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ABSTRACT

Acacia is a widely used raw material in South ArceriSouth Africa and
Australia. Acacia is processed for different pug®s.g.in manufacturing
barbeque char and tannin extracts which are furdfgred as biopolymers.
By-products generated in processing are poorlyzatl Processing resi-
dues are mostly landfilled instead of considerhmgnt as a value added raw
material. Thus, utilization of these by-productansmportant new research
subject due to increasing use of acacia tree wadkelw

The aim of this Bachelor’s thesis was to studyutiézation of several by-
products generated in the production processesair extracts and char-
coal and their potential use as biogas. Anothervaa® to examine the in-
fluence of different pre-treatments to enhance arettproduction of acacia
by-product samples. The samples studied were d¢xtnacesidue and
sludge from tannin extract process and pyrolysss @gmdensate (pyrolig-
neous liquor) from char production.

Alkaline pre-treatments in various conditions ar@rbethane potential test
(BMP) were conducted in the thesis. Alkaline peatments are effective
in altering the structure of lignin. The challengesing lignocellulosic ma-
terial for biogas production is their structure aothposition. Alkaline pre-
treatment was chosen to treat lignocellulosic sasplior to the methane
potential (BMP) test. Pre-treatments were conduatiéld sodium hydrox-
ide (NaOH), calcium oxide (CaO) and calcium hyddex(Ca(OHy)). The
theoretical biogas potential was also measured Rissh BMP (by near
infrared spectroscopy) and by calculating from COD.

The results of the thesis show that the sodiumd¥ide treatment was the
most effective pre-treatment as it enhanced thgdsigroduction by 40-
80%. The temperature also had an effect. The tedtof extraction resi-

due with a high temperature enhanced the gas ptioduzy almost 80 %.

It can be concluded that alkaline pre-treatmentanéd biogas production
with extraction residue, but not with sludge. Barid pyroligneous liquor
are not suitable for biogas production without &lepatments.

Keywords Anaerobic digestion, methane potential, pre-treatpracacia mearnsii

Pages 36 p. + appendices 10 p.
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Tyon nimi Akasian prosessoinnissa syntyvien sivujakeiden yaytiomi-
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THVISTELMA

Akasiaa kaytetdan merkittavasti raaka-aineena Belérikassa, Etela-Af-
rikassa seka Australiassa. Sitd hyddynnetaanssisa kayttokohteissa, ku-
ten grillihiilien ja tanniiniuutteiden valmistuksss Tuotanto aiheuttaa eri-
laisia sivutuotteita, jotka ovat vield huonosti by@inettyja ja paaosin sijoi-
tettu kaatopaikalle. Akasian kayton kasvaessa maailaajuisesti, naiden
sivutuotteiden hyddyntaminen on tarkea tutkimusleohd

Tassa tyossa keskitytddn akasiasta tuotettujennantteiden ja puuhiilen
valmistuksessa syntyvien sivujakeiden hyddyntanmigeaiiden biokaasu-
potentiaalin selvittdmiseen. Sivujakeita tutkittiokeellisesti biokaasun
tuottotestilla sellaisenaan ja eri tavoin esikiétsited. Tarkoituksena oli sel-
vittaa esikasittelyiden vaikutusta naytteiden bas@uottoon. Tutkittavat
naytteet olivat tanniinien valmistuksessa syntynittojaannas ja liete seka
puuhiilen valmistuksessa syntynyt pyrolyysikondexta

Tybssa suoritettiin eméksisia esikasittelyja ensohteissa ja biometaa-
nipotentiaalitesti (BMP). Emaksind kaytettiin natmnhydroksia (NaOH)
seka kalsiumoksidia (CaO) ja kalsiumhydroksidia((@d).). Teoreettinen
metaanipotentiaali mitattiin Flash BMP:n avulla@D:sta laskemalla.

Natriumhydroksidikasittelylla saatiin tehostettudkaasun tuottoa 40-
80%. Myos kasittelylampdtilalla oli vaikutuksia raanin tuottoon, silla
kuumakasittely tehosti kaasun tuottoa 80 %. Yl¢isesdaan todeta, etta
esikasittelyt paransivat biokaasun tuottoa uuttojd@fisen kasittelyssa,
mutta ei lietteen kasittelyssa. Kasittelematon kjagoyrolyysikondensaatti
eivat sovellu biokaasun tuottoon ilman kasittelya.

Avainsanat Biokaasu, madatys, metaanipotentiaali, esikagjtfetacia mearnsii
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1 INTRODUCTION

Acacia is a greatly used raw material in South AoaerSouth Africa and
Australia. There are several varieties of acaeiedrand this thesis will fo-
cus onAcacia mearnsii, which is a traditional tannin source. Acacialns-p
cessed for different purposes, like production afbleque char (biochar)
and tannin based biopolymers. The processing caesesal by-products
which are poorly utilized nowadays, i.e. they arestty landfilled. Thus,
utilization of these by-products is an importaniviresearch subject due to
an increasing use of acacia tree worldwide.

One option to utilize the by-products is the engygyduction. Through an-
aerobic digestion the by-products could be usegardduce biogas, which
in turn could be used as a source for heat, et#tgtand traffic fuel.

The biogas production potential of the acacia lydpcts will be studied in
this thesis. The aim is to see effects of diffefmat-treatments to enhance
methane production. The challenge in using ligriataic material for bi-
ogas production is their structure and composifidre lignocellulosic ma-
terials are mainly composed of cellulose, hemidedie and lignin and they
are strongly linked to each other. Cellulose andibelluloses are degrada-
ble by anaerobic micro-organisms and can be coewdd bio-methane.
The structure of lignin is more complex. It protecellulose and hemicel-
luloses against biological degradation. By prettresants the cellulose and
hemicelluloses are made more accessible for thgneatz hydrolysis,
which is the first stage of the biological degramiabf biomaterials. Differ-
ent pre-treatments can be used to improve the hygis@rocess and, thus,
the methane production.

2 ACACIA MEARNSII AND ITS UTILIZATION

2.1 Acacia mearnsii De Wild. (Black Wattle)

Wattle is large genus and there are 120-130 spec@sring in all regions
of the world except Europe and Antarctica. Mostcggee are short-lived
about 10 to 15 years. The main species plantetiernworld areAcacia
magium, A. saligna andA. mearnsii. (Renner. 2014, 17)

A. mearnsii which is also called Black Wattle is endemic tosialia and
its natural distribution is restricted to southieas Australia. It is a species
of the Fabaceae family and currently grown in different countriasound
the world.A. mearnsii is in wide use, because it has a high potentia as
result of rapid growth and short rotation (arourgheyears). (Schwertner
Charédo. 2005, 92). Nowadays South Africa and Brazlthe main culti-
vating countries oA. mearnsii. About 60% of the plantations belong to
smallholders (Renner. 2014, 17). Other succes$fubhtic conditions for
A. mearnsii are found in other parts of Africa, Asia and SoAtherica.
(Brown & Chin Ko, 1997, 15-16)



A. mearnsii is an evergreen, fast-growing leguminous shrubnaall tree.
At maturity it attains 5-15 m in height and 10-3% cdiameter at breast
height depending on the form of stem. The formhef $pecies varies with
genotype, response to stand density and soil nieisttailability. It occurs
across hills, gullies, valleys and plains, but ofiee largest and best formed
trees are found in places where there is an inecessil moisture availabil-
ity. Species are short lived, which requires regatian of soil. (Brown &
Chin Ko, 1997, 5-6). Figure 1 shows a picturéofnearnsii

Figure 1 Image ofAcacia mearnsii (Wessa, 2010)

2.2 Tannin production fromi\cacia mearnsii

A. mearnsii is an important commercially grown tree, whicluged as a
raw material for many purposes. It is a fast grayand adaptable tree. The
bark is used to produce tannin extract, which edus tanning and adhe-
sives. The hard and dense wood can be used asninel timber, tool han-
dles and raw material for charcoal, particle baard wood pulp. It can also
be used as dune stabilization and decoration dmaksimany favorable fea-
tures for soil and water conservation. It has sewn tha. mearnsii has
played an important role in the economic develognoéisome countries.
(Brown & Chin Ko, 1997, 3) Acacia can be mixed watine or eucalyptus,
which can bring some advantages for industriesciddaas been especially
used for pulp production, because it contains dlsmeunt of lignin. (Ren-
ner. 2014, 18)

Tannins are polyphenolic complexes of vegetablgimriwidely used in
tanning leather industry, adhesives, oil, rubberaimarmaceuticals. Higher
concentrations are found in wood and bark of hamtlydike A. mearnsii.
Bark of A. mearnsii is most used in tannin production and about 198 00
tons of shells were extracted in the south of Brewi2008. Bark ofA.
mearnsii can display up to 28 % of tannins (dry weight spdtlowever, the
content of tannins depends on several factorsdiodugenetic characteris-
tics of the plant, climatic conditions and soilys&iultural and management
techniques. (Menezes, Marder, Ben de Costa. 20180br ranging is




from yellow to dark brown. Lighter colored tanniage particularly im-
portant for the leather industry and therefore nvataed. (Renner, R. 2014,
14)

The main advantage of producing tannins from Acacibe age of cutting.
In Brazil it varies from the age of 5 up to 10 y&awrhile in South Africa
trees are cut at the age of 11. Productivity vebissveen 10 to 25 thha/
year. The average production of bark is around bh&.tA black wattle tree
aged of 6 and 8 years old weighs about 60 kg acdnitains 6 kg of peel.
(Renner. 2014, 14)

Tannins are used in the manufacturing of paintsgyction of corrosion
inhibitors, pharmaceuticals, adhesives and flo¢mnaThey have a great
importance in the manufacturing of adhesives, bey tan also be used in
clarification of beer and wines. The main use ahtas is skin tanning. The
wattle tannin is a very versatile product and camuged in different stages
of processing animal skin to leather. It is usegrgttanning, vegetable tan-
ning and re-tanning. The tannins are produced 88 Oyear and the larg-
est producers are in South Africa and Brazil. (RenR. 2014, 18-19)

2.3 Tannin production in Seta

Seta is a producer of vegetable tannins and chéspemialities. It is lo-
cated in Estancia Velha, Rio Grande do Sul in thetlSrn Region of Bra-
zil. It offers services to the leather industry aagplies chemical products.
For water and eluent sectors, sugar and alcohgbatmdchemical sectors it
produces tannin-based chemicals. Seta is also mgnkiforest industry by
purchasing, promoting and improving the productiwf the black wat-
tle/acacia trees. (Seta, 2015)

Setas subsidiary Acquaquimica has the initial fomugroducts for waste
water and effluent treatment, like flocculants,doleers, disinfectants and
other organic specialities. Products are used temteeatment plants, mu-
nicipal sewage treatment plants, dairies, textieyerage, paper and cellu-
lose plants etc. Products are biodegradable aydafeeproduced from re-
forested trees. (Seta, 2015)

2.3.1 Production process of wattle extracts

After felling the trees the bole is cut into simitazes. The shell is removed
manually with knives or mechanically with a peeldne shells are arranged
in bundles and transported to the industry. Thd ghevaluated based on
their quality, because darker ones are used intdarkns. The load is for-

warded to weighing. Bark is removed with knivegafeighing and stored

manually or mechanically. Each batch is propertgdéted and numbered
for quality control. (Renner, 2014. 23-24) In Fig@ bark shells are waiting
for processing.



Figure 2 Bark of acacia (Kymalainen, 2015)

At Seta company, bark is milled with a size betwgdnand 10,0 mm. This
increases the efficiency of the extraction stegh&extraction hydro solu-
bilisation (“autoclave”) is used, where bark is gied for 8 hours at a tem-
perature of 100 °C and pressure of 1,0 bar. Thegsteg is removing excess
water from tannin. The concentration of tannin &sttlow concentration
tannins, TBC) is increased with evaporation (frod%4 to 50 %). Solvent
which is removed from solution is stored and reduseextraction. Low
concentration tannin (TBC) is sent to storage tdaoksait for the evapora-
tion process. Tannin concentration is made in twaperators. Evaporated
water is sent to be reused in the extraction psoddigh concentration tan-
nin extract is called TAC. (Renner, 2014. 24) Iaaters TAC and other
inputs are added to produce tannin. The amount\af and other inputs
depend of the type of product. During the reacpoocess parameters are
monitored and analysed in a process laboratoryrgidp2015)

To obtain the tannin powder TAC undergoes a sprgmd process, where
TAC is heated in the form of spray in a hot airrobar with continuous
passage at a temperature between 220 °C and 258ft&C this, the total
solids of the product is about 94 %. Pneumatic egaxs are carrying the
tannin powder to be packed in 25 kg bags. Tannmnatso be marketed as
granulate. (Renner, 2014. 24). The whole procepeesented in Figure 3.
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Figure 3 Process chart of tannin extracts (5.8.2015 Morais)

2.4 Charcoal production process

As already mentioned. mearnsii is one of the most planted trees in Brazil.
It is a source for tannin extracts but also a sedioc charcoal production.
Charcoal plays an important role in Brazil as aergy source. Charcoal is
obtained by a process known as pyrolysis. If waodsed here as a raw
material the charcoal is a renewable energy soditee.demand for char-
coal is expected to increase in the coming yekrseflich & Moura. 2014,
2)

Charcoal is produced as an energy carrier e.gdoking and heating. Bi-
ochar is produced for applications to soil as & gagronomic or environ-
mental management. Generally, charcoal and biareararbonaceous ma-
terial and they are produced by the thermal decaitipo of organic mate-
rial at a high temperature (350-1200°C). Generalarcoal refers to wood
biochar, but biochar can be produced from othembgs and even from
processed biomass (e.g. paper mill waste). (Lehn201b, 15).

Pyrolysis is the thermochemical process, which eoswbiomass into usa-
ble fuels. Biomass is applied in high heat in theemce of air and this pro-
cess results in charcoal, condensable organicdsg(pyrolytic fuel oil),
non-condensable gases, acetic acid, acetone arhmoét Pyrolysis has
been used since the dawn of civilization. Pyrolgstcess is shown in Fig-
ure 4. (Osburn & Osburn, 1993)
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Figure 4  Pyrolytic reactor (Osburn & Osburn, 1993)

The charcoal from the pyrolysis of the mearnsii wood is processed into
bricks to be used in heating and cooking ovensghstis released into at-
mosphere. The charcoal industry is responsiblaligrharging materials,

which can pollute the surrounding environment. Wued charcoal pro-

duction is still very rudimentary and it generagdsigh amount of disposa-
ble residues. It is known that under controlleddibons, e.g. the gas could
be utilized in many ways. By condensing the gais, fiiossible to get pyro-
ligneous liquid that can be utilized as a raw maltdor pharmaceutical,

cosmetic and oil industries and other applicatiqfsirtado, dos Santos
Stolz, Pinto, Moura, Dal Pont Morisso, Pitareloni®ea, von Muhlen, Rie-

gel-Vidotti. 2015, 1-2)

3 ANAEROBIC DIGESTION OF LIGNOCELLULOSIC MATERIAL

3.1 Anaerobic digestion

Anaerobic digestion is an effective waste treatnagt sustainable energy
production method. Biogas production from munigigaricultural and in-
dustrial wastes can contribute sustainable enemgyugtion and it does not
make competition for land use for food producti@all, Harwood &
Demain. 2008, 195). Biogas is mostly a mixture etmane (Ck) and car-
bon dioxide (CQ) and it can be produced from organic matter vaeanbic
digestion. Typically, biogas contains 50-75 % meth&@5-50 % carbon di-
oxide, 1-5 % water vapour and 0-5 % nitrogen. h cantain a small
amount of hydrogen sulphide (0-5,000 ppm) and anan(@500 ppm).
(Frigon & Guiot. 2010, 447)

After anaerobic digestion (AD) solid digestate ¢tenused as a peat-type
organic amendment for soil. Concentrated nutriett-@ffluent can be used
as a fertilizer on agricultural fields. (Frigon &u®t. 2010, 447)

Anaerobic digestion has four different steps: hiyhie, acidogenesis,
acetogenesis and methanogenesis. Each step lamitspecific group of
microorganisms. Hydrolysis converts carbohydrate® isoluble sugar
monomers (glucose, arabinose, mannose and xylossjidogenesis solu-
ble sugars monomers transform into volatile fattyds (VFA). During
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acetogenesis, VFAs are transformed into acetate,a@®h. In methano-
genesis, hydrogenophilic methanogens transformntix¢ure of CQ/H>
into methane and acetoclastic methanogens transtoetate into methane.
Anaerobic digestion is sensitive to environmerdatdrs like temperature,
pH and toxic compounds. AD process is divided ipsgchrophilic (10-
20°C), mesophilic (20-40°C) and thermophilic (506D digestion pro-
cesses. The first stages in AD process can ocauwade range of pH, but
methanogenic microorganisms are sensitive to pHgémand neutral pH
(6,5-7,5) is efficient for them. (Monlau, Barakatably, Dumas, Steyer &
Carrere. 2013, 289-292)

Biogas can be made from animal manure, most bioarag®rganic waste
materials. Feedstock for this process can be coedpot carbohydrates,
proteins, fats, lignocellulosic mass and mixturethese. Also, the moisture
of feedstock can vary and wastes can be solidiysturliquid. (Wall, Har-
wood & Demain. 2008, 195) In general, in the fertagon process there
should be C/N ratio in fermentable mass betweearzb35. The growth
of industrialization and urbanization has increasex quantity of sludge
from waste water treatment plants (WWTPs). The gevetudge has a C/N
ratio between 6:1 and 9:1 and mixing sewage slwdge the municipal
solid waste or food waste can increase the C/M tatfavourable for an-
aerobic digestion. (Ackmez. 2012, 4)

3.2 Lignocellulosic biomass

Lignocellulosic biomass represents the vast bulddaft material and it in-
cludes agricultural waste (straw, corn stover ghorgstry wastes, a fraction
of municipal and industrial paper wastes and fesivang energy crops like
miscanthus or switchgrass. Typically, biomass dostan the dry weight
basis 40-60 % cellulose, 20-40 % hemicelluloses &®5 % lignin.
(Wertz, Bedue. 2013, 16)

The cellulose and hemicellulose fractions are daytates and lignin is a
complex phenolic compound. Lignocellulosic biomaks® includes water
and a small amount of proteins and other compou@dBulose has both
amorphous and crystalline structures and the loskustrains are bonded
together with cellulose fibrils. Hemicellulose hmagro- and macrofiborous
between cellulose. Lignin is like matrix, wherelgklse and hemicellulose
are embedded. (Gubta, Vijai, Tuohy- 2013, 5) Hdloteses (cellulose and
hemicelluloses) have been shown to be biodegradalileeir pure form,
but content of lignin creates challenges in anderdigestion, because it is
hydrophobic polymer and it is fairly resistant toaarobic digestion.
(Monlau, Barakat, Trably, Dumas, Steyer & Carr@@13, 261-262) The
structure of lignocellulosic material is presenitedrigure 5.
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Figure 5 Lignocellulosic material. (Mosier ect. 2004, 674)

3.2.1 Cellulose

Cellulose is the most abundant polysaccharide oth @ad it represents
over 50 % of the wood mass. The chemical formul@&isli100s)n. It con-
tains-1,4 glucosidic bonds between glucose moleculesitaiodms long
straight chains. Hydroxides are distributed on tsitles of the monomers.
Numerous strong intermolecular hydrogen bonds betvirydroxyl groups
form molecules in parallel chains. (Gubta, Vijaiiohy- 2013, 7) Cellulose
is insoluble in water and in most organic solvewgh an acid and thermal
treatment, it can be broken down into glucose. (lslonBarakat, Trably,
Dumas, Steyer & Carrere. 2013, 265)The structurdlaf cellulose is pre-
sented in Figure 6.

OH
_{DH
13._-*'0 HO D-r"'""
M-D \“‘77:"?1
OH ‘.\
L OH i

Figure 6  Structural unit of cellulose (Gupta, Tuohy. 2018, 6

3.2.2 Hemicelluloses

Hemicelluloses consists of different monosacchauities. Polymer chains
have short branches and they are amorphous. Theysate partially solu-
ble or swell in water. Polymer chains can condisirgle sugar repeat unit
(homopolymer) or they can be a mixture of differengars (heteropoly-
mer). The most important sugar of hemicellulosesy/isse. (Gubta, Vijali,
Tuohy- 2013, 7) Hemicelluloses also includes aradén glucose, mannose,
galactose, galacturonic acid and glucuronic ackte most important role
of hemicelluloses is to strengthen the cell wallridgraction with cellulose
and lignin. (Wertz & Bedue. 2013, 243) From allnlagellulosic compo-
nents, hemicelluloses are the most thermal-chelyisahsitive. (Monlau,
Barakat, Trably, Dumas, Steyer & Carrere. 2013,)2%6e backbone of
hemicelluloses and formulas of the sugars in hellnloses are presented
in Figures 7 and 8.
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Figure 7 Schematic representation of the hemicellulose bakl§Harmsen et al. 2010)
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Figure 8 Formulas of the sugar component of hemicellulobass{afa et al 2009)

3.2.3 Lignin

Lignin is a complex phenolic polymer, which givéseagth and hydropho-
bicity to plant secondary cell walls. Lignin is hig resistant to enzymatic
and mechanical degradation. Lignin polymers malkectll wall impervi-
ous, allowing the transport of water and nutri¢hteugh and protecting the
plant against microbial invasion. Lignin compogitivaries among cell
types and it can be different in individual cellllWwayers. The composition
is also influenced by environmental conditions. (e Bedue. 2013,
262)




The composition of lignin is important to understao enhance the digest-
ibility of biomass. Depolymerization and repolynzation of lignin mole-
cules is a very important parameter for the bioddgbility of lignocellulo-
sic biomass. Lignin consists of three differentiphpropane alcohols: p-
coumaryl (H), coniferyl (G) and sinapyl (S) and tineantity of these alco-
hols varies between different biomass like hardwawndtwood or herba-
ceous. (Monlau, Barakat, Trably, Dumas, Steyer &&a. 2013, 266-267)
The structure of lignin is presented in Figure 9.

Figure 9  Structure of lignin (Glazer et al. 1995)

3.2.4 Lignocellulosic biomass in anaerobic digestion

The theoretical or maximum methane yield can beutailed from the com-
position of substrate £,0:N«Se known as Buswell’'s equation (as follows
figure 10):

224 (4a+ b — 2¢c — 3d — 2e)
8 (12a+ b+ 16¢ + 14d + 16¢)

Y?‘beomricai
C H;

( L /c‘qsubs.tmre,) =

Figure 10 Theoretical methane yield (Monlau, Barakat, Tralbymas, Steyer & Car-
rere. 2013, 292)




Typically, the actual and experimental methanedgaire far lower than the
theoretical ones. This is because biomass consistenbiodegradable
compounds (lignin, peptidoglycan) and polymers tat difficult to dis-
solve. Many reviews have been published on metpesguction from dif-
ferent biomass: In Table 1 the results of one edee given.

Tablel Review of methane production from different biom@denlau, Barakat, Tra-
bly, Dumas, Steyer & Carrere. 2013)

Substrate Methane yield (L CH/Kg vsadded) [Energy yield (MJ/KE vs agded)
Newsprint 97 3,86
Corn stover 114 4,54
Wheat grass 160 6,37
Rice straw 194 7,72
Willow 200 7,96
Miscanthus 200 7,96
Paper tube residues 222 8,83
Grass hay 230 9,15
Wheat straw 276 10,98
Sugar beet tops 310 12,33
Potatoes 328 13,05
Office paper 364 14,48
Maize sillage 370 14,72
Citrus peels 455 18,1

The lignin and fiber content influences the methareluction by limiting
the access to holocelluloses, because they arbite$sgradable when they
are combined with lignin. In anaerobic digestioa tonversion from lig-
nocellulosic biomass to biogas is strongly linkeditoaccessibility of cel-
lulose. Thus, lignin concentration is a key parangt anaerobic biodegra-
dation. (Monlau, Barakat, Trably, Dumas, Steyer&€re. 2013, 289-293)

3.3 Pre-treatment for enhancing methane production

Lignin linkages between cellulose and hemicellusogeevent their degra-
dation. With pre-treatments it is possible to brelakvn the linkages be-
tween polysaccharides and lignin thus making catlelland hemicelluloses
more accessible to hydrolytic enzymes. Pre-treatsnean accelerate the
hydrolysis process and then improve methane pramuc{Sambusiti,
Monlau, Ficara, Carrére, Malpei. 2013, 63)

The pre-treatment can be a mechanical, chemicadmidd and biological
process or a combination of them. Mechanical patinent is, for instance,
size reduction which makes substrates more biodagta by rupturing cell
walls. Methods are usually mechanical jet, higrspoee homogenizer, me-
chanical ball mill etc. Separation by size is ase form of mechanical pre-
treatment. For thermal pre-treatment the optimunperature and duration
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depend largely on the nature of the substrate.t@mperature above 200
°C could promote an inhibitory effect on the digastprocess. Also, ultra-
sound is one of the mechanical pre-treatment fo(Atkmez. 2012, 7)

Chemical pre-treatments are classified into acalialine, organosolv, in-
organic salts, oxidative, ammonia and ionic ligypds-treatments. Alkaline
and acidic ones are the most studied and sulpharitis the most applied
acid. An acid pre-treatment is used for removingnicelluloses by break-
ing ether bonds in lignin/phenolic-carbohydratesptex. In alkaline pre-

treatments the bases, such as sodium, potassilsiyncaand ammonium

hydroxides are used. They are effective to alterstinucture of lignin and
increase the enzymatic accessibility to cellulosé Bemicelluloses. Cal-
cium hydroxide or sodium hydroxide pre-treatmen&ershown to be ef-
fective at a lower temperature (15-55 °C) but thegd more time than acid
pre-treatments. Different thermo-alkaline pre-tmeaits with sodium hy-

droxide at different temperatures has been studitdagro-wastes. Com-
monly used agricultural substrates in thermoalkaline-treatments have
been cornstalks, corn stover, rice straw, sweefson stalks, grasses, sun
flower stalks, barley waste and soybean straw. B&iti, Monlau, Ficara,

Carrere, Malpei. 2013, 63)

In the biological pre-treatment the aim is to prepide substrates for the
enzymatic degradation. The method and conditiopemig greatly on the

type of substrate. Several fungi and bacteria baea used for this purpose.
The benefits of the biological pre-treatment axe émergy requirement, no
chemical requirement and mild environmental condgi The treatment ef-

ficiency is still very low. (Ackmez. 2012, 18)

4 MATERIAL AND METHODS

Residues of acacia processing by-products have beea tested for biogas
production and it will be done in this thesis. Themposition has been
studied and it can be expected that an alkali gagtment will improve the

anaerobic digestion process.

4.1 Extraction residue, sludge and bark

The materials tested were supplied by a Brazileamin producer named
Seta, which produces tannin extracts for biopolyfremAcacia mearnsii.
Three different fractions, i.e. sludge, extractresidue and original bark
were tested. The sludge represents precipitatadiligaction from extrac-
tion. The solid part of the extraction is calledraxtion residue and the third
sample is untreated bark. Bark was a referencsldioige, residue and pre-
treated samples. The samples by Seta are showgureFR.1.
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Figure 11 Extraction residue (1), bark (2) and sludge (3).

The current utilization of extraction residue igds®s a boiler fuel to make
steam to the tannin extract process. The sludgerns to certified areas,
which utilize sludge for agricultural soils. (MosaR015)

4.2 Pyroligneous liquor

The fourth studied sample was pyroligneous liquarclv is composed in
the charcoal process. Pyroligneous liquor sampées delivered from Bra-
zil Research group in Feevale University who hawecisely studied the
composition of pyroligneous liquor froAcacia mearnsii. The composition
study revealed that the extract consists of complemicals and they are
derived from the thermal degradation Afacia mearnsii lignocellulosic
constituents. The extract contains various pheraimpounds which are
derived from lignin reactions. The extract alsoteoms oxygenated com-
pounds which come from secondary radical reactiéiso, compounds
with lower molecular mass were detected. The sanplere also very
acidic. (Furtado, dos Santos Stolz, Pinto, Moural, Pont Morisso, Pita-
relo, Ramos, von Muhlen, Riegel-Vidotti. 2015, 4-7)

Liquid pyroligneous liquor samples were not preategl prior to methane
production tests. The chemical oxygen demand ddlgyreous liquor was

determined before the test to calculate the amaofusther substrates for the
biochemical potential methane test (BMP).




4.3 Analytical methods

Total and volatile solids (TS, VS), hemicellulosellulose lignin and phe-
nols were analysed from the samples. COD (cheroicajen demand) was

determined from pyroligneous liquor. In Figures 13,and 14 there are
descriptions of methods and analyses used for saaple.

Extraction @

residue

Pretreatments:

Sludge

Flash-
5d+21°C NaOH BMP
sd+21°cca0 [ , "‘“”"
1d +45°C NaOH Separation >

P
1h +170°C CaOH; Y S
c

: Acid
1d+45°C CaOH:z of solid Hydrolysis
and
Figure 12 Description of methods and analyses for extragsidue and sludge samples

1h +170°C NaOH bt
centrifuge e Liquid > @
* fraction
@O
(pre-treatment process)

Extraction
residue

Sludge

Bark

Pyroligneus

Figure 14 Description of methods and analyses for pyroligisdauor

4.3.1 Total solids and volatile solids from original sdeg

Total solids (TS) and volatile solids (VS) of thegmnal samples were de-
termined before freezing the samples. The sampéze weighed to tared




and weighed crucibles. The samples were dried4e4&8hours at 105°C.
After drying, crucibles with samples were weighed aamples were incin-
erated at 550 °C. TS and VS results of original gamare presented in

Table 2.

Table2 TS and VS of original samples

Sample TS (%) oTS (%) |VS (%) |oVS (%) [VS/TS

Extraction recidue 44,3 0,6 41,6 0,8 94

Sludge 17,3 0,0 15,9 0,0 92,1
Original bark 53,9 2,6 51,8 2,8 96,1

After TS and VS determination the samples wereeinon a freeze dryer.
The principle of a freeze dryer is to remove wégsublimation from the
frozen state. The samples must be first frozenthed subjected to high
vacuum. Water is evaporated without melting. Theased water vapour is
condensed on the surface of a condenser at alopetature. Freeze drying
does not cause thermal damage compared to othergdoptions. The
freeze dryer which was used was HetoPowerDry PI030BermoElectron
Corporation. (Berk, Z. 2013, 567) Figure 11 shotws original samples
from Seta. On the top there is extraction residuthe middle there is bark
and at the bottom there is sludge.

TS and VS was measured after freeze drying andethdts are given in
Table 3.

Table3 TS and VS of freeze dried samples

Sample TS (%) oTS (%) |VS (%) |oVS (%) [VS/TS

Extraction recidue 97,2 0,3 91,0 0,7 93,6
Sludge 96,2 0,3 88,7 0,3 92,2
Original bark 97,0 0,1 93,1 0,2 96

4.3.2 Determination of hemicellulose, cellulose and ligni

The amount of cellulose, hemicellulose and lignerevdetermined from
the original and pre-treated samples, to see fieetedf alkaline pre-treat-
ment. Components were analysed according to theméé Renewable En-
ergy Laboratory analytical procedure (NREL, LAP)thwels (determina-
tion of Structural Carbohydrates and Lignin in Bass) (Sluiter ect. 2011).
In this method acid hydrolysis is used to hydroliygeocellulosic material

into monosaccharides. Acid hydrolysis was made femtd fractions of

samples.

Before acid hydrolysis, bark was extracted withaaetl. The extraction was
based on an analytical procedure: “Determinatiorfextiractives in Bio-
mass”. The extraction was made to remove ethahdbsomaterial. (Sluiter
ect. 2005) The extraction was made for bark ondgaose other samples
had already been extracted in the tannin process.
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Sulphuric acid (HSQy) was used to hydrolyse carbohydrates from lignocel
lulose and further carbohydrates into monosaccear{glucose, xylose,
mannose, arabinose, galactose, fructose). Thendiegion of monosac-
charides was done by a high-performance liquid mlatography (HPLC).
This HPLC consists of an automatic sampler (Waiéh),7a pre-column to
filter residues (Micro guard cation H refill cadge, Bio-rad) and a Aminex
HPX-87H column (300 mm on 7, 8 mm, Bio-rad). Théedmination was
made by using sugar column for sugar standardedgk) xylose, arabi-
nose, glycerol) and acetone. The carrier liquid swd&uric acid at 0.005 M
at 0.4 mL/min. The detector was Refractive Indel.(RPLC samples were
prepared by passing the decanted liquid throug arfd nylon filter into a
vial. The samples were stored in a freezer priae@rmination.

Lignin was also determined in the acid hydrolysiscedure. After acid hy-
drolysis, the samples were filtered and acid-ingi@dignin was gravimet-
rically determined from solid fraction by dryingiit the oven at a tempera-
ture of 105 °C. After drying solids were weighedldhen they were incin-
erated in an oven at 550 °C. After burning samplese weighed again.
Cellulose (1), hemicelluloses (2) and acid solligien (AIL) (3) were cal-
culated as shown in equations

% cellulose = _[glucose] x 0,9 Q)
m10ODW
where:

0,9 = anhydro correction
m1ODW = Oven dry weight of sample

% hemicellulose = [xylose]+ [arabinose] x 0,88 (2)
m1ODW

where:
0,88 = anhydro correction
m10ODW = Oven dry weight of sample

Acid soluble lignin:

% AIL = (m5 —m4) — (m6 —m4) x 100 (3)
mO

where:

m5 = Weighérucible + insoluble residue

m4 = Weighérucible

m6 = Weighdrucible + ash

mO = oven dry weight (ODW) of sample
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Compositions of the original samples are givenabl€ 4.

Table 4  Amount of cellulose, hemicellulose and lignin irgimal samples

Sample Cellulose %/TS |c Cellulose (%) [Hemicellulose %/TS |c Hemicellulose (%)|Lignin %/TS|c Lignin (%)

Exraction residue 29,7 0,4 13,4 1,0 38,6 -

Sludge 8,4 0,5 10,4 0,3 41,0 2,2

Bark 28,1 2,2 14,7 2,3 39,5 0,7
4.3.3 Phenols

As earlier presented, lignin is a natural sourcplanolic compounds. The
determination of phenols was made to see the efégrss of alkaline pre-
treatments. Phenols were in the liquid fractiorthe pre-treated samples
and were determined spectrophotometrically. Thelr@sdicates the pres-
ence of an aromatic ring with hydroxyl groups, whan be free or en-
gaged with a carbohydrate. This technique is basetihe action of Folin
Ciocalteu reagent, mixture of phosphotungstic arid phosphomolybdic
acid. The reaction produces blue colour when plseamt oxidized. The
generated colour can be measured spectrophotoaistrat 735 nm and
number can be convert as the amount of phenoleianalysed sample.

The phenols were analysed from the liquid fracbbthe pre-treated sam-
ples. Each of them was analysed in triplicate somte of the samples were
over the range and some of the samples had to hsumesl several times.
The phenol concentration of the sample was deteunirased on the cali-
bration curve. The calibration curves are presemeppendix 3.

4.3.4 Determination of COD from pyroligneous liquor

Chemical oxygen demand (COD) measures the amouatgainic com-
pounds in a liquid solution. It is expressed grdr@OD per liter (gCOD/L)
and it indicates the mass of oxygen consumed f@rdi solution. COD
was determined from liquid part of the pre-treagathples and from pyro-
ligneous liquor. COD was determined by using HaGiDCTest’'N Tubes 0-
1500 mg/l Q. COD of pyroligneous liquor was very high as expdcThe
amount was 99,5 g/L and this was observed, when Bdithes were filled.

4.4 Test methods

4.4.1 Pre-treatments

Alkaline pre-treatments are effective in alterihg structure of lignin. Al-
kaline pre-treatments have been studied for maaysyie order to increase
methane production. In this study three differdikalene chemicals were
used: sodium hydroxide (NaOH), calcium oxide (Caf calcium hydrox-
ide (Ca(OH)). Sodium hydroxide treatment is also known as goeks-
ment and calcium oxide and calcium hydroxide isvkmas lime-treatment.
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Calcium oxide was used in low temperature and walchydroxide was
used in higher temperatures.

Pre-treatment conditions used in this thesis aegmted in Tables 5 and 6.
All pre-treatments were done in 500 ml flasks vatbhemical agent con-
centration of 10 % (weight-% of dry solids) or witB,2 % (weight-% of
dry solids) with a solid concentration of 50 gTSA5 %) . Bottles were
closed with rubber sept and made fourfold, i.ee¢hfior the BMP test and

one for the chemical analysis.

Table5 Pre-treatment conditions of extraction residue samp
Alkali Weight % of TS |Temperature °C |Duration
NaOH 10,0 21; 45; 170 5d;24h;1h
Ca0 13,2 21 5d
CaOH, 13,2 45; 170 24h; 1h
Table 6  Pre-treatment conditions of sludge sample
Alkali Weight % of TS |Temperature °C |Duration
NaOH 10,0 21; 45; 135 5d;24h;1h
Ca0 13,2 21 5d
CaOH, 13,2 45; 135 24h;1h

Pre-treatments were made at different temperatanesduration was 1
hour, 24 hours and 5 days depending on the pra¥tezd. The treatments
at 21 °C and 45 °C were performed on a shaker antlagitation of 150-

160 rpm. Treatment at 135 °C was performed in dockave. Pre-treat-

ments were done in BMP bottles except the preftreat at 170 °C which

was performed by using a stainless steel autoclaiie,a capacity of 1 L.

The rotation was around 160 rpm and samples wextetiéor 1 hour. After

heating the samples and water were collected frenatitoclave to the ves-
sel and cooled. The stainless steel autoclaveingbds thesis is presented
in Figure 15
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Figure 15 The stainless steel autoclave used in the thesis

After pre-treatments BMP tests were started withetbottles and one bot-
tle was used for the chemical analyses. For awalyfiurposes solid and
liquid parts of the pre-treated sample were sepdrhy using a sieve and
centrifuge. After centrifugation the supernatans\ithered with a glass mi-
crofiber filter (Grade GF/D: 2,dm). The solid part was dried at 40 °C and
stored at a room temperature. The filtered liqd pvas stored in a fridge.

4.4.2 Biochemical methane potential (BMP) test

The inoculum, i.e. active anaerobic sludge, for Btd$ts was prepared in
an anaerobic reactor of 5 liters (Figure 16). Thelge used as a reactor
feed was from a waste water treatment plant ofrsiagéory and was regu-
larly fed with ethanol. The activity of inoculum waonfirmed with an in-
oculum test, which was made in three 500 ml botflee bottles were filled
with a macro nutrient solution, an oligoelementusioh, buffer solution and
the inoculum sludge. A small amount of ethanol added to two bottles
to start methane production. One bottle was witledénol and it was the
“blank” one. The test bottles were flushed withragien (N) —gas to ensure
the anaerobic conditions. The bottles were stomday® at 35 °C in a mixing

table and gas production was tested after a cafglays to make sure that
inoculum is working.




Figure 16 Anaerobic reactor for the preparation of inoculunBMP test

TS and VS content of the samples and inoculum slwdgre determined
before making the BMP test bottles. TS contenthef moculum was 98
gTS/L and VS was 45 gVS/L. The VS-result was useddiculate the
amounts of inoculum, sample and nutrients for Bied? bottles. The bottles
were filled as inoculum test bottles. Both teststamed 27 bottles (2 x 18
bottles from pre-treatments, 12 original sample$ 2x 3 blank samples).
The weighted amounts for each substrates are givé&ppendix 1/1 and
1/2.

BMP test was performed under mesophilic conditi@% °C +/- 0,5 °C).
The tests were performed in 500 ml glass bottléls mibber septa in batch
mode (Figure 17). The working volume of the bottkes 400 ml. The bot-
tles were kept in a mixing table (Figure 18). $tigrrate of mixing table
was 80 rpm. BMP tests were performed in triplicatd test duration was 4
months.

Figure 17 500 ml glass bottle with rubber septa, manometdrsyringe




Accumulated gas production was measured with a matey and the com-
positions of gas were analysed with a gas chromapby. First, the meas-
urements were done every second day, and afterdessisrequently de-
pending on the gas production. The samples fochesmatography were
taken with a hypodermic syringe.

Figure 18 Mixing table for BMP bottles

4.4.3 Flash BMP

The Biochemical Methane Potential (BMP) test iselydused as a param-
eter for waste characterisation. It measures tlatgy of methane, what
waste can potentially be produced in anaerobic itiond. However, BMP
test lasts for a long time, about 30 days and wget@ral months. Thus, it
is not a useable method for an industrial useri@egobic digestion optimi-
zation, where a user would like to find out a ptagdrmix from different
kind of waste categories. (Lesteur ect. 2011, 22381)

There are several techniques to predict the BMBevidster than the bio-
chemical way. In this thesis near infrared spectpyg (NIRS) was used to
compare the results from BMP-test. (Lesteur, M 2811, 2280-2281)

NIRS is an analytical method which is based onraatons between pho-
tons (1000-2500 nm) and the matter. There is &redion model, which is
created and used to find out a relationship betvieespectra and value of
interest. NIRS can predict either quantitative valdgative data and it has
been used to predict organic matter componentsvaral kind of matrix
(fruits, vegetables, forages, soils). NIRS couldubed in predicting the di-
gestibility of different organic matter and INRA shdeveloped a way to
predict the BMP value of wastes. (Lesteur ect. 2@280-2281)

All the analysed samples were freeze dried andrgréo improve the ho-
mogeneity of the final samples. The samples forfldsh BMP test were
the pre-treated samples, original bark, sludgeextihction residue. Two
different grinders were used: a knife grinder IkakéeMF 10 basic and a
centrifugal grinder Fritsch Pulverisette 14. Howeaeacia is hard material




and its fibres didn’t break with those devices. haball mill was used to
grind the material into powder.

5 IMPACT OF PRETREATMENT ON SAMPLE CHARACTERISTICS

Changes in composition after the pre-treatment waeeevaluation crite-
rion for a sufficient pre-treatment efficiency. Thien was to liquefy solid
to liquid without degrading glucose. Therefore ubdisation of solid frac-
tion and reduction of cellulose, hemicelluloses &gdin were analysed.
Phenols and COD were determined from liquid fractio

51 TS&VS

After pre-treatments solid and liquid fractions @eseparated. The solid
fraction was dried at a temperature of 60 °C andi®bVS were determined
after drying. The results of TS and VS of the peated samples are shown
in Tables 7 and 8.

Table 7 TS and VS results after pre-treatment in extraatesidues

Pretreatment TS (%) VS (%) |VS/TS

NaOH21 94,2 79,3 84,2
CaO 91,8 74,2 80,8
NaOH55 94,2 81,2 86,2
CaOH55 92,9 77,8 83,7
NaOH170 95,3 83,6 87,7
CaOH170 92,5 76,6 82,8

Table 8 TS and VS results after pre-treatment in sludge

Pretreatment TS (%) VS (%) |VS/TS

NaOH21 91 77,9 85,6
NaOH55 93,5 80,5 86,1
NaOH170 94,6 74,5 78,8
Cao 91,7 74,3 81,0
CaOH55 90,8 74,5 82,0
CaOH135 93,7 75,3 80,4

5.2 TS solubilisation

The amount of samples before and after pre-treatmasn weighed. With a
difference, it was possible to calculate solubii@aof solids under the pre-
treatment. Because of a small quantity of sampidspaoblems with sepa-
ration, mass results from the pre-treatment NaObf2dludge sample are
not reliable and are therefore not presented. ireegrhents at a temperature
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of 170 degrees Celsius were also challenging andetbults from these pre-
treatments are directional. The results of TS stdalion are shown in Fig-
ure 19 and 20. Changes in dry weight are presentadgpendix 2.
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Figure 19 TS solubilisation of extraction residue sampleiie-peatment
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Figure 20 TS solubilisation of sludge sample in pre-treatment

5.3 Characterisation of solids after pre-treatment

Cellulose, hemicelluloses and lignin were determiiftem a solid fraction

of the pre-treated sample. The solid fraction vegmasated from liquid frac-
tion and dried at a temperature of 65 °C. The arhoficellulose, hemicel-
lulose and lignin were determined by an acid hygtislmethod. The results
are presented in Tables 9 and 10.




Table 9  Amount of cellulose, hemicellulose and lignin frextraction residue samples

Extraction residue samples |Cellulose %/TS |c Cellulose (%) |Hemicellulose %/TS |c Hemicellulose (%)|Lignin %/TS|c Lignin (%)
Original 29,7 0,4 13,4 1,0 38,6 -
NaOH21 35,2 1,3 13,2 0,3 22,8 5,0
NaOH55 37,0 1,0 12,5 2,1 20,3 3,2
NaOH170 44,9 3,2 11,2 0,0 22,2 1,7
Ca021 31,0 3,6 11,7 0,8 24,6 0,9
CaOH55 27,8 - 10,9 - 27,0 6,8
CaOH170 35,7 - 10,6 - 30,2 -
Table 10 Amount of cellulose, hemicellulose and lignin frefladge samples

Sludge samples Cellulose %/TS |o Cellulose (%) |Hemicellulose %/TS [c Hemicellulose (%)|Lignin %/TS |c Lignin (%)
Original 8,4 0,5 10,4 0,3 41,0 2,2
NaOH21 11,2 1,2 9,5 0,6 51,5 7,1
NaOH55 8,7 - 9,9 - 48,1 -
NaOH170 10,2 0,7 10,2 0,2 47,0 0,7
Ca021 9,5 - 9,7 - 35,4 0,7
CaOH55 8,6 0,2 9,4 0,6 37,8 0,1
CaOH135 9,0 0,3 8,9 0,1 44,4 -

The percentage reduction of cellulose, hemicelkgoasnd lignin are pre-
sented in Figures 21 and 22.
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Figure 21 Reduction of cellulose, hemicellulose and lignirpe-treated extraction resi-
due sample compared to TS solubilisation

The effects of different pre-treatments in ext@ctresidue samples are
clear. The percentage amount of lignin has decdeaseevery sample,
which leads to the conclusion that lignin was ddgcaand the aim of the
pre-treatments was achieved. Lignin decreasedst 4 % in every sam-
ple. NaOH treatment seems to be more effectivassote lignin and the
high temperature treatment has a positive rea¢tidhe reaction. Lignin
reduction is highest with NaOH at 170 °C but thgutes are directional,




because all dry matter wasn't collected after theetpeatment (1 L auto-
clave). The amount of hemicellulose decreased #s sweit is possible to
assume that it has solubilised.
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. ] - o
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M Cellulose reduction %/TS m Hemicellulose reduction %/TS Lignin reduction %/TS

Figure 22 Reduction of cellulose, hemicellulose and lignirpne-treated sludge sample
compared to TS solubilisation

In the sludge sample, there are more variation &twthe results. Lignin
hasn't dissolved as much as with the extractiomoessample. The highest
solubilisation is in sample CaO at a temperatur2lofC, where lignin has
decreased 23 %. It seems that the high temperagatnent didn’t have a
positive influence. It can be assumed that prettieats have solubilised
compounds to the liquid fraction because nearlg@hpounds decreased.

5.4 Characterisation of liquid after pre-treatment

54.1 COD
COD was determined from liquid fraction of the preated samples. With
the amount of COD it is also possible to calcuthgetheoretical amount of
methane production where 1 g COD produces 350 rtthane, if all solu-
bilized COD is fully converted into methane:

gCOD/L x volume of liquid x 350mICHIiquid fraction

The amount of COD and theoretical methane prodadtiom liquid frac-
tion of the pre-treated samples are presentedbe$d 1l and 12.

Table 11 Amount of COD and theoretical methane producti@mfrextraction residue
sample




mICH4 from

liquid fraction/
Sample gCoOD/l |ogCOD/I|ginitial TS
NaOH21 11,8 0,1 82,3
NaOH55 12,0 0,1 83,8
NaOH170 27,6 0,4 193,1
Ca021 3,5 0,0 24,5
CaOH55 3,7 0,0 26,1
CaOH170 10,2 0,1 71,6

Table 12 Amount of COD and theoretical methane productiomfisludge sample

mICH4 from

liquid fraction/
Sample gCoD/I |ogCoD/I|ginitial TS
NaOH21 24,3 0,5 170,0
NaOH55 22,9 0,1 160,0
NaOH135 27,9 0,0 195,1
Ca021 4,1 0,1 28,9
CaOH55 4,2 0,4 29,2
CaOH135 10,7 0,3 75,1

COD results show that NaOH pre-treatment is mdreieft than lime pre-
treatment to dissolve material to liquid fractioithwboth samples. A higher
treatment temperature is more effective than alawe. Sludge samples
seem to be more solubilized than the extractiowues It would have been
good to find out, how much compounds could be shdeldl to an aqueous
phase (without pre-treatment), but this comparigas not performed.

5.4.2 Phenols

The amounts of released phenols are presentedumesi 23 and 24. They
show that pre-treatments have contributed to bdsakn lignin polymers

or its bonds with holocelluloses. NaOH pre-treattwveith a high tempera-
ture has a better effect compared to the othetrpegments. Lime pre-treat-
ments, however, have very low release of phenols fxtraction residues
and almost no phenol released from sludge samples.
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Figure 23 Amount of released phenols expressed mg/g init&loT extraction residue
sample
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Figure 24 Amount of released phenols expressed mg/g inittabfrsludge sample

5.5 Results from BMP

The results from BMP tests are presented in FigREeand 27. The first

test measured biogas production from the origiagk land extraction resi-

due and from the pre-treated extraction residugtssnThe results are pre-
sented as ml/g TS.
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Figure 25 Biogas production with extraction residue, bark prettreated extraction res-
idue samples

It is possible to see that original bark withowattment produces biogas
poorly. All pre-treatments enhance gas productimrt,the most efficient




pre-treatment is NaOH pre-treatment at a high teatpee. Other NaOH
pre-treatments and Ca(OH)re-treatment at a high temperature have al-
most the same effect. Extraction residue withoettpegatment produces gas
significantly if it is compared to the original aiThe comparison between
the pre-treated and original extraction residuemasnare presented in Fig-
ure 26. The results are presented as ml/gTSpégsible to see that the high
temperature pretreatment increases the methanagtiaa almost 80 %.
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Figure 26 Increase of methane production compared to origix@hction residue sample
in BMP-test
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Figure 27 Biogas production with sludge, pyroligneous ligaad pretreated sludge sam-
ples




The results from the second BMP test are presentBdyure 27. Pyrolig-
neous liquor produces biogas poorly (shown as awsate). The effects be-
tween different pre-treatments are slight. At thd ef the test the original
sludge sample produces more gas than the predreaés. The comparison
between the pre-treated and sludge samples arenpeesn Figure 28. The
results are presented as ml/gTS. It is possibdeséathat the sample without
pre-treatment produces more gas than with pretegasn
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Na 1 N 55 Na 70 C 1 Ca 55 Ca 135
-5%
-10%
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-20%

Change of methane production (%)

H Increase of gas production (mLCH4/g initial TS) compared to original sample

Figure 28 Change of methane production between original apetrpated sludge sam-
ples in BMP-test




5.6 Results from Flash-BMP

The results from Flash-BMP are presented in TaBl& he results are from
the original freeze dried samples and pre-treaaeapges. Flash-BMP was
measured from the solid fraction of samples.

Table 13 Methane production estimated by Flash-BMP

Sample mICH4/gVs | o mICH4/gVs
Bark 84 46
Extraction residue 136 1,0
Sludge 122 10,5
Extraction residue | mICH4/gVS | o mICH4/gVS
NaOH21 225 4,5
NaOH55 221 0,0
NaOH170 233 2,5
Ca021 182 0,6
CaOH55 151 6,3
CaOH170 165 6,3
Sludge mICH4/gVs | o mICH4/gVs
NaOH21 176 -
NaOH55 185 -
NaOH135 163 -
Ca021 174 -
CaOH55 171 -
CaOH135 161 -

Flash-BMP results and the results from the origsshples do not vary
significantly. Bark is still the most low-yieldirgample of the original sam-
ples. In both tests, the pre-treated samples pedumre biogas than the
original samples. NaOH treatment for the extractesidue is more effec-
tive than the lime treatment, but the temperatoesdot cause clear differ-
ences between treatments. With sludge samplesitheodarge divergence
between the pre-treatments, but all of them areerafiective compared to
the original sludge sample.

6 DISCUSSION

6.1 TS solubilisation and COD

Coincidence between TS solubilisation and COD tssslto be seen. For
extraction residue samples, the most effectivargament has been NaOH
treatment at a temperature of 170 °C. Comparing sodl lime pre-treat-
ments, soda has been more effective in every etgk.solubilisation with
sludge samples in COD results can be explainedthatlexture of the sam-
ple. It was powdery and there was more surfacefemicals. An effective
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solubilisation with NaOH treatment was proven bg tolour of the pre-
treated samples. Liquid fractions with NaOH prextneents were much
darker than with lime pre-treatments with both skE®pThe amount of
COD was higher with the soda treatment, so the atemissolved organic
compounds from solid fraction to liquid fraction.

6.2 Lignin reduction and phenols

These results show that for the extraction resitia)H treatment at 170
°C is the most efficient pre-treatment for soluliignin, because amount
of phenols is representing solubilisation of lignidhen phenols are solu-
bilised to liquid fraction, it is performed also i@asCOD. In COD it is pos-
sible to see all organic matter, which are solaedi to liquid fraction. In
both measurements with extraction residue, NaOHreament at a high
temperature was the most efficient to dissolveitigiThe pre-treatment
with NaOH was also the most effective to treat gludamples. Calculation
of biogas potential from COD of sludge samplesra@psing but BMP re-
sults show the opposite; pretreatments in sludggkss didn’t have a pos-
itive impact on the methane production. High COBludge samples may
be relatively high because of the small amountotifis in liquid fraction
caused by the challenging separation between ligmtdsolid fraction.

6.3 Comparison of biogas production results

Biogas production measurements from BMP and FlagdR Bnd theoretical
results from COD are shown in Tables 14 and 15.r¢ékelts are presented
in mLCHy4/g initial TS and mLCH/g initial VS to see the difference be-
tween TS and VS results. The results from BMP-destthe most reliable,
because they are tested empirically.

Results from Flash BMP are from solid fractiontsis possible to compare
theoretical results from solid fraction (resultfrd@MP minus theoretical

result from COD) to Flash BMP results. With thessults it is possible to

make conclusion that liquid fraction hasn’t biodsgable totally, because
amount of gas production in theoretical calculagiane less than in Flash
BMP.

With sludge samples difference between theoretiodlFlash BMP results
are negative in NaOH treatment, because theoretsallts from liquid
fraction are even higher than results from BMP,oktare from both frac-
tions. As we have seen, lignin has solubilised,ibbs¢ems that methane is
not produced from degradation products of lignin.
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Table 14 Comparison between different biogas measuremerit @itraction residue

samples
Theoritical [Theoritical |[Theoritical |Theoritical |Results

Results  [Results from |mICH4from |mICH4from [mICH4from |mICH4 from |from

from BMP [BMP liquid liquid solid solid flashBMP

mLCH4/g [mLCH4/g fraction/g fraction/g fraction/g |fraction/g |mICH4/g
Sample initial TS |initial VS initial TS initial VS initial TS initial VS initial VS
Extraction residue 115 123 136
NaOH 21 172 205 82 98 90 107 196
NaOH 55 165 192 84 97 81 94 197
NaOH 170 201 229 193 220 7 8 214
Ca021 131 162 25 30 106 132 149
CaOH2 55 144 171 26 31 117 140 129
CaOH2 170 171 207 72 86 100 121 138
Table 15 Comparison between different biogas measuremehtshkidge samples

Theoritical |Theoritical [Theoritical |Theoritical |Results

Results  [Results from [mICH4 from |mICH4 from |mICH4from [mICH4 from |from

from BMP [BMP liquid liquid solid solid flashBMP

mLCH4/g [mLCH4/g fraction/g fraction/g fraction/g |fraction/g |mICH4/g
Sample initial TS |initial VS initial TS initial VS initial TS initial VS initial VS
Sludge 173 188 122
NaOH21 152 177 170 199 -18 -21 155
NaOH55 158 184 160 186 -2 -2 168
NaOH135 158 201 195 248 -37 -47 137
Ca021 141 174 29 36 112 138 146
CaOH55 144 175 29 36 115 140 144
CaOH135 159 198 75 93 84 104 137

These results are comparable to other lignocelluksbstrates like wheat
grass, rice straw, willow, miscanthus, paper tubgdue and grass hay,
which are producing approximately 160-230 | 4£Kkd VS. (Monlau,

Barakat, Trably, Dumas, Steyer & Carrere. 2013)

TS of extraction residue was 44,3 % and the amol¥S was 94 % from
TS. In general, methane production per ton of nabraw material is pre-
sented in Table 16.
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Table 16 Methane potential per ton of residue materialsiEt S

VS amount /ton |Methane production (m3
Methane potential of raw  |of raw material |methane/ton of raw
material (m> CH,/ton of VS) |(kg) material)
Extraction residue 122,6 416,4 51,1
Extraction residue with
pretreatment (21°C +
NaOH) 204,6 416,4 85,2
Sludge 188,1 159,3 30,0

1 m® methane equals to 10 kWh energy, which can be acedo about 1
litre fuel oil. In general, with one ton of extramt residue it is possible to
produce 51,1 rhmethane, which is around 511 kWh. With a pre-treait
it is possible to increase methane production tekion residue. Though,
the potential of methane production from sludgenmsller compared to the
extraction residue, because the VS content of sliglgmaller than with the
extraction residues (initial samples).

7 CONCLUSIONS

As shown, original bark without treatments is natable for biogas pro-

duction, because biogas production was very lowedims that processing
(extraction) of bark in Seta enhanced the biogadymtion and extraction

residue without pre-treatment is already suitalole diogas production.

However, it is observed that pre-treatments caraecd methane produc-
tion significantly with extraction residue samples.

With extraction residue samples NaOH pre-treatmenitanced the biogas
production significantly (60-80 % compared to thiéial extraction residue
samples). A high temperature treatment with NaOMld tha most efficient
pre-treatment. Other temperatures with NaOH angjla temperature pre-
treatment with CaOpwere also effective to enhance methane production.

With sludge samples pre-treatments didn’'t haveettpected influence on
methane production. At the end of the test gasumtioh was higher with
the original sludge sample than the pre-treated.ongth analyses indicat-
ing the solubilisation of lignin, it was possibteforecast better biogas pro-
duction. It seems that lignin has solubilised,ibdbes not produce methane
in liquid fraction. There is a possibility to inhiion, if the treated samples
from the tannin extraction process contained récaft compounds or in-
hibitors.

Even though the pre-treatments had a more posfieet with extraction

samples, it needs to be observed that without rpedrhents sludge pro-
duces better biogas than extraction residue (pgr RABoligneous liquor is
not suitable for biogas production alone but cdaddmixed with the solid
samples.
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For industry, pre-treatments may be challenge teraip, because high
treatment temperatures are expensive to reachtivieosiformation is that
pre-treatment at a room temperature enhances neefiraduction signifi-
cantly. For example, if pre-treatment is operatea @om temperature for
5 days, it is easy for the chemical to mix to stdistbefore anaerobic di-
gestion and storage of 5 days in tanks. Howevergdtreatments are oper-
ated, it will create costs from the chemicals aadlities and demand of
space. It may also create some environmental qussti

In Seta the extraction residue is already utilingnly in the process, so
the major interest is to utilize sludge residueththese results it is possible
to draw a conclusion that sludge without pre-tresatta produces biogas,
but its organic matter content is quite low. Howeweas possible to utilize
it in biogas production and it doesn’t need anynaicals to be added. It is
also possible to mix it with other substrates.
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Pretreatments and BMP test with extraction residue

APPENDIX 1/1

Pretreatment BMP test
Water to Macroele |Oligoele
Pretreatment Sample pretreat |pH pH after |ments ments Buffer |Sludge |Water for
Sample [Alkali temperature |Bottle (g) Alkali (g) |ment (g) |before pt|pt (ml) (ml) solution |(ml) BMP (ml)
ExtractionNaOH 21 1| 2,0882 | 0,2045 | 40,03 12,73 10,74 8,6 4,0 20,8 44,4 282,14
ExtractionfNaOH 21 2| 2,077 0,2047 40,07 12,82 10,22 8,6 4,0 20,8 44,4 282,14
ExtractionNaOH 21 3| 2,0741 | 0,2346 40 12,87 11,34 8,6 4,0 20,8 44,4 282,14
ExtractionfNaOH 21 4| 2,0814 | 0,2028 40,02 12,85 10,73
ExtractionNaOH 45 5| 2,0788 | 0,1982 | 40,03 12,71 10,3 8,6 4,0 20,8 44,4 282,14
ExtractionfNaOH 45 6| 2,0593 | 0,1974 40,01 12,78 10,03 8,6 4,0 20,8 44,4 282,14
ExtractionNaOH 45 7| 2,0733 | 02171 | 40,02 12,8 10,5 8,6 4,0 20,8 44,4 282,14
ExtractionfNaOH 45 8| 2,0784 | 0,1961 40,05 12,77 10,16
ExtractionNaOH 170 9| 6,81 35,4 8,66 8,6 4,0 20,8 44,4 282,14
ExtractionfNaOH 170 10 6,81 35,41 8,66 8,6 4,0 20,8 44,4 282,14
ExtractionNaOH 170 11| 6,83 35,41 8,66 8,6 4,0 20,8 44,4 282,14
ExtractionfNaOH 170 12| 6,81 35,41 8,66
Extractior{CaO 21 13| 2,078 | 02679 | 40,04 12,57 12,01 8,6 4,0 20,8 44,4 282,14
ExtractionCaO 21 14| 2,0881 | 0,2643 40,03 12,58 12,09 8,6 4,0 20,8 44,4 282,14
Extractior{CaO 21 15| 2,0859 | 0,2652 | 40,04 12,55 12,07 8,6 4,0 20,8 44,4 282,14
ExtractionCaO 21 16| 2,0799 0,265 40,05 12,57 12,15
Extraction|CaOH2 45 17| 2,0855 | 0,2643 | 40,13 12,47 11,63 8,6 4,0 20,8 44,4 282,14
ExtractionCaOH2 45 18| 2,0618 | 0,2646 40,02 12,48 11,31 8,6 4,0 20,8 44,4 282,14
Extraction|CaOH2 45 19| 2,0786 | 0,2645 | 40,01 12,48 11,24 8,6 4,0 20,8 44,4 282,14
ExtractionCaOH2 45 20[ 2,0706 | 0,2651 40 12,5 11,58
Extraction|CaOH2 170 21| 7,83 34,64 10,79 8,6 4,0 20,8 44,4 282,14
ExtractionCaOH2 170 22 7,84 34,37 10,79 8,6 4,0 20,8 44,4 282,14
Extraction|CaOH2 170 23| 7,83 34,38 10,79 8,6 4,0 20,8 44,4 282,14
ExtractionCaOH2 170 24 7,83 34,36 10,79 8,6 4,0 20,8 44,4 282,14
Bark B1 2,0625 8,6 4,0 20,8 44,4 322,14
Bark B2 2,0706 8,6 4,0 20,8 44,4 322,14
Bark B3 2,0813 8,6 4,0 20,8 44,4 322,14
Blank 01 8,6 4,0 20,8 44,4 322,14
Blank 02 8,6 4,0 20,8 44,4 322,14
Blank 03 8,6 4,0 20,8 44,4 322,14
Extraction residue R1 2,0642 8,6 4,0 20,8 44,4 322,14
Extraction residue R2 2,0658 8,6 4,0 20,8 44,4 322,14
Extraction residue R3 2,0632 8,6 4,0 20,8 44,4 322,14
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Pretreatments and BMP test with sludge and pyrebgs liquor

APPENDIX 1/2

Pretreatment BMP test
Water to Macroele |Oligoele
Pretreatment Sample pretreat |pH pH after |ments ments Buffer  |Sludge [|Waterfor
Sample Alkali temperature [Bottle (8) Alkali (g) [ment (g) |before pt|pt (ml) (ml) solution [(ml) BMP (ml)
Blank 1 8,6 4,0 20,8 a4 | 32214
Blank 2 8,6 4,0 20,8 44,4 322,14
Blank 3 8,6 4,0 20,8 a4 | 322,14
Sludge NaOH 21 4 2,0649 0,2084 40,02 11,9 81 8,6 4,0 20,8 44,4 282,14
Sludge NaOH 21 5 2,0624 0,2017 40,07 11,77 8,16 8,6 4,0 20,8 44,4 282,14
Sludge NaOH 21 6 2,0684 | 0,2135 | 40,01 11,86 8,08 8,6 4,0 20,8 a4 | 282,14
Sludge NaOH 21 2,0659 0,23 40,02 12,05 7,98
Sludge NaOH 45 7 2,0632 | 0,202 | 40,03 11,53 9,15 8,6 4,0 20,8 a4 | 282,14
Sludge NaOH 45 8 2,0635 0,2028 40,04 11,73 9,22 8,6 4,0 20,8 44,4 282,14
Sludge NaOH 45 9 2,0654 | 0,2205 | 40,04 11,79 9,41 8,6 4,0 20,8 a4 | 282,14
Sludge NaOH 45 2,0661 0,197 40,02 11,6 9,1
Sludge NaOH 135 10 2,0665 0,2072 40 11,27 8,83 8,6 4,0 20,8 44,4 282,14
Sludge NaOH 135 11 2,0646 | 0,1969 | 40,03 11,34 8,61 8,6 4,0 20,8 a4 | 282,14
Sludge NaOH 135 12 2,0606 0,2064 40 11,27 8,89 8,6 4,0 20,8 44,4 282,14
Sludge NaOH 135 2,0653 | 0,2053 40 11,42 8,9
Sludge Ca0 21 13 2,0656 0,2071 40,03 11,93 9,03 8,6 4,0 20,8 44,4 282,14
Sludge Ca0 21 14 2,0662 | 0,201 | 40,03 12,01 9,03 8,6 4,0 20,8 a4 | 282,14
Sludge Ca0 21 15 2,065 0,2011 40,02 12,23 9,02 8,6 4,0 20,8 44,4 282,14
Sludge Ca0 21 2,0651 0,2044 40,03 12,22 9,09
Sludge CaOH2 45 16 2,0659 | 0,2641 40 11,48 9,04 8,6 4,0 20,8 a4 | 282,14
Sludge CaOH2 45 17 2,0674 0,2642 40 11,55 9,03 8,6 4,0 20,8 44,4 282,14
Sludge CaOH2 45 18 2,0655 | 0,2647 | 40,01 11,55 9,03 8,6 4,0 20,8 a4 | 282,14
Sludge CaOH2 45 2,0649 0,2645 40,03 11,63 9,05
Sludge CaOH?2 135 19 2,063 | 0,2649 | 40,03 11,07 7,99 8,6 4,0 20,8 a4 | 282,14
Sludge CaOH2 135 20 2,0655 0,2642 40 11,19 8,01 8,6 4,0 20,8 44,4 282,14
Sludge CaOH?2 135 21 2,0631 | 0,2645 | 40,02 11,1 8,01 8,6 4,0 20,8 a4 | 282,14
Sludge CaOH2 135 2,0619 | 0,2649 | 40,04 11,27 8,06
Condensate* 22 10,0* 4,3 4,0 20,8 44,4 316,45
Condensate* 23 10,0* 43 4,0 20,8 444 | 316,45
Condensate* 24 10,0* 4,3 4,0 20,8 44,4 316,45
Sludge 25 2,0615 8,6 4,0 20,8 a4 | 322,14
Sludge 26 2,061 8,6 4,0 20,8 44,4 322,14
Sludge 27 2,068 8,6 4,0 20,8 a4 | 322,14
*=ml
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APPENDIX 2
Dry weight and solubilisation

Extraction residue

Sample Dry weight before pt(g) |Dry weight after pt (g) [Loss (g) |[TS solubisation %
NaOH 21 2,0814 1,4943 0,5871 28,21
NaOH 55 2,0784 1,577 0,5014 24,12
NaOH 170 30,0602 14,99 15,0702 50,13
Ca021 2,0799 1,9156 0,1643 7,90
CaOH255 2,0706 1,7445 0,3261 15,75
CaOH2 170 30,9043 22,47 8,4343 27,29
Sludge

Sample Dry weight before pt(g) |Dry weight after pt (g) [Loss (g) |[TS solubisation %
NaOH55 2,0661 1,447 0,6191 29,96
NaOH170 2,0653 1,683 0,3823 18,51
Ca021 2,0651 1,847 0,2181 10,56
CaOH55 2,0649 1,9 0,1049 5,08
CaOH135 2,0619 1,687 0,3749 18,18
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Average production of triplicate ml/gTS

BMP results from extraction residue test

APBIEN4/1

Average |ndard deviat] Average [ndard deviat|l Average |ndard deviat] Average [ndarddeviat|l Average |ndard deviatl Average pndard deviati{ Average |tandard deviatioj Average [andard deviati
0 0,00 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
1 0,85 12,9 1,4 12,7 1,8 18,6 0,7 10,0 1,3 12,7 1,2 16,2 0,4 5,6 0,4 6,2 2,6
2 1,77 26,3 1,7 28,1 1,4 36,7 1,8 21,7 2,4 23,3 0,9 34,6 1,6 11,5 1,6 13,1 1,2
3 2,77 39,4 0,1 41,4 3,0 56,3 2,2 30,1 4,8 32,2 3,0 51,4 1,6 11,5 1,6 16,6 1,9
4 3,94 54,0 0,2 55,7 5,0 82,0 2,3 38,2 10,7 41,0 1,9 64,2 1,6 12,2 1,6 19,8 2,4
5 5,85 67,2 1,9 68,5 7,5 101,8 43 52,4 9,8 51,4 81 69,5 1,6 12,2 1,6 31,0 3,2
6 7,81 81,4 3,1 80,4 9,6 117,7 5,2 61,8 12,4 62,3 9,8 81,6 1,6 12,2 1,6 37,5 4,1
7 9,81 90,6 4,1 88,6 10,6 129,7 5,6 68,3 13,4 69,2 10,2 90,9 1,6 12,2 1,6 42,9 5,0
8 12,85 97,6 5,1 96,3 9,9 141,6 6,3 74,6 14,1 76,2 10,3 101,8 1,6 12,2 1,6 49,1 5,7
9 16,81 106,2 54 105,6 10,8 154,1 8,9 81,3 16,2 84,0 11,3 113,9 1,6 12,2 1,6 56,6 6,6
10 22,58 115,4 7,0 114,7 11,5 163,7 9,7 87,2 17,1 90,4 11,1 124,1 2,3 13,2 2,3 63,3 7,8
11 29,59 125,4 8,6 124,0 12,1 172,9 8,8 92,6 17,6 96,8 11,4 135,1 3,1 17,2 3,1 70,2 9,8
12 36,61 134,5 9,0 132,1 13,0 181,4 8,4 97,7 17,6 104,5 12,4 144,7 2,9 18,8 2,9 77,9 12,3
13 43,61 142,4 8,7 139,6 14,0 187,5 8,2 103,2 16,9 111,4 13,4 151,4 2,9 19,0 2,9 86,0 12,9
14 50,58 149,4 9,3 145,5 14,9 191,5 8,5 106,8 15,9 117,0 14,0 155,2 2,9 19,1 2,9 91,2 13,2
15 57,69 155,4 9,5 150,7 15,6 195,5 8,3 111,9 14,2 122,8 tgmoipg$roid 159,3 2,9 19,1 2,9 96,6 13,7
16 78,80 166,3 8,9 160,5 15,9 200,5 8,3 123,9 12,2 135,3 15,2 167,9 2,9 19,1 2,9 108,6 15,0
17 125,8 172,2 7,5 165,1 14,9 200,5 8,3 131,0 12,1 143,5 15,3 171,4 2,9 19,1 2,9 114,8 15,3




BMP graphs from extraction residue test with staddieviation (NaOH-bottles and reference) APPENBIX
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BMP graphs from extraction residue test with statdiviation (CaO- and CaQHyottles and bark)
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BMP results from sludge test

Average production of triplicate ml/gTS

APPENDIX 4/4

Average |ndard deviat| Average |ndard deviat] Average |ndard deviatl Average |ndard deviat| Average [ndarddeviatl Average |ndard deviat] Average |ndard deviat] Average |ndard deviat]
0 0,00 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0 0,0
1 0,81 6,8 1,5 6,2 1,1 12,7 1,6 7,3 0,6 9,2 1,2 14,8 1,9 1,6 0,1 7,3 0,9
2 1,81 34,9 1,8 35,3 1,8 38,2 33 32,0 0,3 33,8 2,2 40,0 2,5 53 0,4 34,0 1,2
3 2,76 61,2 2,3 61,9 2,7 63,4 3,4 45,5 0,3 45,0 1,0 57,2 1,3 10,3 0,7 57,8 1,2
4 3,80 71,9 1,6 75,7 0,7 73,3 2,4 51,9 0,9 52,1 0,9 65,1 1,6 16,5 0,8 64,2 1,3
5 5,81 80,6 1,4 86,5 1,2 83,5 2,6 61,5 1,6 61,2 1,7 76,2 1,7 19,6 0,2 70,3 1,1
6 7,80 88,8 1,2 94,6 1,5 90,7 2,8 71,3 15 70,2 1,9 83,3 1,7 20,9 0,2 78,0 1,3
7 9,81 96,9 1,0 103,0 1,5 99,4 3,2 80,6 1,3 79,1 1,6 90,1 1,9 21,5 0,2 85,2 1,4
8 13,59 108,0 1,5 115,0 1,5 113,8 3,6 93,0 1,4 91,2 1,9 101,6 1,8 21,7 0,2 95,7 1,3
9 16,68 114,5 1,2 121,9 1,5 120,8 3,6 100,3 1,6 98,5 2,5 110,0 2,5 22,0 0,2 103,3 1,5
10 21,68 121,9 0,7 129,5 1,7 127,4 3,4 107,8 15 106,0 2,6 118,7 3,0 22,1 0,3 110,6 1,0
11 28,59 127,3 1,4 134,8 4,3 130,7 3,0 112,0 1,6 110,1 2,6 123,0 3,8 22,1 0,3 139,8 0,8
12 35,76 132,6 1,9 137,5 57 133,4 2,9 114,7 1,7 113,6 1,2 125,5 4,3 22,1 0,3 139,8 0,8
13 48,84 138,4 4,7 146,4 6,3 141,5 3,3 124,4 1,6 123,8 57 134,6 5,5 22,1 0,3 151,3 3,3
14 77,67 144,5 6,1 151,8 58 145,9 2,7 135,1 2,7 136,0 4,6 146,7 6,2 22,1 0,3 160,8 3,2
15 110,75 146,2 7,0 154,4 4,8 149,7 2,4 136,5 1,4 141,1 t¢moingfroid] 1482 5,1 22,1 0,3 164,7 5,0
16 145,84 151,7 9,0 158,3 6,0 158,3 4,7 141,0 3,9 143,8 tg¢moirmgfroidg]  159,1 4,9 24,5 0,3 173,4 11,6




BMP graphs from sludge test with standard deviatid&OH-bottles and reference) APPENDIX 4/5

Average production ml/gTS

200

: M%%/l

e NaOH21

o—-NaOH55
—o—NaOH135

® Sludge

40 60 80 100 120 140 160
Days




BMP graphs from sludge test with standard deviati@aO- and CaOHbottles and pyroligneous ligour)
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