is excreted in feces amdes (CRPA, 2001).

Even if P is in anionic form, its availability farrop nutrition is low because of the presence of
insoluble complexes with calcium (Ca), when theipldlkaline, or with iron (Fe) and aluminum (Al),
when the pH is acid. However, P could be lost thotun-off, increasing the risk of eutrophication
processes.

1.1.2.3. Potassium

The potassium (K) contained in animal feed is Ugwdsorbed at high rates (> 80%). In animal slurry
K is contained in its ionic form (K in concentrations from 0.4 to 7.5-kgSince K is mainly dissolved

in slurry (Masse et al., 2005), it is rapidly udedplants or adsorbed by exchange complexes and,
thus, it does not represents an environmental nobl

1.1.2.4. Organic matter

Organic matter (OM) could be measured as the comtewolatile solids (75-85% of DM). During
slurry storage, OM is rapidly mineralized, incregsithe amount of nutrients available for plant
fertilization.

The organic components in slurry include compoundth the functional groups carboxylates,
hydroxyls, sulfur hydryls and phenols (Masse et2005) which, at normal slurry pH, will contribute
to a negative charge of both dissolved and pasgiewrganic matter (Hjorth et al., 2010).

1.1.2.5. Micronutrients

Animal slurry contain also microelements, such agper (Cu) and zinc (Zn), which are added to
animal pig feed as high concentrations as additiVée adsorption efficiency of these elements is
very low, therefore the 72-80 % of Cu and the 893 Zn are excreted.

Table 1.2 shows the amount of excreted P. K, Cuzanidom different animal categories.



Table 1.2. Amounts of phosphorus, potassium, coppand zinc excreted in a year by different livestockategories
(CRPA, 2001).

Species P K Cu Zn
(kg/t w) | (kg/t w) | (kg/t Iw) | (kg/t Iw)
Dairy cattle| 33-42 | 93-138| 0.1-0.3] 0.6-3.0
Steer 3649 | 81-96 | 0.1-02] 0.41¢
Calves 60-85 | 54-124| 0.1-0.2] 1.4-2.]
Pigs 46-60 | 89-114| 05-1.6] 1.2-2.0

1.1.2.6. Electrochemical Properties

Electrochemical properties of slurry are ionic styn and the electric surface potential of parsicle

lonic strength (I) expresses the concentratioron$iin a solution. | is a function of the conceinbra

and valence of ions in a solution (Sommer et &11,3. lonic strength has been shown to be high in
most animal slurry; this is revealed by high electtonductivity (EC), which is related to the
concentration and the species of ions in the siutEC has been observed to be higher than 10
mScm® in several animal slurry studies (Sommer and HlJst895; Christensen et al., 2009, Hjorth
et al., 2010; Masse et al., 2010). It is lineadiated to EC, as described by the following equatio
(Sommer et al., 2013):

1 = 158 . ECZO

Where EG, (Scm™) is the EC at 20°C.

The electric surface potential (mV) of particlesm@ases from the surface of particles to the bulk
solution. Usually, it is calculated as the doulalger model (Hjorth et al., 2010; Sommer et al.,301
as shown in Figure 1.1. Near the surface the patesitanges linearly due to the adsorbed ions I§Ster
layer); after the Stern layer, the potential desesaexponentially depending on the ionic strength
(Guoy diffuse layer). It is difficult to measureetkelectric surface potential, therefore the eleitro
potential (zeta potential) is used to measure tinfase potential (Hjorth et al., 2010; Sommer et al
2013). Zeta potential is the potential that exidtshe shear plane of the particles. The sheaepdfin
the particles lies in the liquid phase surroundimg particle and is usually located close to therrSt
layer (Sommer et al., 2013).

Parts of double layer
e *.Ié IH:-':
1 i+ @
] ® @
7 . &ji-_l_-_;
i@ g
T ‘ Guoy diffuse layer
Stern layer M. Hubbe

Figure 1.1. Double-layer model.

Organic particles in the manure often have a negaturface charge; therefore particles repel each
other (Hjorth et al., 2010). Christensen et al.0@0showed that the particle charge density of pig
slurry is -0.18 meq” organic solid. Moreover, the negative charge doutes to the alkalinity of the

slurry (Hjorth et al., 2010). Alkalinity and chargiensity are two interrelated ways to express the
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negative charge of organic particles. The negativéace charge of particles affects the distributd
ions in solution by adsorbing cations in the Sttayer, with the remaining counter-ions being
distributed in the diffusive layer (Hjorth et &2010)

Electrochemical characteristics of slurry are vénportant when a chemical separation process
occurs. In fact, they could affect the use, type dosage of flocculants. An increased ionic striedt

the slurry will reduce the electrostatic repulsiointhe particles and, thus, will affect flocculatio
processes. Furthermore, at high ionic strengtimeati polymer will change to a more sphere-shaped
form, which will lower the efficiency of the polyméHjorth et al., 2010). Furthermore, at high ionic
strength the extent of the diffuse layer decreastscting the particle charge density (Hjorth et a
2010); this affects the type and the dosage opthgmer.

1.2. Solid-liquid separation of livestock slurry

The increasing nitrogen load on agricultural larasl the related European legislations, led the
farmers to adapt in order to abide the new leg@iain some case, this resulted in the introductb
treatment techniques that can improve manure mamage use manure as a valuable resource and
reduce environmental problems related to livesfmelctices, such as nutrient losses to air, watér an
soil (Burton, 2007). However, most of the availaipeatment technologies are expensive for the major
part of farms. Solid-liquid separation is one d&f thost utilized treatment techniques, since iwvalto
improve manure management within the farm andulccbe a cheaper treatment compared to other
technologies.

1.2.1. Why separate the durry?

Solid-liquid separation of animal slurry is the trremoval of suspended particles (both coarsk an
small) from the liquid manure. This treatment proski a liquid fraction, characterized by a lower
content of DM and nutrients, and a solid fractiathva high concentration of DM and nutrients. Since
the two resulting fractions present different clegedstics, they can be used for different aims.

Slurry separation produces a large amount of lidzidtion, which presents a lower concentration of
DM, N and P than the raw slurry. The N/P ratio mereased in the liquid fraction, fitting the
requirements of crops and leading to a reductidn losses. Also the TAN/TN ratio increases, hence a
higher amount of N is readily available to planEirthermore, the energy requirement for its
homogenization and pumping are lower and the rfsklagging of pipelines is reduced. The liquid
fraction can be used for fertigation or, alterngliyvto land spreading, it can be used for further
membrane filtration (Masse et al., 2007), evaporafVeeken et al., 2004), struvite crystallizatsord
striping (Hjorth et al., 2010).

The produced solid fraction is in a lower amounpared to the liquid one, but it contains the major
part of DM, P and organic matter (Mgller et al.02p) Due to the low moisture content, the solid
fraction can be transported to field far from thenistead with low energy and transport costs. i ma
also be used for green energy production througleratic digestion. Solid-fraction is also used for
composting treatment or as input material for tradpction of mineral fertilizer. Furthermore, thank
to the high concentration of organic materials,q4bkd fraction improves the structure of soils.
Solid-liquid separation can be carried out throdgferent processes: filtration, pressurized fiitva,
drainage, centrifugation, sedimentation and flotatiln order to increase separation efficiency,
physical and mechanical separation can be comlineldemical separation.
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1.2.2. Separation efficiency and the factorsthat affect it

In order to compare different separators and chtluseeparation technologies that better match the
farmer needs, it is an advantage to use the separefficiency as indicator of the separator
performances.

The separation indeXf), expresses the distribution of a specific compgofi between the solid and
the liquid fraction (Svarovsky et al., 1985):

Et(x) — m(x)solid

m(x)slurry

wherem(X}ury andm(X)eiq are the masse (g) of a specific compound in #egted input slurry and in
the solid fraction, respectively. The greater Etfkp higher is the amount of the compound x being
retained in the solid fraction.

The simple separation index gives no indicationanfincrease in concentration of x in the solid
fraction; therefore, the reduced separation in@,could represent an improve of the Et (Svarovsky,
1985):

m(solid)

Bt/ (x) Et(x) ~ m(slurry)
tx) = | m(solid)
m(slurry)

wherem(slurry) andm(solid) are the total mass (g) of the treated raw slung @f the produced solid
fraction, respectively.

Solid-liquid separation efficiency is affected bijffetent factors, as described by Burton and Turner
(2003).

1. Separation techniqué&very separation system present different opegatiraracteristics and
functioning; therefore, the characteristics of gireduced liquid and solid fractions will be
affected by the separating system that will be u8edording to Jargensen and Hjorth (2009),
chemical and biochemical characteristics of thesspd solid fraction are different according
to the separation device and make it suitable ififerént purposes. The main characteristics
of the separation techniques that affect separafitciency are:

e The input flow rate: the lower is the input flowtgathe higher is the separation
efficiency (Mgller et al., 2007; Hjorth et al., 21

« Mesh size (where used), which affects the sizb®fttained particles;

» Centrifugal force, for separation through centrétign;

e The applied pressure, for separation through prizeslifiltration;

e The size of air bubbles, for flotation systems.

2. Manure typeThe characteristics of the input slurry that maiaffect the separation efficiency
are the animal species, the DM concentration aadsike of the particles. These parameters
affect not only the efficiency of the separatiogass, but also the choice of the separation
technique. Slurries with a low DM content shouldtteated by high efficiency separation
systems, while slurries having a high DM concemdratould lead to clogging problems and,
thus, should be previously treated through separgirocesses that allow to remove larger
particles. The characteristics of the input sluand, thus, the separation efficiency may be
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modified by pre-treatments, such as anaerobic tigyesslurry acidification or solid-liquid
separation (Masse et al., 2005, Hjorth et al., 2013
3. Additives. Additives such as coagulating and flocculating &geme added to slurry in order
to improve separation efficiency. The main chanagsties that affect separation efficiency are:
« The type of additive used:
¢ The added dosage.

1.2.3. Mechanical and physical separation

Mechanical and physical separation could be distsiged according to the particle size that they are
able to retain. In particular, some separator tyg@@sretain only large particles (> 0.1 mm), whiie
most efficient separation types can retain botlydaand smaller particles (<0.1 mm) and, thus,
separate nutrients related to the finest solids.

1.2.3.1. Filtration

The separation devices that separate slurry thrdilightion are: stationary inclined screen, ratati
screen and vibrating screens. The separation exfttgi of these filtrating systems is affected by the
particle size distribution of the treated slurny.fact, the filtering system is characterized bijedent
mesh size: the smaller the size of the mesh, tlalanthe size of the retained particles.

The separation efficiency of this separator typstriengly affected by the content of total solidghe
input manure and by the input manure type. In paldr, the optimal separation performances are
obtained using slurries with a DM content lowemts&6 (Ford and Flemming, 2002; Bicudo, 2001).

1.2.3.1.1. Stationary inclined screens

Stationary inclined screens are characterized bipamed plastic or metal sieve with a mesh sike o
1-2 mm. The slurry is pumped to the top edge ofitiséned screen and flows on the screen area by
gravity. The liquid pass through the screen, wpigticles larger than the mesh size are retained on
the screen (Figure 1.2). The solid fraction movevmiward due to gravity forces and fluid pressure
(Ford and Flemming, 2002).

Stationary, rundown screen

Influent

\\';_

Screen

Solids

Effluent

B
L

Figure 1.2. Stationary inclined screens (Sheffieldt al., 2000).

13



Stationary inclined screens have a lower separatitiniency compared to other separator types
(Table 1.3). However, the total costs and the gne¥guirements are lower; therefore, they are dne o
the cheapest separation technologies.

Table 1.3. Separation efficiency of DM, N and P fostationary screens (Provolo et al., 2008).
Separation efficiency (%)

DM N P

20-25 4-7 8-12

1.2.3.1.2. Vibrating screens

Inclined stationary screens present problems kkateéhe clogging of the pores. In vibrating sceeen
the vibrating system avoids that clogging problemsid occur.

Vibrating screens can consist of 1 to 4 screens eifferent mesh sizes. The input slurry is pumjzed
the flat vibrating screen at a controlled rate (fég1.3). The liquid fraction passes through thterfi
pores, while the short, rapid motion moves theimethsolid fraction to the screen edge, where it is
collected.

Figure 1.3. Vibrating screen (Provolo et al., 2008)

Vibrating screens are more efficient than statipriaclined screens (Table 1.4). However, separation
efficiency is affected by the mesh size.

Table 1.4. Separation efficiency of DM, N and P fovibrating screens (Zhang and Westerman, 1997).

Separation efficiency (%)
DM TN TP
3-25 2-7 1-34

The energy requirements are higher than statiosargens. Moreover, vibrating screens require
frequent maintenance operations and, therefore,saldom applied in animal manure treatment
systems.

1.2.3.1.3. Rotating Screens
Rotating screens are composed by a cylindricalescigith a mesh size of 0.8-2.0 mm. The input
slurry is pumped to the rotating screen at a ctiettaate (Figure 1.4). The liquid pass through the

14



screen and it is collected at the bottom, whiledbkd fraction is scraped to the filtrating are¢oia
collection pit.

Influent

Solids |

Effluent

Figure 1.4. Rotating screen (Zhang and Westerman, 99).

This separation technology has low energy costsveier, the produced solid fraction have a high
moisture content, which makes it difficult to maaaghe separation efficiency for rotating screen ar
shown in Table 1.5.

Table 1.5. Separation efficiency of DM, N and P forotating screens (Zhang and Westerman, 1997)
Separation efficiency (%)

DM TN TP

4-24 5-11 3-9

1.2.3.2. Pressurized filtration

This type of separators applies a pressure iniaddid the filtering system in order to increase th
separation efficiency. Generally, pressurizeddilon processes leads to a high level of dewatering
therefore, the produced solid fraction have a HXj concentration and can be managed as solid
manure (Hjorth et al, 2010).

The separation devices that operate through piesdluiiltration processes are: screw, roller and be
presses.

1.2.3.2.1. Screw press

Screw presses are one of the separation type masely for the separation of livestock slurriesaln
screw press separator, the input slurry is convegeelw in the centre that forces the slurry throagh
tube and past a screen (Figure 1.5). The liquictiba passes through the screen and is collectad in
container surrounding the screen. The screw contveysetained solids to the end of the axle, where
the solid fraction is pressed against the plateraack liquid fraction is drained. The solid fractis
then discharged from the opening between the pladethe cylindrical mesh.
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Intet

Scraper

Figure 1.5. Screw press separator (Mgller et al. 0D0).

Average separation efficiencies of screw pressrag@a are shown in Table 1.6. The separation
efficiency of screw press separators is highlyuaficed by the applied pressure and by the particle
size distribution of the input slurry (Christenseerd Keiding, 2007).

Table 1.6. Separation efficiencies of screw presspeegators (Hjorth et al., 2010).

- Separation efficiency (%
Slurry Origin Volume DI\/Ip y%\(}) TP
Pig slurry 4-7 21-64 4-31 7-46
Cattle slurry 2-13 13-64 4-36 3-28

Screw press separators produce a solid fractiom aviiigh DM concentration (25-30%) compared to
other separation technologies (e.g. belt presktEsyever, a large amount of small particles has been
found in the liquid fraction (Mgller et al., 20022ading to a low separation efficiency for N, Rl &

The energy requirements of a screw press sepaeadnigher than filtrating systems. In particular,
energy consumption is influenced by the treateduretype: separation of pig slurries leads to gnerg
consumptions of 0.3-1.1 kWhfof manure, while the separation of cattle sluegds to energy
consumptions of 0.4-0.8 kWhof manure (Balsari et al., 2006).

1.2.3.2.2. Roller press

Roller press separators consist of a cylindricedexe (0.8-1.5 mm) and a series of rollers (Figu6. 1
The manure is deposited onto the screen and sqlbgzeollers. The liquid pass through the filter
pores, while the solid fraction scraped to therdiical filter and drop in to a collection pit.

__» Rollers

Solid fraction Input Slurry

? Cylindrical screen

Scraper

Liguid

Figure 1.6. Roller press littp://sustag.imamoter.cni.it

Roller press separators are usually utilized fergbparation of slurry with a high DM concentration
such as cattle slurry, for which separation efficies are higher (Table 1.7). In order to increase
separation efficiency for pig slurries, the meskesof the sieve should be reduced from 1.5 mm
(typically used for cattle slurry) to 0.8-1.00 mFof¢d and Flemming, 2001).
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Table 1.7. Separation efficiency of roller press sapators (Provolo et al., 2008).

- Separation efficiency (%)
Slurry Origin Volume DM N TP
Pig slurry 4-6 10-35 2-10 10-45
Cattle slurry 8-16 35-60 10-28 45-55

Operating costs related to this separation typdaave however, this technology is rarely applied as
slurry treatment technology due to the frequenntesiance operations and the energy costs.

1.2.3.2.3. Belt press

The belt press separators consist of two flat, wéaderic belts that run horizontally between raler
(Figure 1.7). The liquid fraction is forced throutie belt by the rollers and the solid fraction is
carried along the belt and dropped in a collectioamber.

Figure 1.7. Belt press (Provolo et al., 2008).

Belt presses are often used in combination withgatzing and/or flocculating agents, in order to
improve the drainage of the liquid fraction andighthe separation efficiency.
Belt presses have not been widely tested for stueatments.

1.2.3.3. Centrifugation

The typical separator device that separates shimgyugh centrifugation is a decanting centrifuge
(Figure 1.8). In this type of devices, solid-liqusdparation is caused by applying a centrifugadefor
that reduces the settling time of solid particled produces a liquid and a solid fractions (Hjatlal.,
2010). The decanter centrifuge consists of a clasgidder with a continuous turning motion. The
centrifugal force separates solids and liquidshatwall into an inner layer with a high DM content
(solid fraction) and an outer layer containing eials, organic components and salts (liquid fragtion
The solid fraction is conveyed to the conical ehthe centrifuge by a screw conveyor that rotates a
speed that differs from the speed of the centrifbpgavl. The resulting liquid and solid fractionsear
discharged at opposite ends of the centrifuge éBiaés al., 2006; Hjorth et al., 2010).
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Centrifugal bowl Screw coveyor

+ 1 Clarified water
Thick sludge o ‘i\‘ discharge

discharge % = \\

Figure 1.8. Decanter centrifuge (Hjorth et al., 20Q).

The separation efficiency of centrifuges is affdchby the flow rate of the input slurry. At the same
time, the input flow rate of a decanting centrifugaffected by the DM content of the treated sturr
in particular, the lower the DM concentration oé ttaw slurry, the higher the separation efficiency.
Generally, the separation efficiency of decantertrdeiges is higher than other separation systems
(Table 1.8), since it allows the separation of Hatige and small particles. The efficiency coulsbal
be improved by adding coagulating and/or floccagthgents to the slurry.

Table 1.8. Separation efficiencies of decanter ceirfuges (Regione Lombardia, 2009).

- Separation efficiency (%
Slurry Origin Volume Dl\ﬁ y'f’N) TP
Pig slurry 3-10 31-70 9-26 60-84
Cattle slurry 12-20 54-69 20-29 76-94

Decanter centrifuges have higher functioning anergyn costs (Balsari et al., 2006). Furthermore,
operating costs can be increased by the use divadfor slurry flocculation.

1.2.3.4. Sedimentation

Slurry separation through sedimentation is an etttra solid-liquid separation technique due to the
simplicity of the technologies and the low opergtaosts. During this treatment process, the slisrry
collected in specific devices where particles afetb settle for a determined period of time. tdey

to improve separation efficiency, coagulating anélaculating agents can be added to the slurry.
Generally, sedimentation systems produce a sahictibm with low DM content (8-12%) that could
not be manages as solid waste; therefore, furthatnhents should be applied in order to reduce the
moisture content of the solid fraction.

Separation through sedimentation can be carrietbyiusedimentation thickener, Dorr separators and
settling basins.

1.2.3.4.1. Sedimentation thickener

A sedimentation thickener consists of a containgdindrical at the top and conical at the bottom
(Figure 1.9). Slurry is added at the top of thetamer and solid particles settle at the bottonthef
conical part, where the solid fraction is removedorder to encourage the settling of particles, a
vibrating rake can be added in the middle of thet@ioer.
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Figure 1.9. Sedimentation thickener (Hjorth et al.,2010).

1.2.3.4.2. Dorr separator

A Dorr separator consists of a circular tank witbeatral cylindrical container (Figure 1.10). Tiasvr
slurry is added in the central container and maggbe bottom of the tank at high speed. This quick
flow causes the larger particles to settle, whitelter particles settle in a secondary time. Thaidl
fraction moves to the top of the tank, where it@moved. The solid fraction is scraped from the
bottom edge of the tank to the center and colleictedhopper placed at the bottom of the tank.

Input Slurry
Liquid Fraction

Solid Fraction

Figure 1.10. Dorr separator (Provolo et al., 2008).

1.2.3.4.3. Settling basin

Settling basins consists of tanks that are usethdtn storage and separation of slurry (Figure)1.11
The solid fraction settles to the bottom at it isripdically removed from the liquid fraction.
Sedimentation basins should have a minimum sipedar to allow the storage of the volume of slurry

produced in a month.
Settling basins are one of the cheapest sepatatibnologies, but the resulting solid fraction hagh

moisture content.

T N 4

Figure 1.11. Settling basin (Provolo et al., 2008).
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1.2.3.5. Flotation

Flotation is a gravity separation process basedhenattachment of air or gasses bubbles to solid
particles, which are then carried to the liquidface (Masotti, 2002). The flotation process cossisdt
two stages: (i) the production of suitably smalbbles (40-60 um) and (ii) their attachment to
particles. The solid fraction is then scraped off aollected in a specific container (Figure 1.12).

..
I,,_,I,_,l,,..l.,.I,.,.I;__,I.,,A o

. Belt Scraper

Solid
Liquid Fraction
Fraction

Inputslurry mixed to air and flocculant

Figure 1.12. Flotation system (Provolo et al., 2008

Depending on the way the gas bubbles are genefhitation is divided into dispersed air, dissolved
air and electrolytic air. The Dissolved Air Flotati (DAF) is the most diffused flotation system. It
consists of a system that adds air at a speciisgure; the air pressure is then reduced till gihversc
values, leading to the production of small bubbles.

Compared to settling basins, the floating systeawe thigher separation efficiencies and smalleissize
The resulting solid fraction have a DM content fr8rto 8%, a N concentration from 30 to 40 % and a
P content from 70 to 90%. In order to improve thepasation efficiency, coagulating and/or
flocculating agents can be added to the slurry. él@r, the separated solid fraction have a high
moisture content, therefore further treatment mees should be installed in order to manage tlé sol
fraction as solid manure.

1.2.4. Chemical separation

Mechanical and physical separation processes carméined to chemical separation processes in
order to (i) reduce the P content in the liquidcfien, (i) reduce the moisture content in the doli
fraction and/or (iii) increase the separation éficy of the different separation devices (Hjortlale
2008).

Chemical additives are divided in coagulating adonddulating agents, according to their reactions in
the slurry. In general, they enhance the aggregaticemall particles, leading the formation of karg
flocs which results easier to separate (Bolto aneg@ry, 2007). The aggregation of particles can be
facilitate by (i) adding multivalent cations thatuse particle coagulation and/or (ii) adding polgsne
that cause flocculation.

At coagulation, multivalent cations neutralize thegative charge of particles in the slurry by
adsorbing the oppositely charged ions to the pastisurface, creating a double layer (Figure 1.13a)
The flocculation process is often associated togelagion and is carried out by the addition of
polymers. The polymer can promote particles agdgi@gahrough two different mechanisms: (i) patch
flocculation (Figure 1.13b) and (i) polymer bridgi (Figure 1.13c). Patch flocculation is the
adsorption to particles of oppositely charged pelgteolytes with a charge density much higher than
the charge density of the particles. Local podiivand negatively areas are formed on the surféce o
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particles; therefore, a strong electrical attractetween particles occurs, leading to the formatib
larger flocs.

Polymer bridging is the main reaction mechanisnat ticcur when a polyelectrolyte polymer is
added. This process occurs when long-chain polyrméssrb the surface of more than one patrticle,
causing the formation of strong aggregates of fadgeensions.

Fol* o _Pes'
] RS .
F& Fe Fe
2 . -
3+ Fe F83+ F 3+
Fe' - = L
FEE+ - Fea+
N

Figure 1.13. Coagulation (a), patch flocculation (band polymer bridging (c) (Hjorth et al., 2008).

1.2.4.1. Coagulants
The coagulants that are mostly used for slurnytiimeats are trivalent cations salts, such as iref’ (F
and F&") and aluminum (AY), and calcium (Ca) salts. These compounds enailernty to aggregate
smaller particles into larger flocs, but also tegipitate P and increase its concentration in thel s
fraction.
The mostly used coagulants for slurry treatmergs ar

¢ Iron chloride, FeGl

e Iron sulfate, FESQy)s;

* |ron sulfate, FeS©

¢ Aluminum chloride, AIC};

e Aluminum sulfate, AI(SQy)s;

* Lime, Ca0O;

e Calcium hydroxide, Ca(OH)
According to Hjorth et al. (2010), if the multivalecation is calcium, the efficiency is ranked a&s0C
> Ca(OHy); if the multivalent ion is iron, the efficiency fanked as Fegb Fe(SQy); > FeSQ; while
if the ion is aluminum, the efficiency is rankedAlg(SQOy); > AIClIs.
The addition of these products to the slurry cde&tl to environmental problems related to the plant
toxicity of the residual of iron and aluminum. Fhetmore, the application of sulfates could leadrodo
emissions during the slurry storage.

1.2.1.2. Flocculants

Flocculants used for slurry treatments are usuafig-chained polymers with a cationic charge. They
are characterized by the structure of the mole@inlear or branched), the charge, the charge densit
and the molecular weight. Flocculants used in gltneatments are water soluble polymers, usually
polyelectrolytes. They are broadly divided accogdia their ionic nature: cationic, anionic and non-
ionic (Bolto and Gregory, 2007). When diluted in tera flocculants adopt a random coll
configuration, which represents the most probabidiguration.

The main characteristics of polyelectrolytes are itiolecular weight (MW) and the charge density
(CD). The MW is usually distinguished in low, meaiwand high, corresponding to MW values in the
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ranges <19 10-10° and >16, respectively (Bolto and Gregory, 2007). In cakpabyelectrolytes, CD

is a very important parameters, which represemsathount of charged groups related to the amount
of polymer. It can be expressed as mole per ceahafged groups (mol%) or as milliequivalents per
gram (meeg™). CD is highly dependent on the pH of the sluwkijch should be monitored during the
choice of the flocculant type and dosage. Usu&lly,of polyelectrolytes is divided as low, medium or
high if the mol% of the ionic groups is approximatel 0%, 25% and 50-100%, respectively (Bolto
and Gregory, 2007).

Synthetic polyelectrolytes, i.e. polyacrylamide (R} are broadly used in chemical treatment of
livestock slurry. Several studies indicate thattonic polymer is superior to anionic and non-@ni
polyelectrolytes; this is related to the negatikiarge

1.3. Aim of the study

Solid-liquid separation of livestock manure is al@y used treatment process that allows to improve
the manure management on farms. Slurry separaiofién combined to other treatments in order to
enhance an overall reduction of nutrient losseaitowater and soil. Therefore, the evaluationhef t
different separating system and the optimizatiorthi$ process is crucial in order to improve the
performances of the treatment systems and the nziaiion of the environmental impact related to
manure management.
The present study aims to: (i) evaluate the sddjdidl separation treatment in a treatment planteund
different operating conditions; (ii) investigateettoptimization of the separation process through
natural and synthetic chemicals.
The solid-liquid separation will be explored undéferent aspects:
* The performances of different separation systendgudifferent operating conditions (type of
manure, type of separator, flow rates, pre-treatsyerse of chemicals);
* The optimization of mechanical and physical sepamahrough coagulation and flocculation
pretreatments;
« The evaluation of predictive models as decisionpsuptools for the prediction of the
efficiency of different separation systems.
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2. EVALUATION OF THE SOLID-LIQUID SEPARATION INA TREA TMENT
PLANT

2.1. Introduction

Solid-liquid separation of animal slurry is oftesed as pre-treatment in order to improve the
performances of the further treatment processefaciy the two separated fractions present differen
characteristics and, hence, they could be usedifferent purposes within a manure treatment plant.
Solid-liquid separation is frequently used in conation to anaerobic digestion processes for the
production of energy. This process consists indidmgradation of organic compounds under anaerobic
conditions and the production of biogas, which asnposed by methane (GHand carbon dioxide
(CO,) (Burton and Turner, 2003). The anaerobic digestitows to reduce the greenhouse gas (GHG)
emissions since it avoids GHemissions from manure storage and produces eneittpput the
utilization of fossil fuels (Itten et al., 2013)uhermore, it allows to stabilize the characterssof
animal manure, to reduce odor emissions and toedserthe pathogen content in animal slurries.
Solid-liquid separation could precede anaerobi@stign. In this case, the solid fraction is used to
maximize the production of biogas, since this factpresents the higher concentration of organic
compounds. Slurry separation could also be usedetd the anaerobic digested slurry, in order to
produce a liquid and a solid fraction that can sedufor further treatments.

Manure separation is also used in combinationherdbiological treatment, such as Sequencing Batch
Reactor (SBR) processes for nitrogen (N) removali( et al., 2007). The SBR process consists in
particular reactors where the nitrification and temitrification processes occur in the same reacto
which are designed in order to have a temporatibigion of the different phases (Magri and Flatats
2008). A conventional SBR system operates in afill draw sequence (cycle) that is repeated over
time. Each cycle is composed of various consecythases (fill, anoxic mixing phase, oxic reaction,
settling, draw and idle) that can last a diffenpatiod of time according to the scope of the trestim
plant. The principal reactions occurring in a SBRtem are nitrification and denitrification process
Nitrification is an aerobic autotrophic processttitansists of the sequential oxidation of the
ammonium (NH") to nitrites (NQ) and the further oxidation of nitrites in nitra(@Os):

3
NHf + 50, > NO7 + 2H* + 2H,0

1
NO3 + 50, > NO3

In order to allow the correct oxidation of ammoniwnd nitrites, the optimum concentration of
dissolved oxygen in the manure is 2 mg/l (Ndegwal.e2005).

Denitrification is a heterotrophic anaerobic pracdaring which the nitrites and the nitrates predlc
during the nitrification process are reduced toeunolar nitrogen M

In order to optimize these two reactions, the SB&esn is often combined to a mechanical solid-
liquid separation step. In fact, the major partred dry matter (DM) contained in the input slursy i
transferred to the solid fraction, while the largemount of nitrogen remains in the liquid fractemd
could be removed through the biological treatm&ntthermore, the lower DM concentration of the
liquid fraction allow a better aeration of the mesmand, thus, to improve the biological reactions.
According to Béline (2007), the maximum DM conteftthe slurry to be treated through an SBR
process should be equal to 2%. The performanctedolid-liquid separation treatment are therefore
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crucial for the correct functioning of the SBR pges. For this reason, the separation techniqudds
be selected according to the characteristics obtitained liquid fracon, which have to be optim
for the SBR treatment.

In this chaptertwo different separation systems are investigateatder to evaluate their suitability
a manure treatment plant.

2.2. Materials and Methods
2.2.1. The Agroenergie Bergamasche treatment plant

The Agroenergie Bergamasche plant is a collecteatinent plant with an anaerobic digestion pl
for energy production and a nitrogen removal pt{Figure 2.). It covers an area of 1600C* and it
is located in northern Italy, Bergamo province,aim intensive livestock area where there is a
surplus of nitrogen and has been designated asnaldle zone (NVZ)
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Figure 2.1. Scheme of the treatment processes.

The treatment plant involves 10 farms and 13 feeadd: 8 cattle farms, 1 fattening pigs farm ai
laying hens farm. The farmsteads are located 0% ik far away from the plant, fortotal daily
production of around 300%of manure

The manure produced by the different farms is ctéig in a continuously mixed [-storage tank (885
m’). The slurry produced is transported to the treatnplant by slurry tankers, excepting for
nearby farmstead, which is connected directly to ptent by mean of a pipeline. Concerning
slurry transported by slurry tankers, the tareegistered every morning in order to measure
amount of slurry collected from every fa

The collected mame is firstly processed in an anaerobic digestioase for the production of enerq
This step is carried out under mesophilic condgi(8t-40°C) in three digesters (D1, Cand D3) and
a postdigester (D4). The total volume of the reactorsdddl D2 it 2280 mi, while D3 and D4 have
capacity of 3185 fh The slurry is pumped to D1, D2 and D3. The reaEtb is fed not only witt
slurry, but also with other biomasses that aresctdid in a hopper (30°) (Figure2.2). The biomasses
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added to the D1 are: silages, solid manure, poutiapure, corn flower and molasses. The second
digester D2 is fed with raw manure and receivegtpestate out coming from D1. The anaerobically
digested slurry produced in D1 and D2 is then cgagldo the post-digester D4. The biogas produced
in each reactor is collected, treated for sulpl®)rrémoval and then conveyed to a 1MW cogenerator
for energy production.

Figure 2.2. Biomasses added to the hopper.

The digested slurry out coming from D3 and D4 mntlseparated for the production of a liquid and a
solid fraction (SEP).

The solid fraction is sold to horticultural farmtaged nearby the treatment plant, while the liquid
fraction is treated through a nitrification-derfitation step for N removal. This treatment is tzdr
out in to two Sequencing Batch Reactors (SBR), @@60 ni and working in parallel. In each SBR,
four phases occur:

Fill and draw phase (15 minutes). 18 af liquid fraction are pumped in to the reactod dbn? of
treated slurry are conveyed to storages.

Mixing phase (90 minutes).

Aerobic phase (120 minutes). Air is pumped to tbedm of each reactor through two compressor, till
the oxygen concentration £0in the manure is 2 mg/l. During this phase, ati-f@aming reagent is
added.

Sedimentation (20 minutes).

The treated effluent is then pumped to the finategie, consisting of two covered storage tanks of
2280 ni each. Here, the slurry tankers collect the effi@end return it to farms, where it is utilized for
plant fertilization. The amount of effluent transfgal to each farms by slurry tankers is weighed.

2.2.2. Manure Separation

Since March 2013 the solid-liquid separation treattrwas performed through two screw presses
(FAN PSS 3.2) working in parallel (Figure 2.3). $hetwo devices treated the digested slurry
produced by the anaerobic digestion treatment, reetbe biological nitrogen removal. The
performances of the screw press separators weretarexh periodically in order to evaluate the
correct functioning of the system according to 88R requirement. In particular, samples of the
treated digested slurry and of the resulting ligaidl the solid fractions were collected every two
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months. The samples were stored at — 18°C and zethfpr DM concentration, in order to evaluate
the DM separation efficiency and the DM concentratf the liquid fraction.

T

I’

Figure 2.3. Screw press separator (FAN PSS 3.2)

During July 2012 a decanter centrifuge (Jumbo %rdfbi, Italy) was evaluated as separation
technology alternative to the screw press. Two matypes were used (Table 2.1): (i) anaerobically
digested slurry (AD) and (ii) digested liquid freet (ADLF) from a screw press separator. AD was
produced by the co-digestion of pig, cattle andltppumanure with biomasses (corn and triticale
silages) from a collective treatment plant. AD when separated through a screw press separator
(FAN PSS 3.2, Italy) in order to obtain ADLF.

AD and ADLF were then separated through a decamtetrifuge (Jumbo 3, Pieralisi, Italy) operating
under different conditions (Table 2.1). At firstbAand ADLF were treated under different input flow
rates, in order to understand how the flow ratelctadfect the separation performances. Then, the
input flow rate was maintained constant and a fitating agent was added at different flow ratee Th
flocculating agent was a linear cationic polymer7§0 concentration), with a charge density of 40%
and a medium-high molecular weight (Hidrofloc CL478lidrodepur, Italy).

Table 2.1. Operative conditions tested for the dec#er centrifuge.

Test ID Manure type InpuE r1]‘qlg)/vr\]/)rate Ponm(::‘nrsl;lho)w rate
Tests with different input flow rates
1 ADLF 6 0
2 ADLF 8 0
3 ADLF 10 0
4 AD 4 0
5 AD 6 0
6 AD 8 0
Tests with different polymer flow rates
7 ADLF 6 1.2
8 ADLF 6 0.8
9 ADLF 6 0.6
10 ADLF 6 0.4
11 ADLF 6 0.2
12 AD 6 1.15
13 AD 6 0.8
14 AD 6 0.6
16 AD 6 0.4
17 AD 6 0.2
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During each test, the input flow rate was measthmesligh a flow meter, while production rate of the
liquid fraction was measured by measuring the ledeliquid fraction in the collection pit and
converting it as volume. The volume of the soliaction was calculated as the difference between the
volumes of the input slurry and the volume of tigaid fraction.

Samples of raw slurries and of liquid and solidctian were collected in duplicate after each
separation test and stored at -18°C.

2.2.3. Data analysis

The separation efficiencies for the analyzed patersevere calculated using the simple separation
index (Section 1).

2.3. Results and discussion
2.3.1. Screw press performances

The DM content of the raw manure and of the ligandl the solid fractions were evaluated. Average
values are represented in Table 2.2.

Table 2.2. Characteristics of raw manure and separat fractions with screw press. Mean (n=10), standdrdeviations
in brackets.

Fraction DM (%)
Digested slurry 5.6
(0.4)
Liquid fraction 3.9
(0.6)
Solid fraction 25.4
(5.0)

Although the input slurry is previously treatedahgh anaerobic digestion, the input digested slurry
presents a high DM content. This is due to thetamtdof biomasses during the biogas production. For
this reason, although the average DM separatiociezity is equal to 30% (Figure 2.4a), the resgltin
liquid fraction presents a DM content higher th& Pequired for the nitrification-denitrification
process (Figure 2.4b). This is due to the operatiamciples of screw press separators, which allows
the separation of coarse particles, while smaltiggjas are contained in the liquid fraction. Intfac
anaerobic digestion lead to the degradation of mb#te organic compounds, decreasing the particle
size of digested slurry (Masse et al., 2005). Tioeee the major part of particles in the digestienlrg

are smaller than the screw press’ mesh size aumsl, sine not retained in the solid fraction.
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Figure 2.4. Separation efficiency (a) and DM conterof the liquid fraction (b) for the screw press.

The screw presses produce a liquid fraction chariaed by a high D content, which lead to problems
during the SBR process. Therefore, another separagistem should be evaluated in order to improve
the biological nitrogen removal.

2.3.2. Decanter centrifuge performances

2.3.2.1. Characteristics of the fractions

Since total solids, measured as DM content, areobriee main manure parameters involved in the
solid-liquid separation treatment (see Sectiorrdyy slurries and separated solid and liquid frastio
were characterized only for the DM content (Tabi.2
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Table 2.3.Characteristics of raw slurries and liquid and sold fractions for each separation teswith decanting

centrifuge.
Raw manure Liquid fraction Solid fraction
Test Volume DM Volume DM
D Manure type DM (%) (%) (%) (%) (%)

Tests with different input flow rat

1 ADLF 3.7 93 25 7 20.6
2 ADLF 3.7 94 25 6 21.0
3 ADLF 3.7 94 2.7 6 21.3
4 AD 5.0 86 2.3 14 21.4
5 AD 5.0 86 2.3 14 21.6
6 AD 5.0 87 2.4 13 21.9
Tests with different polymer flow rat

7 ADLF 3.0 94 1.4 6 27.0
8 ADLF 3.1 94 1.7 6 25.5
9 ADLF 3.2 94 1.8 6 26.1
10 ADLF 3.3 94 2.0 6 26.1
11 ADLF 3.5 95 2.2 5 25.8
12 AD 3.8 89 15 11 22.7
13 AD 4.0 89 1.6 11 22.8
14 AD 4.2 88 1.7 12 22.6
15 AD 4.3 88 1.9 12 22.3
17 AD 4.5 88 2.1 12 22.0

The different tests led to the production of diffier amounts of liquid and solid fractions, wh
presented different DM concentrations. For thestagith different input flow rates, the produc
amounts of liquid and solid fractions w different for the different flow rates. In particw, the
higher was the input flow ratbe lower was the volume of the produced solidtioac This trend wa
observed also when the polymer flow rate was chdingeen if the difference between a polymer f
rate andhe following one was less significe

2.3.22. Separation efficiency affected by input and pelyflow rat
In order to evaluate the effect of the differemiuhand polymer flow rate, the simple DM separa
index was calculated for both AD and AF (Figure 2.5).

100% -
90% -
A ADLF
80% -
70% -
60% - e L ——
50% -
40% -

30% -

DM separation efficiency (%)

20%

10% -

0%

0 2 4 6 8 10 12
Input flow rate (m3/h)

Figure 2.5 DM separation efficiencies at different input flav rates for AD and ADLF. DM separatior efficiency was
calculated as reduced separation index.
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For all the tests that was performed, the increddw rate caused an average reduction of the
separation index of 3% and 10% for AD and ADLFpesgively. In fact, an increase of the inplow
rate causes a decrease of the retention time &lihg in the decanter centrifuge gller et al., 2007)
and, thus, to a reduction of the separation effirygHjorth et al., 201C
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o w
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DM separation efficiency (%)

HWAD

20% -
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10% |

0%
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polymer flow rate (m3/h)

Figure 2.6. DM separation efficiencies at different input flow raes for AD and ADLF. DM separation efficiency wa:
calculated as reduced separation index. The 0 m3/falues correspond to the tests 1 and 5 for ADLF and B,
respectively.

The DM separation efficiency incased when the polymer was added for both AD and A[Figure
2.6). This is related to the flocculating propertidstioe polymer that enhance the aggregatiol
smalkr particles, which are more difficult to aggregated thus improve the separation efficiency
particular, the separation index increased at asmng amounts of added polymer till a maxim
value, as previously observed (Vanotti et al., 2008isincrease resulted higher for ADLF, while
was less significant for AD. This is due to thehdg amount of coarse particles contained in
digested slurry, which result more heavy and, heeasier to separate by centrifugation. There
the polymerosage required for the separation of AD by ceurgation is lowe

2.4. Considerations

The solidliquid separation does not allow to retain smalpesticles in the solid fraction and, thus,
resulting liquid fraction presents a high DM conterherefore, the liquid fraction produced by -
two screw presses separators is not suitable fonureatreatments that require a low [
concentration of the input slurry, such as nitéfior-denitrification processes. Separation syst
with higher DM sepiation efficiency, such as decanting centrifugesyjld allow to improve th
retention of small particles in the solid fractiand to reduce the DM content of the liquid fract
below 2%.Flocculant can be added in order to increase tharaton efficency, but increasing tt
costs of the separation treatm
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3. EVALUATION OF SEPARATION PERFORMANCE UPON MANURE
ACIDIFICATION PRE-TREATMENT

3.1. Introduction

The increasing intensification of farming systemsmbined with an improper manure management
led to an increase of greenhouse gas (GHG) emissidrophication of waters and acidification from
ammonia (NH) volatilization (Lopez-Ridaura et al., 2008).

The 94% of NH emissions comes from the agricultural sectorwbich swine livestock represent
one of the main sources (EEA, 2012). Nidlatilization represents not only a loss of feséir value,

but also an environmental problem and a health faskanimal and human beings (Ndegwa et al.,
2008). Several solutions have been proposed taeedtk emissions from livestock, as described by
Ndegwa et al. (2008). Among these, slurry acidifwa is a treatment process widely applied by
different farms in Denmark (Eriksen et al., 2008td?Psen et al., 2012) to reduce Nissions from
slurry storage. This technigue consists in acidiya portion of slurry by adding concentrated &oid
lower pH; the acidified slurry returns to buildingscept the 5%, which is transferred to storagksa
(Peters et al., 2010). Slurry acidification allotesreduce NH3 emissions by 70% (Kai et al., 2007),
but it allows to decrease also methane {C&hd sulphate emissions from slurry storage aeld fi
application (Petersen et al., 2012; Ottosen eRaD9). According to Hjorth et al. (2013), it inases
the occurrence of de-mineralization processes, twhgad to the dissolution of P precipitates (e.g.
struvite and Ca-P compounds) and to the increase dissolved species in slurry. Furthermore,
acidification inhibits microbial activity, reducinthe content of sulphides (Ottosen et al., 2009),
volatile fatty acids (VFA) and ammoniacal nitroggfjorth et al., 2013). In addition to these cherhica
effects, slurry acidification decreases the buffapacity of the slurry. Finally, the acidification
treatment also affects the characteristics of @adi suspended in slurry; in fact, it reduces their
surface negative charge and increases particlebsizecreasing particles attraction (Hjorth et al.,
2013).

Solid-liquid separation of manure is often combirked other manure acidification. Since, the
acidification treatment modifies physical and cheahicharacteristics of the slurry; it could afféog
efficiency of solid-liquid separation technologiég&cording to Fangueiro et al. (2009), the sepanati
of acidified slurry leads to a general decreasel@fents retained in the solid fraction and of Tota
Carbon in both solid and liquid fraction. Furthemmoit causes an increase of DM and ammoniacal
nitrogen (TAN) in liquid and solid fractions, and acrease of P, calcium (Ca) and magnesium (Mg)
concentration in liquid fraction. However, moredrmhation is necessary in order to better understand
the possible effect of slurry acidification on gdliquid separation.

In this section, the separation performances dfediht separation systems are evaluated under
different operating conditions. In order to sepalsakevaluate the effects of input flow rate and the
polymer flow rate and the effect of pre-treatmemtsseparation efficiency, two experiments were
carried out. In the first one, the effect of diffat flow rates and different polymer flow rates aver
evaluated by using the same separation systerheladcond experiment, the effect of a pre-treatment
on different separation technologies was investigiat

3.2. Materials and methods
3.2.1. Manure treatments

The experiment took place in Grgnhgj Researchdstéti Denmark, using slurry produced by pigs at
the slaughtering stage of growth, i.e. finishingsp{ca. 31 to 108 kg). The manure was collectett fro

31



two comparably operated houses with two differéntrg treatments: manure maintained at its natural
condition having a pH value of approximately 7 (R®d acidified manure having a pH value of
approximately 5.5 (APS), as explained by Hjortlalet(2013). During the entire period of production
of the finishing pigs, the pig manure accumulatimgler slated floors was pumped to an acidification
device, consisting of a 14 °nacidification tank, where slurry pH was lowered 8& by adding
concentrated sulphuric acid (96%34®,). Acidified manure was then returned to slurry rohals,
except for 5% of slurry daily production, which wdiverted to storage tanks from which samples
were taken to pass through various separation igpobs

The APS and the PS were each separated using dfffeeent separation techniques (Table 3.1):
pressurized filtration (screw press), centrifugatfdecanter centrifuge) and flocculation and drgéna
(flocculation and belt thickener drainage). Forheaeparation device, manure was pumped from
continuously stirred storage tanks. All three safms were operated under optimal full-scale
conditions (Table 3.1). The screw press and decaaintrifuge operated with automatic adjustment
of the flow rate according to the velocity of thalid fraction pump. The flocculation and drainage
treatment operated using polymer characteristidspafymer volume that had been optimized for the
manure type (Table 3.1) as described by Hjorth Jardensen (2012). A 0.11% emulsion of the two
polymers was prepared immediately before the s&épartest. Separation experiments were run one
time for each separation technology for one to fours.

Table 3.1. Operating conditions of the tested sepat@s.

Separator Parameters PS APS

SCREW PRESS
Bioselector 550, Bréger, Germany

Mesh size (um) 400 400
Flow rate manure (fh™) 10 22
DECANTING CENTRIFUGE
GEA Westfalia, Germany
Centrifugal force (rpm) 45000 45000
Flow rate manure (fh™) 1.9 2.7

FLOCCULATION and BELT THICKENER DRAINAGE
AL-2 Teknik A/S, Denmark

Polymer use K133L K144L
(Praestol-Ashland, DK) (Praestol-Ashland, DK)

Polymer charge density (mol %) 60% cationic 75%00ic

Mesh size (um) 390 390

Length of the belt (cm) 2800 2800

Width of the belt (cm) 300 300

Flow rate manure (fh™) 0.6 0.7

Flow rate polymer (fhhY) 0.1 0.1

The total amount of manure used in each experimastcalculated by measuring differences in the
level of manure in the slurry storage tanks be#me after the treatment.

During the experiments, for each separation ttid, production rate of liquid and solid fractionasv
measured in order to estimate the mass separdficiercy. For each separation technology, the
liquid and solid fractions from the equipment wedtlected simultaneously in buckets for identical
durations of time (3 seconds for screw press: tOrs#s for centrifugation; 1 minute for flocculation
and drainage), weighed, and converted to massesinplut flow rate was calculated as a sum of the
mass of liquid and solid fractions by assuming radarial was retained in the separation device. This
was repeated five times.
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Subsequently, for each separation technology, sesydlliquid and solid fractions were collected for
both PS and APS. Samples were collected in trijglg;asome were stored at 5 °C for immediate
analysis, and some were stored at -18°C for thiysemwere performed later.

3.2.2. Analysis

Electrochemical (zeta potential) and physical @ty and filtration velocity) properties of PS and
APS were analyzed. The zeta potential was detedhidyepreparing a 1:10 dilution with 0.2 M KCI
and measuring with a zeta sizer (Master Sizer 2M#vern Instruments Ltd., Worcestershire, UK).
Viscosity was measured using a Viscometer and dlldpindle (Brookfield, MA, USA). Filtration
velocity was determined by adding 100 ml of manime a cylinder (8 cm dia., 30 cm height),
bottom-covered by a 250 pm metal filter sieve, avehsured by recording the weight of the filtrate
after 2 minutes.

Analyses were performed on raw manures (PS and AR&}heir respective liquid and solid fractions
after separation. Measured properties were pHiralabconductivity (EC), density, dry matter (DM),
volatile solids (VS), total nitrogen (TN), total amoniacal nitrogen (TAN), total phosphorus (TP),
water soluble phosphorus (Soluble P), total patas<iTK), total sulphur (S tot), total sulphide &
tot), copper (Cu), zinc (Zn), volatile fatty acil&=A) and particle size distribution.

pH and electrical conductivity (EC) were determiriganediately after the collection of samples,
using standard instruments.

The DM concentration was determined after dryind@8°C for 20 hours. VS was determined by
drying the sample in a muffle furnace from 105°C5&0°C for 2h and measuring the weight loss
(European Commission, 2009).

Total N (TN) was measured by the Kjeldahl methodtall Ammoniacal Nitrogen (TAN) was
determined by the methodology proposed by the E@mopRegulation 2009/152/EC (European
Commission, 2009).

TP, TK, S tot, Cu and Zn were measured by Indulsti@oupled Plasma Optical Emission
Spectrometry (ICP-OES), as described by the EuropBagulation 2009/152/EC (European
Commission, 2009).

H,S/HS-/$ (H,S tot) was determined through precipitation withczicapture of H2S gas, color
reaction and spectrometric quantification usingrttethod described by Eriksen et al. (2010).

Water soluble P was determined by extraction with reagent used for ascorbic acid technique and
centrifugation three times (10000 rpm for 10 misyteluring which the supernatant was withdrawn
after every centrifugation cycle. After extractiodhe concentration of water soluble P was deterthine
through color reaction and spectrometric quantifocaas described by Murphy and Riley (1962).
Volatile fatty acids (C2-C5) were measured by mezrgas chromatograph (Hewlett Packard 6850A)
with flame ionization detector (FID). The columredswas a HP-INNOWax, 30 m x 0.25 mm x 0.25
um. The carrier gas was helium (He). The tempezadfithe column was gradually increased from
110°C to 220°C at the rate of 10°C min-1 as desdrty Mgller et al. (2002).

Particle size distribution was measured for rawrrsla and for liquid fractions through laser
diffraction (Master Sizer 2000; Malvern Instrumehtd., Worcestershire, UK). The cut-off particle
size was considered as the median of the partiecsimulative distribution.

3.2.3. Data analysis

The separation efficiencies for the analyzed patersevere calculated using the simple separation
index (Section 1). The simple separation index gjive indication of an increase in concentratior of
in the solid fraction; therefore, the reduced safian index, Et'(x), also was calculated (Sectijon 1
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The water addition associated with polymers in floeculation techniques was high for both the
experiments. Therefore, the amount of water wasracted from the concentration of the different
compounds in both solid and liquid fractions, imar to express the true distribution of the input
manure’s components. The distribution of water leefwthe liquid and the solid fraction was assessed
as:

m(water)iiquia _ Miiquia — M(DM)iquia
m(water)solia Msotia — M(DM)so1ia

where m(water)liquid and m(water)solid are the watentent (g) in the liquid and in the solid
fraction, respectively; mus and mgq are the masses (g) of the collected liquid andl dohctions
respectively; m(DM)liquid and m(DM)solid are tb& contents (g) in the liquid and solid fractions,
respectively.

For the experiment 2, results related to particke gistribution and to particulate species were
elaborated. Particle size distribution was plosdcumulative distribution. The cut-off particleesi
for each distribution was calculated as the media@ach distribution and was evaluated in order to
compare the effect of the acidification treatmenttbe different separation techniques. Particulate
species were calculated by subtracting dissolvemipooinds from the total concentration, e.g.,
Particulate P was calculated by subtracting SolBti®m TP.

3.3. Results and discussion
3.3.1. Separation performances

The working principles of solid-liquid separatone aifferent, therefore the performance of each is
affected by manure characteristics in different sv@yjorth et al., 2010). APS differs from PS inner
of median particle size, filtration velocity, visity and zeta potential (Table 3.2).

Table 3.2. Characteristics of the input slurries andf the liquid outputs. Means (n = 3), standard dawations in

brackets.
Fraction Separator Parameter PS APS
Input Manure
- Median particle siZéum) 58 (15) 142 (10)
- Filtration velocity” (g/2min) 7 (2) 16 (2)
- Viscosity (mPas) 66( 1) 25 (1)
- Zeta potential (mV) -14 (2) -10 (1)
Liquid Fraction
Screw press Cut-off particle sizgim) 112 (7) 308 (21)
Decanting Centrifuge Cut-off particle siZgm) 14 (1) 334 (24)
Flocculation and Drainage  Cut-off particle Sigem) 160 (18) 54 (4)

&Median and cut-off calculated equally as the medithe cumulative distribution of the particleesiof each fraction
®Mass of input slurry filtrated after 2 minutes up 250 pm metal filter sieve

The median particle size in the range 0.1 to 10@0iqthigher in APS, which proves a larger amount
of small particles in PS than in the APS; previemMperiments has indicated this to be due to particl
aggregation in the acidified slurry (Hjorth et &013). The viscosity of the APS is also lower thzn
PS, thus, the settling resistance of the slurry imayowered by manure acidification. APS presents
also a less negative zeta potential, which indgcateeduction of the negative charge on partigesiu
acidification. For the screw press and the decas#atrifuge, the resulting acidified liquid fraat®
presented a higher cut-off particle size compaodti¢ PS ones; in contrast, the cut-off particte sif
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acidified liquid fraction obtained by flocculatiomnd drainage was lower than the liquid fraction
obtained from PS.

Due to these different characteristics, the peréoroe of the three tested solid-liquid separators wa
found to differ for APS and PS.

The lower amount of small particles below 100 umARS would lead to a relatively porous filter
cake on a screw press filter and, thus, a lowtaste to flow (Masse et al., 2005). Consequentl$ AP
can be more easily dewatered than untreated slang,indeed this was the observation in these
experiments. The observed higher cut-off particte & the acidified liquid fraction from the screw
press (Table 3.2), can be explained by the more rdpwatering causing increased flushing of
compounds through the filter.

Centrifugation increases a particle’s settling rhte applying a centrifugal force. Therefore, as
compared to PS, the lower viscosity of APS, togethi¢h the larger sized particles, decreases the
settling time. The larger median particle size fbun the acidified liquid fraction supports the
indication of a more rapid separation, as the qrideparation allows less time for settling of dlow
settling components.

Flocculation and drainage is mainly controlled bg particle charge. Because APS is characterized by
a lower amount of small particles, and becauseldbg negative particles charge causes the slurry
solution to be less stable, it is easier to agde=g8ievers et al., 1994). The polymer for slurry
flocculation of APS proved necessary to have adiigiharge density (Table 3.1). Therefore, the flocs
obtained after slurry acidification are denser aotain less liquid than those found in PS. Thesden
and therefore more stable flocs formed resultetewer particles being lost in the liquid fraction,
which supports the observed presence of only spaaticles in the liquid fraction. Because of the
more easily aggregatable particles being aggregatednore stable flocs, the flocculated APS proved
to dewater faster than untreated slurry.

Generally, slurry acidification appears to resualtmore rapid separation upon treatment for all the
studied manure separation techniques.

3.3.2. Characteristics of the fractions

The different separation technologies producededifit amounts of liquid and solid fractions (Table
3.3). Generally, the volumes of solid fractions higher for PS, with the highest amount produced by
flocculation and drainage
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Table 3.3. Characteristics of solid and liquid frations from PS and APS. Means (n=3), standard devi@ins in brackets

Manure . Separator Ps)%gﬁit‘i’gn oi DM VS TN TAN TP SO';b'e SolubleP/TP K  Stot H,S H,S/Stot VFA Cu  Zn
Type (%) (%) (%) (kglt) (kglt) (kglt) (ka/t) (%) (ka/t)  (kg/t) (gt (%) (ka/t)  (gft)y (gt
PS
Liquid 82 70 66 46 75 55 20 0.2 35 05 7.3 140 835
SCREW PRESS ©00)  (01) (0.1) (00) (00) (0.1) (0.1) (0.0) 10.0 ©01) 00 04 ¥ 192 060 ©07)
DECANTER 79 78 43 30 68 51 05 01 . 36 05 48 Lo 6o 130 685
CENTRIFUGE 0.0)  (0.0) (0.0) (0.0) (0.0) (0.1) (0.0) (0.0) : ©1) (00) (08) : 0 00 (0.7
FLOCCULATION . . .
And (350) (g'i) (%)'ia) (%813) (%%a) (%Eg) (% %a) (%%)) 36.0 (t'%a) (% %)) (%'71&1) 07 239 (%)'?c’)a) (%Za)
o INAGE . . . . . . . . . . . . .
Solid 18 79 271 246 7.4 45 24 0.1 32 11 24 125 715
SCREW PRESS 00)  (01) (06 (05 (0.1) (04) (01) (0.0) >9 o) ©o @4 °* B 07 @
DECANTER 21 76 332 280 95 60 73 02 . 31 16 05 0.0 o, 170 1350
CENTRIFUGE 0.0) (0.1) (0.6) (03) (0.3) (0.3) (0.6) (0.0) : ©1) (00) (0.1) : 11y 7
thCCULAT'ON 55" 70 1296 1058 77 49 25 o1 60 28 07 39 . .o, 188 1118
ORAINAGE 02)  (0.0) (0.8 (0.7) (0.3) (0.3) (0.0) (0.0) ©0.1) (00) (0.4) ©0.7) (0.0)
APS
Liquid 91 54 67 46 63 42 14 0.4 30 43 05 10.0 56.5
SCREW PRESS 00)  (0.0) (0.0) (01) (0.0) (0.0) (0.0) (0.1) 25.1 ©01) ©6 ©2 %0 122 45 (07
DECANTER 88 54 54 30 60 41 12 0.4 0.1 30 45 04 0.0 og 93 450
CENTRIFUGE 0.0) (0.1 (0.2) (0.0) (0.0) (0.0) (0.0) (0.0) : ©1) (01 (0.1) : 8 (10 28
thCCULAT'ON 58 51 24 08 31 25 07 02 202 L¢ 27 00 o up 12 127
A INAGE ©0.1)  (0.3) (0.0) (0.1) (0.0) (0.0) (0.0) (0.0) ©1) (0.1 (0.0) 0.0) (0.1)
Solid 9 54 247 246 64 35 15 0.36 26 40 00 10.4 545
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The concentrations of the different parameterdaawver in solid fractions obtained by flocculationda
drainage, for both PS and APS (Table 3.3); thiduis to the higher amount of water retained by the
polymers that thus remains in the solid fractionsile additional water related to polymers emulsion
were removed using the equations from 3 to 7. Thiesalts agree with results of Popovic et al.
(2012).

DM and VS concentrations are lower in liquid fraog obtained by flocculation and drainage. As
demonstrated by previous experiments, polymerseagge the smaller particles together to form
larger flocs, which can be separated from the woiufHjorth et al., 2010). This mechanism allows
separating the finest particles and, thus, deargatsie DM and the VS content in liquid fraction.
Comparing the fractions obtained by PS and APScéimeentrations of both DM and VS were higher
in acidified liquid fractions; this indicates a lewretention of these compounds of separators when
treating APS.

Since smaller particles (0.45-10 um) are relatedutoients, in particular N and P (Masse et alQ%0
Meyer et al., 2007), liquid fractions deriving frofocculation and drainage present lower
concentration also for TN and TP, and an increasimgent in the solid fractions. On the contrahng t
concentrations of these compounds in liquid fraxtiobtained with screw press are similar to the
concentrations in raw manure (Hjorth et al., 20E8)nce, screw presses are unable to retain smaller
particles and, therefore, nutrients related togh&is is confirmed by the results obtained by IBtgl

et al. (2000).

Since TAN is prevalently related to the dissolveatfion and smaller particles, the screw press and
the centrifuge did not reduced the concentratioanamoniacal nitrogen in liquid fraction (Table).
Generally, TP presents an increasing concentratiosolid fraction of flocculation and drainage,
excepting for the fraction obtained with centrifuge PS. In fact, approximately 50% of TP is rethte
to smaller particles, between 0.45 and i (Masse et al.,, 2005), which could aggregate durin
centrifugation (Mgller et al, 2002). This does ootur for APS, since the pH reduction leads to the
dissolution of P precipitates (e.g. struvite, Caiecipitates) (Christensen et al., 2009) and the
modification in the species that compose the buffesystem (Sommer and Husted, 1995). The
dissolution of P precipitates is highlighted algothe increase in concentration in soluble P. This
leads to higher Soluble P/TP ratios for acidifiedcfions, even if there is little difference in TP
concentration in fractions deriving from the samehhology but from different manure types.

Liquid and solid fractions produced by the screwsgrand the decanting centrifuge present similar K
content for both PS and APS. Liquid fractions frdocculation and drainage present a lower K
concentration, indicating a higher retention ofstisiompound. In fact, 99.8% of K is related to
dissolved particles (Massé et al., 2005; Meyer let2907) and it is thus better separated when
flocculants are added to manure.

Fractions derived from APS have higher content d@btS due to the addition of 80, during the
acidification treatment (approximately 5 kg S/troénure). The concentrations of this compound in
LF derived from screw press and centrifugationraesignificantly different from raw slurries; wail
they decrease in flocculated fractions becauséefattraction between cationic polymers and the S
compounds, generally negative.

Even if S tot increases in acidified fractions;SHilecreases; this is due to the microbial inhibitio
caused by the low pH that consequently causesdbteeadse of sulfide (Ottosen et al., 2008; Hjorth et
al., 2013). Therefore, the,B/Stot ratio reduces for acidified fractions. Migia inhibition is proved
also by VFA content, which decreases in acidifieattions (Table 3.3).

Cu and Zn concentrations highly increased in Skyred by decanting centrifuge and flocculation
and drainage. In fact, 90% of Cu and 80% of Znam®ociated to particles between 0.45 an@rhO



(Masse et al., 2005); therefore they are retaimesblid fraction only by separation techniques
remove particles smaller than i, such as flocculation and centrifugat

3.3.3. Separation efficiency

APS presented a quicker drainage il three separation units and, hence, led to a loetention of
particles and, thus, to a smaller mass of solictiva (Figure 3.1).
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Figure 3.1 Separation efficiency (Et), divided by manure typend separation technology

In 90% of samples, the three separation techndogisulted in a lower retention of differe
compounds in the solid fraction of APS than ir (Figure 3.). Overall, the DM separation efficien
of the screw press, the decanting centrifuge aedlticculation and drainage treatment decrease
50%, 35% ad 10%, respectively, upon acidification. For exaggbr the screw press filtration
APS, a higher ratio of small particles was losthia liquid fraction during fast drainage, as thesall
particles washed with the liquid through the filtelence,the APS’s shorter time for the separal
process caused a higher proportion of compoundert@in in the liquid fraction than in the sc
fraction.

The relative content in the solid fraction was atdtuenced by the variation of flow rates of iscrew
press and the decanter centrifuTable 3.}. In the present study, the flow rate of the scpegss wa
twice as high when APS was treated as a consequé the more rapid dewatering. According to
results obtained by Balsari et al. (2006), an iaseel flow rate of the screw press by 45 to |
reduced the average separation efficiency by 1086c€ning the decanter centrifuge, in the pre
study the fbw rate was increased by 40% when treating APS.rélts obtained isection 2 show
an average reduction of separation index by 10%nwthe flow rate of a decanter centrifuge
increased by 25%. Hence, if the varying flow rateghis study affect le separation efficiencie
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equivalently to those in previous studies, the céda of the DM separation index related to
acidification pretreatment is equal to 40% and 25% for the screwssprend the centrifug
respectively, instead of 50% and 35%ence, the average solids content in the solidifractvas
lowered upon acidification; acidification thus imdlereduced the overall separation efficie

The average separation efficiency for VS, TP, Siat TN followed the same trend as for CFigure
3.1). For flocculation and drainage Et reduction wés, and 32%, 40 % and 12% for VS, TP, S
and TN, respectively. Soluble species such as TKNand VFA were Iso present in highe
concentration in the solid fraction coming from tA& than for the APS. Some exceptions to
general rule were observed when APS was treateld flatculation and drainage. In particul
separation indexes for soluble P an,S increased by 10% and 23%, respectively, when APS
treated. Furthermore, separation indexes for CuZangere 16% larger when the slurry was acidi
before the flocculation and drainas

Acidification treatment prior to the so-liquid separation atschanged the concentration of some
compounds in the solid fraction. This proved depemdon the chemical speciation, i.e., part
related species, monovalent ions and divalent(Figure 3.2).
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Figure 3.2 Reduced separation index (Et') of the different ggaration technologies divided by PS and APS. Chenat
species are divided into 3 groups. Ash indicatdinorganic compounds, while VS the organic ones. Paculate P and N
and Non=sulfide S were calculated subtracting Soluble P, TAMNd H,S, respectively. lonic species are presented
their ionic forms.

The concentration of the patrticle related speash,(volatile solids (VS), particulate P, partitelal
and particulate S) increased in the solid frac{jati>0), while the concentration of the dissoh
monovalent compounds were unaffected by theration (Et'=0) (Figure), i.e. particle related s
were better retained by the different separatoss thhe dissolved species. The concentration o
particulate species in the solid fraction decreagsah acidification of the slurry due to the ie rapid
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dewatering of APS (Table), which causes the padidb be more easily flushed into the liquid
fraction. Previous studies demonstrated that degation efficiently separates small particles, in
which P is primarily retained (Mgller et al., 20Q2jorth et al., 2010), leading to aggregation of P-
containing particles. In these experiments thatalien was not observed for APS, because of the
enhanced de-mineralization processes during theyshcidification and later the dissolution of
precipitates (Christensen et al., 2009; Hjorth let 2013). After acidification, the non-sulphide S
showed an exception of the tendencies. In factdteentration decreases in acidified liquid fraati
(Et' < 0), probably because of the addition gfSE)y that increases the concentration of dissolved S,
which could not be retained in the solid fraction.

The monovalent ions considered in this study alehfile (HS), phosphate (P£) or water soluble P
(H,PQy), volatile fatty acids (RCOQ) ammoniacal (Ni) and potassium (K. The concentrations of
these compounds does not significantly changeXHY) in either the solid or liquid fraction. Due to
their dissolved nature (Masse et al., 2005; Maredtal., 2008), the concentration of these ions in
solid and liquid fractions is controlled by thetdisution of manure’s liquid part between these two
fractions. Thus, in these experiments the acidificatreatment did not change the concentration of
the dissolved monovalent ions in the two separftadions.

In contrast to the monovalent ions, the divaleniooa such as CGtiand ZA" were found in higher
concentration in solid fraction (Et' > 0). This még due to the fact that cationic polyvalent ions
attach more strongly to the negative particles thia®m monovalent ones. In particular for the
flocculation and drainage treatment, the increas€u and Zn concentrations in the solid fraction,
compared to those in the raw manure, was higherAfeg than for the PS, in contrast to the
observations for the particle related compoundss Tdould be explained by the fact that the
flocculation of APS required a polymer with highgrarge density, thus more charge attachments
occurred upon aggregation, thus the higher char@a@nd Zn caused increased attachment, and thus
larger solid fraction detainment after acidificatio

3.4. Considerations

Manure pre-treatments, such as acidification, nyoslifirry characteristics and, thus, they couldaffe
the performances of different separation systempatticular, slurry acidification increases theeraf
dewatering of liquid from bulk slurry; thus, considble quantities of solid particles from acidified
slurry are flushed with the liquid and end up ir tiquid fraction. Slurry acidification generally
decreased the content of species in the solididracthe acidification caused the concentratiothe
solid fraction of particle related species to dases of dissolved monovalent species not to be
affected, and of divalent cations to be increased.

In general, the different operating conditions (engnure type, separation technology, flow rate and
polymer addition) may lead to different charact&rssof the produced solid and liquid fractions and
thus, modify their management within the farms eeggly concerning their fertilizing characteristic
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4. SOLID-LIQUID SEPARATION ENHANCED BY CHEMICAL AND NATURAL
POLYMERS

4.1. Introduction

Chemical separation allows to improve mechanicalassion efficiency, since coagulants :
polymers enhance ¢haggregation of small particles related to nutsiefN and P) (Section 1
Synthetic polymers have been most commonly usedusecof their flocculating effectiveness i
low cost (Vanotti and Hunt, 1999). However, natuganic flocculants can be puced
economically in large scale and with lower inpuergy (Garcia et al., 2009). Among the nat
polymers, chitosan is one of the most prominensoftds a modified, natural carbohydrate polyi
derived from the chitin component of the exoskelcof crustacean such as shrimp, crab and cra
(No and Meyers, 1989). In particular, chitosan ipaatially deacetylated chitin which is as a
random copolymer of N-acetgtD-glucosamine and-D-glucosamine (Figurd.1) (Rinaudo, 2006).
Chitosan has a medium molecular weight and a chadegesity that is pH dependent; at neutral
levels it is slightly positively charged (17%), thfore it can be used aolycationic polymer. Thi
optimal pH value for the utilization of chitosan @sion for waste waters treatments is 6.0 (No
Meyers, 1989).

Figure 4.1. Structure of the chitosan polymer.

According to previous experiments, chitosan camnugsd in waste water purification to reduce
organic matter content, the water turbidity and ¢bacentration of total suspended solids (TSS)
nutrients, such as nitrogen and phosphorus (Bok., 1998; Garcia et al., 200

Although the efficiency of chitosan for wastewatesatment has been frequently reviewed,
information are available about its effectivenesdigestock manure treatments. According to Ge
et al. (2009), a 0.45% chi#an emulsion can reduce the 95% of TSS, the 73%idrofjen and the 54¢
of phosphorus from the separaliquid fraction deriving frondairy manure with a total solids contt
of 3.2%. However, more informatics necessary in order to understand the |ble use of chitosan
for livestock manure treatments having differenggpbc-chemical characteristic

Among the separation devices used in combinatiorh&mical pr-treatments,lotation technologies
are widely used for wastewater treatments, but gre seldom applied in livestock slurry treatme
Therefore, little information isvailable for the utilization of this techngy in a manure treatme
plant.

The aim of this section is to evaluate the possibke of chitosan instead of synthetic treents and to
investigate the effect of chitosan on different omantypes The results obtained by laboratory 1
were then used for the evaluation of phy-chemical separation of manure through a pilot <
flotating system used in combination to flulants.
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4.2. Materials and Methods
4.2.1. Laboratory scale experiment

4.2.1.1. Manure type

Manure produced by pig livestock and anaerobiestign plants were treated. In particular, 20
different manure samples were used: (i) 5 sampége wollected from farrow-to-finish pigs livestock;

(i) 5 samples were collected from finishing piggebtock; (iii) 10 samples were collected from co-
digestion plants for energy production.

Manure samples were collected and stored at 15°@vindays before the treatments.

4.2.1.2. Manure treatment

The collected samples were flocculated through diffierent treatments: (i) a synthetic treatment
(PAC+POLY), consisting in the addition of aluminyolychloride (PAC) and a branched cationic
polymer of medium molecular weight and with a cteadgnsity of 40% (Hidrofloc CL5336/RC,
Hidrochem, Italy); (ii) a natural treatment (CHITANS), consisting in the addition of chitosan (Sigma
Aldrich). The PAC was used in a 18% emulsion, whiile cationic polymer was diluted using tap
water in order to obtain a 0.4% polymer solutiohit@an was dissolved in 2% acetic acid (No and
Meyers, 1989) for a final concentration of 0.4%.

Samples of 0.5 L were placed in 1-L beakers usimg af the different volumes of a 0.4% polymer
solution of one of the two treatments. For the gtit treatment, 8 ml of PAC were added before the
addition of the cationic polymer. The polymer smotwas added stepwise in amounts of 15 mL. Each
sample was stirred rapidly (200 rpm) for 20 s drehtstirred slowly (80 rpm) for two minutes before
each addition, using a jar test equipment (JLTdpVigaly) (Figure 4.2). To obtain equal dilutiofi 0
the manures, water was added to the samples sthth&btal volume of polymer solution and water
was equal to the maximum addition of polymer soluijHjorth and Jargensen, 2012).

Figure 4.2. Example of flocculation test through tk jar test equipment.

The flocculated samples were left in static cond#i for 15 minutes. After this period, each sample
was pre-sieved using a 1 mm stainless steel {ifigure 4.3) and then drained through a filterhwit
0.2 mm pore size for 40 minutes (Figure 4.4).
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Figure 4.4. Filtration of the samble through the ®mm belt filter.

For each treatment, the optimal dosage was ass#ssedgh: the floc size, the separation efficieacie
of weight, total solids (TS) and total suspendddlsdTSS) (Hjorth and Christensen, 2008; Garcia et
al., 2009). The floc size was assessed visuallyraredl from 1 to 5, where 1 = raw manure, 2 = \lisua
flocs smaller than ~ 0.5 mm, 3 = floc size ~ 0.2 tmm, 4 = floc size ~ 2to 5 mm, 5 = floc sizegkar
than ~ 5 mm. Separation efficiency for weight, Ti®l & SS where calculated through the simple
separation index (Section 1).

4.2.2. Pilot-scale experiment

4.2.2.1. Manure treatment

The treated slurry is composed by the pig andecattinure produced by 10 livestock farms. The raw
slurry was collected in the Agroenergie Bergamagoggtment plant from the equalization tank and
then treated by a pilot-scale flotating system comb to a chemical pre-treatment (Figure 4.5). The
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input slurry is collected in a 0.3° tank (1) and then pumped in a coagulation tankw{@re the
coagulant is added. The coagulated slurry is mimeatder to distribute the coagulant an all thersi
volume and reduce the foafimrmation due to the coa@nt addition. The treated slurry flows ir
flocculation tank (3), where a 0.4% polymer emuisi® added and slurry is mixed in order to ach
a satisfactory particle aggregation. Finally, sidtows into the pilot scale flotating system (dhich
consists of two chambers. The flocculated slurrysfilhe first chamber from the bottom; in -
meantime, air is injected through an air spargbe $mall air bubbles attach the particles aggre:
and carry them to the liquid surface, while theauiityfills the second chamber by overflowing; wt
the flotating system is completely filled, the slofraction is removed from the top of the liquid
skimming, while the liquid fraction is collectedim the botton
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Figure 4.5. Treatment system scheme.

Figure 4.6 shows the sap of the experiment in the treatment pl

Coagu ant
addition

Input slurry

Polymer Flotating
addition system

e

L

Figure 4.6. Pilot-scale treatment plant.

The coagulant used in this experimeras aluminum polychloride (PAC 180, Hidrochem, [ja
while the flocculant added in the container 3 wasationic branched polymer, with 40% of cha
density and a mediufmigh molecular weight (Hidrofloc CL5336/RC, Hidrash, Italy). The optime
coagulaih and flocculant dosages were determined throujgin st (Section 4). The flow rates of -
input slurries and the two additives were set atiogrto the optimal dosag

Samples of the input slurry and of the producedidicand solid fractionsFigure4.7) were collected
in duplicates and stored dt8°C before the analys
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Figure 4.7. Collection of the liquid fraction.

4.2.2.2. Evaluation of the separation performances

The produced amounts of the solid and the liquattions were weighted after the separation
experiment. These values were used to calculatere¢ight separation efficiency.

Total solids (TS) concentrations of the raw maramé of the produced liquid and solid fractions were
analyzed by drying the sample at 105°C till conistegight.

Separation efficiencies of weight and TS were dated through the simple separation index (Section
1).

4.2.3. Chemical analyses

The DM and TSS contents of the raw slurries andhef obtained solid and liquid fractions were
analyzed by standard procedures (APHA, 1992).

Raw slurries and the liquid and solid fractionsaiféd by the separation without chemical additives
and by the optimal dosages were characterized cladlynfor volatile solids (VS), total Kjeldahl N
(TKN), ammoniacal nitrogen (TAN), total phospho(ti®) and potassium (TK).

VS content was determined by drying the samplermugle furnace from 105°C to 550°C for 2h and
measuring the weight loss (APHA, 1992).

TKN and TAN were determined using the analyticathods for wastewater sludges (IRSA CNR,
1994).

TP and TK contents were analyzed by inductivelypbed plasma mass spectrometry (Variant, Fort
Collins, USA), which was preceded by acid diges{ieRA, 1998) of the sample.

4.2.4. Data analyses

The separation efficiencies were calculated udiegsimple separation index, Et (x), and the reduced
separation index, Et'(x) (Section 1).
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A large amount of water was added through the petyaddition; therefore the dilution of the two
samples was calculated before the calculationet#paration efficiency. In particular, the dilatiof
the analyzed parameters was calculated as:

c . C(x)slurry - m(SluTTY)
(Osturry+water = m(slurry + water)

Where: C(X)siurry+water aNd C(X)sury are the concentrations (g?hgof the compound x (e.g. TS, TKN,
TP) in the diluted slurry and in the raw slurryspectively;m(slurry+water) and m(slurry) are the
masses (kg) of the diluted slurry and of the rawrg| respectively.

4.3. Results and discussion
4.3.1. Laboratory scale experiment

4.3.1.1. Characteristics of the input slurries
The 20 collected samples were characterized foT5S, VS, TKN, TAN, TP and TK (Table 4.1).

Table 4.1. Average characteristics of the input sluies (standard deviation in brackets).

Manure type N DM | TSS VS TKN1 TANl TP . TK .
(%) | (%ts) | (%ts) | (9-kg7) | (9-kg") | (9-kg™) | (9-kg)

Digested 10 3.8 | 66.2 | 70.9 3.03 2.3 0.7 25
(1.4)] (21.6) | (5.4) | (0.8) (0.4) (0.3) (1.4)

Farrow-to-finish pigs 5 2.6 | 648 | 68.7 34 24 0.7 14
(1.1)] (22.00| 3.1) | (1.0 (0.6) (0.4) (0.7)

Finishing pigs 5 45 | 753 | 66.1 3.7 2.6 1.0 3.3
(2.6) | (12.6) | (11..2)| (1.2) (0.7) (0.6) (2.7)

Pigs 10 36 | 701 | 674 35 25 0.9 2.4
(Farrow-to-finish and finishing (2.1)| (17.8)| (7.9) | (1.0) (0.6) (0.5) (2.1)

Total 20 3.7 | 68.1 | 69.2 3.3 2.4 0.8 2.4
(1.8)] (19.4) | (6.8) | (0.9 (0.5) (0.4) (1.7)

The characteristics of the collected samples ofesaranure type presented a high variability for all
the analyzed parameters. This is due to differ@etofs, as described in Section 1: type of housire,
diet, the animal category, the type and amouniahbsses for digested manure.

Since the optimal dosage of the polymer is affedtgdhe physico-chemical characteristics of the
input slurry (Hjorth and Jgrgensen, 2012), theedéht characteristics led to different optimal desa
of both PAC+POLY and CHITOSAN treatments.

4.3.1.2. Evaluation of the optimal dosage

Due to the highly variable manure characteristiles, different samples required different flocculant
rate for both the cationic polymer and the chitosamlsion.

In general, the different polymer rates led to éaming separation efficiency, due to the increfsiaeo
amount of cationic charges that could attract thgative manure particles, as observed by Vanotti et
al. (2002). For some of the treated samples, oweagks and the relative decrease of the separation
efficiencies were observed for higher flocculanésaFigure 4.8, Figure 4.9 and Figure 4.10 sh@w th
separation efficiencies for weights and TS accardonthe flocculant rate for three samples of each
manure type.
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Figure 4.8 Separation efficiencies according to chitosan (a@nd polymer (b) rates for a digested manure samp!
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Figure 4.1Q Separation efficiencies according to chitosan (@nd polymer (b) rates for a finishing pigs manure

sample.

The optimal dosages obtained were highly depermfettte manure treated sample, as sho Table
4.2.
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Table 4.2 Descriptive statistics for flocculants optimal deages divided by manure type. Minimum (Min), Maximum

\

(Max) and Mean (standard deviation in brackets)

Manure type Treatment | N Min | Max | Mean
(mh | (m) | (ml)
Digested
PAC+POLY 142.50
10| 20 | 300 (83.30
CHITOSAN 131.50
10| 95 | 220 (34.56
Farrow-tofinish pigs
PAC+POLY 128
5 | 100| 190 (36.84
CHITOSAN 97
5 75 | 125 (22.80
Finishing pig:
PAC+POLY 86
5 35 | 150 (41.89
CHITOSAN 141
5 | 100| 175 (31.5)

The defined optimal dosages resulted to be nottaffleby the manure type (digestate, fa-to-
finishing pigs, fattening pigs) or by the manuramcteristics that are more rapidly analyzableh
as the DM concentration of the input slurln fact, the DM consists of all the solid partictésit are
contained in the manure. However, a portion ofatasid particles is not charged and, thus, doé
affect the optimal dosage of a flocculant (Hjortida@grgensen, 201:The obtained resis refer to a
large number of manure, but no significant correfet were observedFigure 4.11)results were
observedor the VS concentration of the input slurFigure 4.12).
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Figure 4.12.Correlation between theVS content of the input slurry and the flocculant optimal dosage

4.3.1.3. Separation efficiencies

The differentdosages led to different separation efficiencies tfee analyzed parameters. 1
separation efficiencies obtained through the ogtiml@sage were compared to the separ:
efficiencies calculated without the addition ofdbwlants (VO) Table 4.3 andable4.4).

Table 4.3. Separaibn efficiencies (%) for optimal polymer dosages andontrol (V0). Means, standard deviations ir

brackets.
Manure type Polymer dosag | Weight DM VS TKN TAN TP TK
Digested
VO 22.6 474 424 209 29.€ 392 122
(10.0) (10.4) (15.1) (34.3) (27.6 (13.3) (6.3)
Optima 56.9 885 916 731 67< 79.4 347
(6.9) (7.5) (24.5) (10.5) (10.7 (43.9 (21.7)
Farrow-to-finish pigs
VO 13.2 43.4 499 120 6.0 429 9.9
(6.9) (10.6) (15.9) (8.3) (17.5 (24.0) (5.4)
Optima 41.2 85.1 104.2 65.2 41.C 1029 311
(v3) (B.7) (@141 (7.2) (5.4 (357 (9.1)
Finishing pigs
VO 29.0 50.5 522 30.7 257 424 16.6
(16.7) (16.0) (10.6) (22.2) (16.20 (27.0) (10.6)
Optima 52.9 84.9 1085 629 56.6 108.1 304
(12.1) (10.6) (31.8) (19.5) (17.5 (27.4) (14.0)
Pigs
VO 21.1 470 511 214 15¢ 455 13.2
(14.6) (13.4) (12.8) (18.6) (19.00 (23.00 (8.7)
Optima 47.1 85.0 106.3 58.9 30.& 936 30.8
(11.2) (8.0) (23.3) (14.4) (111 (30.8) (11.13)
Total
VO 21.8 472 46.7 211 225 424 127
(12.2) (11.7) (14.3) (26.9) (24.1 (18.6) (7.4
Optima 52.0 86.7 989 66.0 58z 86.5 327
(10.4) (7.8) (24.5) (14.3) (15.7 (37.6) (16.9)
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Table 4.4 Separation efficiencies (%) for optimalchitosan dosages and control (VO).

Means, standadkviations in

brackets.
Manure type Chitosan dosag | Weight DM VS TKN TAN TP TK
Digested
VO 224 46.0 57.2 299 314 391 144
(77.9) (11.1) (23.8) (17.7) (13.0 (9.1) (6.0
Optima 38.8 76,5 777 515 47¢ 788 394
(13.3) (15.4) (20.0) (15.4) (14.4 (27.4) (43.0)
Farrow-to-finish pigs
VO 134 405 543 229 24¢€¢ 354 177
(9.2) (12.9) (23.5) (24.8) (12.8 (17.2) (9.9
Optima 21.1 70.0 834 303 23.C 968 27.0
(11.3) (20.4) (26.6) (32.9) (19.5 (66.4) (21.6)
Finishing pigs
VO 23.9 48.3 59.1 293 30t 342 182
(14.9) (21.9) (15.2) (16.9) (13.2 (12.3) (23.6)
Optima 33.6 69.2 80.7 503 51.1 839 1938
(A7.7) (20.5) (14.3) (25.0) (14.6 (32.5) (20.4)
Pigs
VO 18.7 444 489 134 14t 478 157
(12.9) (17.5) (18.5) (28.1) (244 (21.1) (16.7)
Optima 27.3 69.6 821 403 37.C 904 234
(15.4) (19.3) (20.2) (29.5) (22.0 (94.7) (18.1)
Total
VO 20.5 451 459 216 22¢ 434 1938
(10.6) (14.4) (17.1) (24.3) (20.9 (17.6) (15.9)
Optima 33.1 727 799 459 42°: 968 314
(15.2) (17.5) (19.7) (23.6) (19.0 (45.8) (33.2)

Both PAC+POLY and CHITOSAN treatments led to arréase of separation efficiency, as

also in Figure 4.13.
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Figure 4.13 Weight separation for VO and optimal dosages ofhitosan (a) and polymer (b) according to thiDM
concentration of input slurries.

The optimal dosage and the related separation esfftgi resulted highly dependent on the sar
characteristigstherefore, no correlation was observed betweerofitimal dosage rate and the rele
separation efficiencies (Figureld, Figure 4.15 and Figure 4.16).
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Figure 4.16.Correlation between the flocculant optimal dosagerad the separation efficiency forTKN.

Compared to the synthetic treatment, the chitoshtitian led to a lower increase of the calcule
separation efficiencies. This could be due to tlerenweak attehment to manure particles and
formation of less structured flocs, which coulddssily destroyed during the separation of the ¢
and the liquid fractions (Figuee17).
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Figure 4.17. Floc formation after chitosan addition

4.3.2. Pilot-scale experiment

4.3.2.1. Optimal dosage definition

According to the procedure described in sectionl4.@ptimal dosage was defined through floc size
and separation efficiencies for weight and DM. krtigular, optimal dosage was defined as the
volume of polymer that led to the highest floc sirel the largest separation efficiency for weigit a
DM (Figure 4.18).
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Figure 4.18. Evaluation of the optimal dosage.
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After the definition of the optimal PAC and polyn@wosages at laboratory scale, the flow rates of the
two additives were defined, in order to maintaie ame ratios between the additives and the manure
during the pilot scale experiment. The flow ratéstte input slurry and of the two additives are
defined in Table 4.5.

Table 4.5. Optimal dosages and flow rates.

Optimal dosage (ml-T manure) | Flow rate (I-hY)
Input slurry - 52.0
PAC 19.7 1.0
Polymer 374 19.2

4.3.2.2. Separation performances

The pilot-scale separator allowed to separate #% 6f the total weight of the input slurry and the
88% of the total solids (Figure 4.19).

100% -
90% -
80% -
70% -
60% -
50% -
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Separation efficiency (%)

20% -
10% -

00% -

Weight TS

Figure 4.19. Weight and DM separation efficiency.

Due to the low turbidity of the liquid fraction @tire 4.20), the major part of suspended solids and
organic fraction were also retained in the solatfion (Garcia et al., 2009). Therefore, the preduc
solid-fraction presents a high theoretical biogasipction and could be treated through an anaerobic
digestion process. The resulting liquid fractiors lmalow DM concentration (0.9%) and, therefore, it
results suitable for fertigation or biological the@nt processes that require a low dry matter comte

the input slurry. Therefore, the liquid fractionutd be treated through the SBR process of the
Agroenergie Bergamasche treatment plant (Sectiohl@yever, the solid fraction will present a high
liquid content, which could not be treated for bigital nitrogen removal.

Although the pilot-scale separation system combioetie addition of flocculating agents presented a
high separation efficiency, the combination of PA@Gd the branched cationic polymer led to the
production of large aggregates, which settled i g¢bparator and were not removed by skimming
(Figure 4.20).
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Figure 4.20. Dimension of the aggregates after floalation.

The formation of large flocs is due to the chanasties of the two additives combined to the
characteristics of the input slurry. In fact, tlagvrslurry presented a large amount of bedding uesid
and other coarse materials, which enhanced theafaym of aggregates of large dimensions.
Furthermore, the branched polymer attracts a higimount of charged particles, leading to the
formation of flocs of bigger dimensions comparea imear polymer (Hjorth et al., 2008).

For this reason, the separation process lead tofaimation of three layers: (i) a upper layer
characterized by the floating solid fraction; @n intermediate layer composed by the liquid foacti
(i) a lower layer characterized by the larger raggtes.

4.4. Considerations

The optimal dosage of both the chitosan and therdatpolymer emulsions resulted highly dependent
on the manure sample characteristics.

Both the synthetic and the natural treatments &tbt improve the separation efficiencies, ret@nin
a larger amount of solids and nutrients in thedsifictions. However, the chitosan addition lead to
the formation of flocs more weak and with a noniwdelfined structure compared to the synthetic
treatment. For this reason, the separation effogieof TS, VS, TKN, TP and TK was lower for the
chitosan optimal dosage compared to the synthe@atrhent.

The pilot-scale flotating system allowed separatintarge amount of solid fraction, which can be
more easily managed and treated through differeotgsses. However, the input slurry presented a
large amount of coarse particles, which led toftihenation of bigger flocs that tended to settleeasl

of floating on the liquid surface. For this reastime input slurry should be pre-treated in order to
remove the lager particles from the liquid manuferthermore, linear polymers with a lower
molecular weight could be more suitable for theafimg systems, since they lead to the formation of
smaller aggregates that can float on the liquifbsermore easily. Finally, the set-up of the pdotle
flotator should be modified, in order to enhance ttansportation of the solid particles to the iliqu
surface. In this way the solid-liquid separationlieéstock slurries through flotation could be bett
evaluated.
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5. EMPIRICAL MODEL FOR PREDICTING SEPARATION EFFICIENC Y

5.1. Introduction

As described in Section 1, the separation effigreisctraditionally defined as the ratio of the tota
mass recovery of a given component (DM or nutrjeintshe solid phase, divided by the total input of
that component (DM or nutrient) (Mgller et al., PQ@urton, 2007). The separation efficiency is
influenced by several factors (Burton and TurndiQ3): separator type; manure type (including
species, pre-treatments and total solids contemj)i use of additives (coagulants, flocculants).
Therefore, as described by Zhang and Westermarv18% different separator types have different
separation efficiencies, leading to the productidrend-products with different characteristics that
make them preferable for certain use. Thus, bectngseerformances of the various separator types
are different, a decision support tool is necesdaryallow the identification of the separation
technology most suitable for farmer’s needs.

In recent years several decision support syster8S¢lpfor manure management have been developed
(Karmakar et al., 2007), but only some of them tadte consideration manure treatment processes.
Additionally, few models have been elaborated folidsliquid separation processes. For instance,
Rico et al (2006) obtained a predictive empirical model toneste the concentrations of DM, VS
(Volatile Solids), COD (Carbon Oxygen Demand) andCT (Total Organic Carbon) in the solid
fraction, as functions of the doses of ferric clder(FeC}f) and a medium cationic polyacrylamide
(MCP1). In other studies, Chastain and Vanotti @0fefined some correlation equations to predict
the separation efficiencies for DM, VS, COD, N a@hébr gravity settling of swine manure. However,
the proposed models for solid liquid separationceom only one separation process (i.e., chemical
separation or gravity settling). For this reastmytcould not be used as tools to support our dess
because they do not estimate and compare the sepagfficiencies of different devices and then
identify the better solution according to farmerseds.

The aim of this section is to: i) identify the mdiactors, among those taken into consideration,
affecting the separation efficiency to distinguidifferent operational groups, and ii) define and
validate empirical predictive models for differesgparation technologies that enable the estimafion
the separation efficiencies using data availabbenfipublished experiments on manure solid liquid
separation.

5.2. Materials and Methods
5.2.1. Database Construction

To define and validate the model, the necessay wate firstly collected through published papers.

This bibliographical research allowed us to collaablications about solid liquid separation pul#idh

from 2000 to 2010.

To obtain data expressed in the same units of memsmt, the collected data were revised, if

necessary, using the relationship between theiveldiensity and the dry matter (DM) or nutrient

concentrations in the raw slurry proposed by Piocigt al. (1990) (Section 1).

Bibliographical data were collected in a databasganized as follows.

« Input related to the effluent: animal species (cattle and swine); effluent tyev(rdigested and
liquid from separation).

» Input related to the technology:separator type; use of chemical additives (Addijies/no).

Slurry characteristics: dry matter concentration, DM {d).

55



e OQutput: separation efficiency for DM (Eff.DM), nitrogen (Ef), ammoniacal nitrogen
(Eff.NHy), phosphorus (Eff.P).
* References.

5.2.2. Data processing

The statistical package SPSS 18.0 was used tozantlg collected data. First, dispersion plots were
produced. These were used to compare separatioiertly values, making reference to separation
efficiencies for DM, N and P, distinguishing thdues by separator type.

Error bar plots were then produced. In this casey dars represent the double mean standard error
(SE) of separation efficiencies for DM, N and Psdxh on different categorical variables (animal
species, effluent type, use of flocculants, separtipe). This analysis allowed us to identify the
variables which mainly affect separation efficiency

5.2.3. Definition of relationships and model validation

Model definition and validation was carried out each of the groups using the two methods
described below.

1. Random. Using the statistical package SPSS 18.0, we firgtedd the database into the
identified groups. Then, each dataset was randepiiy into two fractions, containing 70%
and 30% of observations respectively (Preece €2@09). The first observations were used to
define linear regressions that allowed us to makdelrelationships between the separation
efficiencies and the dry matter concentration,imigtishing data through the presence or
absence of chemical additives. Data sets contaiB0% of the observations were used for
model validation.

2. Cross-validation. The leave-one-out cross-validation was performedguthe softwarelhe
Unscrambler© X 10.0.{Soriano-Disla et al., 2010). This method was igpipio each group.

For every regression, we calculated the coefficardetermination @) and the significance values.
For cross-validation, the coefficients of deterntimra for calibration (f cal) and validation frval)
were calculated.

Finally, for every validation method, the reliatyliof predictions and their deviation from observed
values were analysed both graphically and by meéesror calculations. In particular, we calculated
the RMSE (Root Mean Squared Error) and the RRMSHafRe Root Mean Squared Error):

n

Y,
DY 002]

i=1

RMSE =

RRMSE = (RMSE /) 100

wheren is the number of data use®j;are the predicted value®; are the observed values ahds the
mean of the observed data.

RMSE evaluates the model’s accuracy as the difteréetween predicted and measured values, and it
indicates the fitting’s absolute mean error, wiRRMSE shows the magnitude of the error. Therefore,
they were used to quantify the accuracy of the nsoaled to compare them.
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5.3. Results and Discussion
5.3.1. Data collection

The database is composed of data gathered fromuBBcations, mainly consisting of scienti
papers, but also including proceedings from comigge, book chapters, graduation theses
publications of universities and glic institutions. Some of the 98 articles were exied because the
did not provide the necessary information for madigfinition. In some cases, articles by the s
authors referred to the same experiments. After ghlection, 60 publications wereed. It is worth
noting that data concerning experiments were gathdéor a different purpose, so they are
completely comparable and homogene:

The collected data were revised, if necessarysdo he expressed in the same units of measure
The final results of these elaborals werea database consisting of 482 observati

The DM concentration of input slurry had more ditan the considered separation efficiencies
fact, some papers did not report the separatiorexgs but insteadthe DM and nutrien
concentrations in the solid and liquid fractionsh& papers did not give any information about
separation efficiencies, but provided nutrient @mrations of the input slurry and of the fi
products. In those cases where data were not complete, separation efficiencieewet calculate
and, therefore, the data were not used in the sis:

Furthermore, some separator types such as incloszkns, centrifuges, gravity settling and sc
presses, present a high numbof observations, whereas for other separator typagicularly bel
presses and vibrating screens, there is little.

5.3.2. Data analysis

5.3.2.1. Dispersion plots

Separation efficiencies for DM, N and P were anedyas functions of dry matter cent in untreated

slurry, dividing values by separator type. Moregvesults were distinguished through the presen
absence of additives.

For instance, in Figure 5dispersion plots of separation efficiency for DM agpresentet

a Without additives b With additives
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Figure 5.1 Dispersion plots of separation efficiency for DMas a function of dry matter content of untreated sirry,

without (a) and with (b) chemical additives.
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Groupings of the data according to separator typeraicated, with centrifugation resulting in hegh
separation efficiency of DM than sedimentation (ffgg5.1a). Since the separation techniques diifer i
operation as described previously, this was expecte

For each separator type, separation values presentle range of variation and, generally, higher
values (0-80% versus 35-95%) are related to theepee of chemical additives (Figure 5.1). The
applied chemical additives (e.g., polyacrylamidggically cause aggregation of small particles to
form larger particles. Hence, improved retentiordigf matter in the solid fraction is indeed expdcte
This observation is in accordance with previouslisi(Mgller et al., 2007).

5.3.2.2. Error Plots

Error bar plots allowed us to identify the categakivariables mainly affecting the separation
efficiencies. In particular, the separation effirmees for DM, N and P were considered; these were
expressed as functions of species, effluent type ofi additives and separator type (Figure 5.2).
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Figure 5.2 Error bar plots of separation efficiencies for DM,N and P grouped by species (a), use of chemicalditives

(b) and effluent type (c).
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When the separation efficiencies are grouped by dpecies Figure 5.2), mean values ha
significantly different variations for all the cadered sepiation efficiencies. Specifically, tr
separation efficiencies for cattle slurries arehbig meaning more DM, N and P end up in the ¢
fraction at separation of cattle slurry than inrssvslurry. This result is supported by previouslifigs
(Peters et al., 2010).

The mean values also present different variatiomsniseparation efficiencies are classified by ge
of chemical additives (Figur&.2b). As also stwn by dispersion plots, flocculants improve
separation efficiencies. However, we could not atersthe type of additives and their amot
because of the wide variety of flocculants and otags used in the different experime

Digestion and remal of solids with separation reduce the DM contehthe liquid fraction an
increase relative content of the dissolved TAN érdtmmoniacal Nitrogen) in the nitrogen po
Thus, effects on the separation index could be agpe However, considering paration efficiency
for DM (Figure 5.2), means have different variations only for sefgraslurry, whereas the thr
effluent types (digested, raw and liquid frcseparation) do not present different variationghia
means for the separation efficiency of N and P.r@toee, we could not affirm that the effluent ty
statistically affects the separation efficiencielis absence of a significant statistical dience could
be ascribed to the fact that manures from diffeogigfins are included in the different pool; thtisy
are not suitable to rule out a correlation/varmtiefinitively.

Finally, the separator type was used to group stipar efficiencies Figure 5.3). Since the use of
additives affects separation efficiendrigure 5.1 and Figure T2, results were divided by the use
chemical additives. Only some separator types wsed with flocculants; these present hic
separation eiftiencies with chemical additives, reinforcing frevious resultsFigure5.1 and Figure
5.2a).
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Figure 5.3 Error bar plots of separation efficiencies for DM,N and P grouped by separator type without additive (a)
and with additives (b).

For separation indexes of DM, N andsome separator types have different variation acirmaalues
That is, separation efficiency depends on the sépatype, as also indicated by the dispersiors)
(Figure 5.&). Without the addition of flocculants, the befegs, centrifuge and roller press pre:
similar separation efficiencies for DM and N, whilke centrifuge is superior for P separa
efficiency. With chemicals, the various separatigrespresent differenbehavior in DM separation,
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while the separation efficiencies for N and P angilar. Moreover, without chemical addition, the
separation efficiencies of sedimentation techniqaes higher than the efficiencies of filtration
techniques.

Therefore, after analyzing error plots, we notitieat the categorical variables which mainly affect
separation efficiencies are animal species, usd@hical additives and separator type.

5.3.2.3. Separator Grouping
Some separator types present similar behaviorsi@ig.3). However, the plots presented in Figure
5.3a and b do not allow us to identify accurateugso Therefore, separator types were grouped
according to their constructional and operatingatizristics (gravity filtration, pressurized fdtron,
settling and centrifugation) (Ford and FlemmingQ20Hjorth et al., 2010), taking into consideration
the results of dispersion and error bars plots.sTkeparation devices were divided in eight groups:
four for cattle slurry and four for swine slurry.
e Cattle slurry:

1) Static screen, rotating screen and vibrating scfgevity filtration)

2) Screw press, roller press and belt press (pressufiliration)

3) Sedimentation (settling)

4) Centrifuge (centrifugation)
e Swine slurry:

5) Static screen, rotating screen and vibrating scfgevity filtration)

6) Screw press, roller press and belt press (pressufiliration)

7) Sedimentation (settling)

8) Centrifuge (centrifugation)
Finally, for every group, data were distinguishgdthe presence or absence of chemical additives.
Since some separator types are not used with chkadditives in the collected experiments (groups
2 and 4), 14 subgroups were obtained.
For each identified group, descriptive statistiesevcalculated (Table 5.1).
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Table 5.1. Descriptive statistics of each group fahe entire database divided by the use of chemicals

Group Additive | Efficiency (%) | N Min Max Mean Standard Deviation
DM 35 6.00 7170 32.26 16.43
No N 11 830 4920 2821 14.26
N-NH, 4 1960 4570 32.23 11.06
cl| P 11 1210 62.80 35.46 16.56
i DM 31 6300 9570 8199 1152
Ves N 41 14.00 86.00 51.97 16.00
N-NH, 0
P 41 16.30 99.00 66.86 26.22
DM 36 434 77.80 4017 16.69
Cazttle No N 22 397 3928 17.25 10.48
NN S N-NH, 5 290 2450 13.00 7.96
P 22 572 73.70 31.44 20.57
DM 11 1810 6490 4458 17.51
No N 11 160 4000 20.25 11.59
N-NH, 6 000 2130 355 8.70
3 P 11 1350 61.40 40.24 16.45
Scatlt_'e DM 44 2930 9280 78.38 11.59
ettling y N 60 371 74.00 4025 14.39
es N-NH, 0
P 61 16.30 91.70 66.05 20.17
DM 11 5350 69.10 59.84 5.61
C:t'tle No N 11 2030 49.12 2864 7.42
o N-NH, 2 16.00 16.10 16.05 0.07
) 11 4550 93.80 71.84 16.64
DM 21 300 5870 2675 16.86
No N 15 350 4200 16.34 11.67
N-NH, 6 370 1111 7.75 2.75
° P 12 3.00 4650 17.55 14.11
Swine
Filtration DM 0
Ves N 7 1300 3500 2571 8.24
N-NH, 0
P 15 21.00 80.30 60.37 18.16
DM 28 550 6825 31.01 18.94
No N 25 0.83 3350 9.34 8.47
N-NH, 0
SV\?ine P 27 7.00 73.70 2533 18.37
. N DM 4 3810 79.37 54.40 18.50
i S ves N 6 1311 79.50 38.16 29.61
N-NH, 0
P 6 53.97 90.48 75.94 14.26
DM 3 49.00 64.00 57.33 7.64
No N 0
N-NH, 0
87. p 0
Se"tvt:i”nz DM 11 3400 87.00 6557 16.15
Ves N 15 16.10 5830 37.77 14.76
N-NH, 12 6.60 47.19 22.83 13.69
P 14 7000 91.30 81.44 8.53
DM 46 800 7040 4853 15.29
No N 45 7.00 3550 20.84 7.22
N-NH, 17 6.00 37.20 14.59 8.67
s8' P 45 26.00 90.95 66.57 13.34
Centri‘]’)’u'ggﬂon DM 12 4700 76.00 57.83 11.19
Ves N 12 17.00 48.00 32.83 11.65
N-NH, 0
P 12 5400 88.00 71.00 11.82
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In Table 5.1, it is apparent that for some grolggsamount of available data is higher (e.g., grdps
and 8). For every group, each variable has a diftenumber of observations, which are more
numerous for separation efficiencies achieved wittahemical additives, except for sedimentation
(groups 3 and 7). Considering all the groups, seeparation indexes present few data, particularly
the TAN, which presents little if any informatioRurthermore, for each cluster, the data present a
high range of variation, particularly without fladants.

The descriptive statistics support the observatiahe error plot that the separation efficiencyDdf

and N are higher for cattle slurry than for swihery.

The order of the separation efficiencies for DMam P within swine and cattle slurry are equivalent
i.e., pressurized filtration < gravity filtration entrifugation (with additive) < settling (with ditive).
Hence, sedimentation is superior to filtration w@gies. Applying filtration without chemical additi

is the least effective technique. Application ofltides causes the most efficient separation, ss al
indicated in the dispersion and error plots. Withdouemical addition, sedimentation techniques are
superior to filtration techniques, as also indidate the error bar plots. Gravity filtration withiou
chemical addition requires large mesh; hence amigel particles are retained in the solid fraction.
Settling under optimal conditions, i.e., high foageplied and long retention time also cause reignti
of small particles in the solid fraction. This igogported by previous findings (e.g. Mgller et 2002).

The order of efficiency of the separator typesNoand P separation efficiencies were similar to DM
separation efficiency. This is supported by thet faat N and particularly P are associated with th
particles (Christensen et al., 2009). N-N#oes not strictly follow the other separation xeke
because, in addition to being correlated to thel t§f it is also dependent on the volume separation
(Hjorth et al., 2010).

5.3.3. Mode! definition

The regressions for model definition were describsthg the two methods previously described
(Random and Cross-validation). In particular, tiedéireed regressions allow the identification of the
relationships between the separation efficiename®M, N, N-NH, and P with the DM concentration
of the slurry.

Some separator types, corresponding to groups tBe(cdurry/pressurized filtration) and 4 (cattle
slurry/centrifugation), are not used with chemiaadditives. Moreover, for group 6 (swine
slurry/pressurized filtration), data for separatiodexes achieved with chemicals refer only to belt
presses and have a high variability. For this neasaly regressions for separation efficiencies of
swine manure treated by pressurized filtration auithadditives were calculated.

Table 5.2 presents the coefficients of equatiogsatbh values) and their’rand significance (F)
values. In some cases, the methods used did natvackhe regressions for all the separation
efficiencies because of the lack of data or becatfishe presence of some anomalous values for the
DM concentration of the input slurry.
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Table 5.2. Coefficients,  and significance values of regressions achieved the three methods used. For each group,
values are distinguished by the use of chemical attiges

Group Additive Effl(c(:)l/oe)ncy N — Randor:n2 - (;rlgss Valldraztlon =
DM 35 | 25.8+0.4-x] 0.3 | * | 23.3+0.4-x| 0.3 | *
No N 11 | 27.5+0.16-x| 0.2 | NS | 39.9-0.03-x| 0.0 | NS
1 NH, 4 | 32.2-0.1-x| 0.0 | NS| 34.6-0.1-x | 0.0 | NS
Cattle P 11 | 35.1-0.0-x | 0.0 | NS | 41.3-0.04-x| 0.0 | NS
Filtration DM 31 | 81.6+0.32:x] 0.0 | NS 81.9 0.0 | NS
Yes N 41 | 52.5-05-x| 0.1 | NS| 59.8-0.4-x | 0.09| **
= 41 | 107.6-2.1-x| 0.9 | * 104.9-2.x | 0.8 | *
2 DM 36 | 8.97+0.5-x| 0.69] * | 10.3+0.5-x| 0.47| *
Cattle - N 22 | -3.49+0.3-x| 0.34| ** | -2.1+0.3-x | 0.29| *
Pressurised NH4 5 -9.8+0.3:x | NA | NS NA NA | NA
Filtration P 22 | -2.48+0.5-x| 0.25| NS | 7.5+0.3-x | 0.11| NS
DM 9 43 0.2 | NS| 41.3+0.3-x| 0.05| NS
No N 9 19.9 0.2 | NS | 13.5+0.4-x| 0.13| NS
NH, 6 5.3 0.8 | NS NA NA | NA
Ca:;’ﬂe P 9 405 | 01| NS| 44.2-:03-x | 0.04| NS
Settling DM 44 | 85.4-0.6:x| 0.3 | * NA NA | NA
Yes N 60 39.2 0.0 | NS NA NA | NA
P 61| 86.8-1.1-x | 0.5 | * NA NA | NA
4 DM 11 | 59+0.03-x | 0.04 | NS | 58.3+0.04-x| 0.04| NS
Cattle No N 11 | 24.9+0.1-x| 0.2 | NS | 24.1+0.1-x | 0.21| NS
Centrifugation P 11 | 86.1-0.4-x| 0.5 | ** 85.4-0.4-x | 0.60| **
5 DM 21 | 25.8-0.2:x| 0.06 N$ 21.7+0.2{x 0.p4 INS
Swine No N 14 | 6.1+04-x| 0.4 N$ 2.3+0.3- 0.29 NS
Filtration P 9 1.2+0.6-x| 0.15 N$ -8.1+0.9:x 054 IS
6 DM 26 | 11.4+0.6-x| 0.32] ** | 8.04+0.6-x| 0.32] *
Swine e N 23 | -1.9+0.34-x| 0.42| ** | -2.8+0.3-x | 0.40| *
Pressurised NH, 0 NA NA | NA NA NA | NA
Filtration P 25 | 16.5+0.2-x| 0.04| NS | 13.6+0.3-x | 0.08| NS
No DM 5 70.8-0.9-x| 0.99 N$ NA NA NA
7 DM 11 | 48.5+0.9-x| 0.4 *| 51+0.9-x | 0.42 **
Swine Ves N 8 34.7 0.0] N§ 29.9+0.3 00 Ns
Settling NH, 9 3.4+05-x | 0.6 * NA NA | NA
P 7 80.9 0.2| NS NA NA NA
DM 46 | 29+0.5-x | 0.48| * 29.3+0.5- | 0.61| *
- N 45 | 16.1+0.2-x| 0.15| ** | 15.4+0.1-x| 0.21| *
NH, 17 | 18.1-0.02-x| 0.0 | NS NA NA | NA
8 P 45 | 54.1+0.3-x| 0.24| * | 53.4+0.3-x| 0.37| *
Swine DM 12 | 29.6+0.5-x| 0.05| NS | 49.7+0.5-x| 0.07 | NS
Centrifugation - N 12 | 16.2+0.1-x| 0.05| NS | 33.7-0.1-x | 0.00| NS
NH, 0 NA NA | NA NA NA | NA
P 12 | 53.4+0.3-x| 0.07| NS | 60.1+0.7-x| 0.12| NS

a) by and h are equations’ coefficients: ygbx-b;, where x is DM concentration of the input slurnday is the separation efficiency for a
specific component (DM, N, N-Ntbr P).
b) Significant at p<0.05 or p<0.01: * p<0.01, **p&8.

NS= Not Significant; NA= Not Available.
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5.3.4. Moddl validation

After model definition, regressions were validateing plots and error calculation. In particulue t
errors RMSE and RRMSE were calculated only forificgnt regressions (Table 5.3). In most cases,
the RRMSE values are below 50% for both random emds-validation methods. Moreover, for
group 7, the model for the N-NHeparation efficiency was not validated becaugheiack of data

in the validation dataset.

Table 5.3. RMSE and RRMSE values for significant equétns.

" .. RMSE RRMSE (%)
0,
Elrep FElEhlve || HHEERs) (V) Random Cross-Val.| Random Cross-Val.
1 No DM 17.29  14.26 53.60  44.20
Cattle
Filtration Yes P 17.73 12.19 26.52 18.23
2 DM 15.66 12.38 38.98 30.82
Cattle No
Pressurised Filtration N 8.65 9.06 50.14 52.52
3 DM 7.29 NS 10.63 NA
Cattle Yes
Settling P 13.52 NS 27.80 NA
4
Cattle No P 15.93 14.00 24.38 19.49
Centrifugation
6 DM 15.60 15.22 50.31 49.08
Swine No
Pressurised Filtration N 4.87 6.94 22.14 74.30
7
Swine Yes DM 22.02 15.68 33.13 23.91
Settling
8 DM 7.67 9.69 15.80 19.97
Swine No N 5.83 6.47 27.98 31.05
Centrifugation P 8.52 10.73 12.80 16.12

NS= Not Significant; NA= Not Available

Finally, the two methodologies were compared gregdhyi. The following plots (Figure 5.4 and Figure
5.5) show the linear regressions for the two metrentt the data of the entire database. Only groups
with significant regressions for both random anmssrvalidation methods are displayed.
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Figure 5.4. Validated models for cattle slurry The plots are DM separation efficiency for gravity sttling (a), P
separation efficiency for gravity settling with flocculants (b), DM separation efficiency for pressuded filtration (c), N
separation efficiency for pressurized filtration (d and P sepaation efficiency for centrifugation (e)
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Figure 5.5 Validated models for swine slurry The plots are DM separation efficiency for pressuried filtration (a), N
separation efficiency for pressurized filtration (), DM for settling using flocculants (c), DM separ#on efficiency for
centrifugation (d), N separation efficiency for cetrifugati on (e), P separation efficiency for centrifugatiortf).

For solid liquid separation of cattle slurry by gtg filtration without using chemical additivesnly
the models for the DM separation efficiencies weignificant Figure 5.4). In this case, tr
measured values present a high variability and, tinesRRMSESs are large for both random and ~
validation models.

Using additives, only the regressions for separation efficiency of P were significaFigure 5.4b).
The random and the crosalidation models showed a decreasing trend, maicttie trend of th
data.
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Overall, for cattle manure treated by pressurizéication without the addition of chemicals, the
Random and the Cross-validation regressions werefisiant only for DM and N separation indexes
(Figure 5.4c and d). In particular, models for grediction of the DM separation efficiency (Figure
5.4c) matched the trend of the data well. HenaeRRMSE values are low.

The separation efficiency for total nitrogen (Figus.4d) data has high variability, as shown by
descriptive statistics (Table 5.1). For this reasbe RRMSE values are higher.

There are few and variable measured data relatdtetB separation index for the separation ofecattl
slurry by centrifugation without chemicals (Figwele). As for the P separation efficiency for eattl
slurry using flocculants, the models for the P safpan efficiencies present a decreasing trend.

As for cattle slurry, only the separation efficiegscfor DM (Figure 5.5a) and N (Figure 5.5b) presen
significant regressions for swine slurry separatgth pressurized filtration without additives.
Separation efficiencies of DM data are very vagaldnd so, even though the random and cross-
validation models are similar, the predicted valdiesrge more from the observed ones.

The separation efficiency for N presents few dhtd,the two models fit the trend of the data better
than models of separation efficiency for DM, exdepthigh DM concentrations.

The separation efficiency for DM of the solid liguseparation of swine manures by sedimentation
using flocculants present few data, which haveearctendency (Figure 5.5c). This one is well-fitted
by the two models.

For the separation of swine slurry with centrifugesly the separation efficiencies for DM (Figure
5.5d), N (Figure 5.5e) and P (Figure 5.5f) witholie addition of flocculants present significant
regressions. In general, there are more availaddie, @ven if it is possible to notice the presevice
anomalous values, such as various separation egftigis corresponding to the same value of DM
concentration (78.3-'). Separation efficiencies for DM, N and P presesiy similar models. In
particular, the two models fit the trend of theadatell for the separation indexes of DM and P, /il
for separation efficiency for N data are more Jalga

5.3.5. Models discussion

For model definition, some regressions were noteaeldl or were not significant because of the lack
of available data. In other cases, regressions narealculated despite the large number of observe
data (e.g., group 3). This is due to the DM conegiaon of the input slurry, which presented onlyeon
or a few values and thus was considered a consiatfitese instances, model definition and validatio
should be supported by a larger number of expetignen

The separation efficiency for DM for cattle slumging gravity filtration (group 1) is not entirely
correlated to the input's DM concentration. Hereéarger number of experimental data could allow
us to achieve multiple linear regression lines dep® not only on the DM concentration of the input
slurry, but also on other criteria that affect eparation efficiency, such as mesh size.

The separation efficiency of DM and N for screwgstgoller press and belt press separation ofcattl
and swine slurry (groups 2 and 6) are both coedl&d the DM content of the input slurry. Of &lét
separator types, these pressurized filtration sépar cause the fewest of the minor particles to be
retained in the solid fraction, which may causedineplicity of the correlation and thus the sigeéfint
relationship.

The significant P separation efficiencies withobémical additives (group 4 and 8) are shown not to
be entirely linear functions. Phosphorus is com@im the small particles (60% in 1-25 pm diameter
particles) (Peters et al., 2010; Masse et al., R0®bis inclusion of the small particles in theigol
fraction causes a large increase in the separaffmiency. Hence, the use of smaller pores in igyav
filtration can result in a large effect on the Pamtion though a small effect on the DM separation
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For cattle slurry, the P regressions display destngatrends (Figure 5.3b and Figure 5.4). That is,
more DM in input causes less P in the solid fractibhis may be because an increase in DM content
is typically dominated by an increase in the largesticles such as straw, which has very low P
content.

Generally, significant equations for separationcefhcies were not obtained for flocculants addiio
except for groups 1 and 7. The first one regardsRtfseparation index for cattle slurry using gsavit
filtration, while group 7 concerns the separatidiiciency for DM of swine manure by settling. In
general, correlations may be complicated by thdiegglocculation treatments, which are very
different in the various experiments. Thus, ités@ssary to take into account the applied cheraiwal

the added dosage relative to the optimal chemmusé d

Since the values of coefficients are similar and38d are relatively reasonable for the majorityhef t
variables, both the random and the cross-validatiethods are applicable for model definition and
validation. However, for the random method, the eledaccuracy is based on the characteristics of
regression and validation datasets, which have beestituted randomly. Therefore, as the database
presents some anomalous values, in some casegdilabbe data did not allow the definition of udefu
regressions or, in other cases, a trustworthy atid of the identified equations.

5.4. Considerations

The graphical analysis allowed us to distinguiskes&l technological and operational conditions that
affect separation efficiency. However, more paramgetould be taken into account with more data.
Furthermore, for 7 of the 14 subgroups it was fbsdio define and validate the predictive models.
These present RRMSEs lower than 50% thus can blerimgmted in a decision support tool, enabling
the identification of the most effective treatmeption.

The model should be improved, in order to bett@psu the identification of the separation system t
insert in a manure treatment plant, taking intosoeration the characteristics of the input maraune
the aim of the treatment plant. E.g. the definitadnthe more suitable separation technique for the
biological nitrogen removal (Section 2), may besdily performed through modeling.
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6. CONCLUSIONS

The results gathered through the experiments destiin the previous sections allow us to better
evaluate the different solid-liquid separation teabgies. In particular, the required charactersstf

the resulting liquid and solid fractions may diffeccording to the whole treatment scheme and its
primary scope. In this context, the available safian techniques present different separation
efficiencies and, thus, lead to the production iglitl and solid fractions that have different
concentrations of dry matter and nutrients. Sepmargterformances are also affected by operative
conditions, such as manure type, pre-treatmentsrentlow rate of the input slurry. As demonstrated
by previous studies, the manure type is affectedrbgnal species and category, the type of housing
and the diet. Therefore, different manure typesldvbave different physico-chemical characteristics,
which can affect the separation performances. Maoharacteristics are also affected by manure pre-
treatments, which could modify physical, electroniwl and chemical properties of the input manure
and, thus, influence the separation efficiency. ESyrry separation lead to a quicker drainagehef
liquid from the solid. This causes an increasehefwash-out of the solid particles in the liquidian
thus, to a decrease of the separation efficienderéfore, the resulting liquid fraction will be
characterized by a higher dry matter and nutrientent compared to a non-acidified liquid fraction.
According the results described above, the perfooes of the Agroenergie Bergamasche treatment
plant (section 2) could be improved by a correal@ation of the more suitable separation systems.
Since during the anaerobic digestion process theumais co-digested with different biomasses, the
resulting digestate present a high dry matter eanfEherefore, a pressurized filtration system.(e.g
screw press) allows to remove only larger partieled could be used as primary separation step. It
could be also replaced by more efficient separagahniques, such as centrifugation or mechanical
separation combined to flocculation.

Natural polymers enable to improve the separatifiiciency for dry matter and nutrients.
Furthermore, the optimal dosage is highly dependerthe characteristics of the treated manure,
therefore it is difficult to define guidelines thatuld give indication of the optimal dosage acouyd

to manure properties such as the dry matter cantéore data should be gathered in order to identify
direct correlations between manure characteriggas the DM or the VS content) and the optimal
additive type and dosage.

During the combination of physical or mechanicgdagation with coagulation and/or flocculation pre-
treatments, the selection of the optimal dosagethadmore suitable type of chemical is strongly
affected by manure characteristics. Therefore,prdormances of a determined separation process
may be negatively affected by the utilization loé twrong additive type. Previous laboratory scale
analyses (i.e. jar test) could help in the defomitof the optimal polymer type.

The identification of the more suitable separajiwacess could be supported by a predictive model
that could estimate the separation efficiency ofdefined separator under different operative
conditions. An empirical predictive model could gigood indications for the separation systems more
affected by the dry matter concentration of theutrgdurry (e.g. filtration or pressurized filtratip but

the result less precise for other separation systenparticular, an empirical model does not tizte
consideration the operating principles of the défé mechanical separation or the type and theggosa
of chemical additive used during a chemical separaprocess. Therefore, a more accurate and
physical-based model could allow identifying bettike separation system more appropriate for a
determined treatment plant.
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6.1. Future Perspectives

Solid-liquid separation treatments could be imprbireorder to enhance the removal efficiencies not
only for the dry matter, but also for nutrients Isw&s nitrogen and phosphorus. This might allow the
transportation of a larger amount of nutrientsiébds that are not vulnerable to high nitrogen ®ad
and, thus, minimize the contribution of slurry mgement to eutrophication and acidification
processes.

Solid-liquid separation treatments should be sulidie combination to other manure treatments, in
order to better understand how the combinationepfagation techniques and other treatment could
minimize the environmental impact related to manmamagement.

Predictive models could be improved, not only by #iddition of information related to the operating
principles of the different devices, but also blirtig in to consideration the environmental impaict o
the different solutions. For this reason, Life @yélssessment of the different separation systemis an
of the combination of these ones with other treatntechnologies should be developed.

Natural polymers could be used in solid-liquid sagian of animal slurry, in order to recycle organi
wastes and reduce the toxicity problems relateth¢oapplication of iron and aluminum salts and of
synthetic polymers. However, more studies are sacgsn order to improve the application of these
products to animal slurries.

The effect of different pre-treatments on the éficies of different separation technologies ndeds
be studied in more detail, in order to improve pleeformances of the entire treatment system wihin
farm.

Natural polymers could be used in solid-liquid safian of animal slurry, in order to recycle organi
wastes and reduce the toxicity problems relatetth¢capplication of iron and aluminum salts and of
synthetic polymers. However, more studies are sacgsn order to improve the application of these
products to animal slurries.
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