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Streszczenie
Waloryzacja odpadow plyty wiorowej do produkcji biopaliw

Niniejsza rozprawa doktorska koncentruje si¢ na waloryzacji odpadoéw ptyt widrowych
do produkcji biopaliw, a jej gldwnym celem bylo zbadanie wplywu biologicznej obrdobki
wstepnej za pomocg grzyba bialej zgnilizny Pleurotus ostreatus (Jacq.) P. Kumm na odpadowe
plyty widrowe zawierajace zywic¢ mocznikowo-formaldehydowa (UF). W pracy zbadano
wiasciwosci fizykomechaniczne surowych 1 przetworzonych wioréw sosnowych i topolowych
oraz analogicznych ptyt wiérowych, ich podatno$¢ na aglomeracje ciSnieniowg oraz parametry
wytrzymalo$ciowe powstatych aglomeratdw, a nastepnie oceniono proces fermentacji
beztlenowej do produkcji biogazu.

W pierwszym obszarze badan scharakteryzowano zuzycie energii podczas procesow
mielenia i cigcia-mielenia, rozklad wymiaréw czastek (PSD) oraz wiasciwos$ci ptyniecia
(sypkosci) wiorow sosnowych i topolowych. Chociaz proces ci¢cia-mielenia wymagat mnie;j
energii na jednostke masy w poréwnaniu z mieleniem, efektywne zapotrzebowanie na moc byto
wyzsze ze wzgledu na zwigkszone natezenia przeptywu masowego. Rozdrobnione widry
topolowe wykazywaty korzystniejsze wtasciwosci PSD 1 wlasciwo$ci mechaniczne, ale byly
bardziej energochtonne w obrobce niz wiory sosnowe.

W drugim zakresie badan oceniono charakterystyke aglomeracji ci$nieniowej widrow
surowych, mielonych i cigtych-mielonych, w tym wytwarzanie pelet, pastylek i granul.
Aglomeraty sosnowe, ze wzgledu na wyzsza zawarto$¢ ligniny (30,7% w poréwnaniu z 18,4%
w topoli), wykazywaly wigksza promieniowa wytrzymatos¢ na $ciskanie, modut sprezystosci 1
maksymalne wartosci naprezen Sciskajacych. Aglomeraty wykonane z cigto-mielonych widréw
mialy najwigksza gesto$¢ jednostkowa, ale ich wytrzymato$¢ na $ciskanie byla znacznie
mniejsza niz aglomeratow wykonanych z surowych wiorow. Pelety wytwarzane w
temperaturze 93°C 1 przy cisnieniu 70 MPa charakteryzowaly si¢ najwigkszg gestosciag
(1081 kg'm™) 1 wytrzymato$cig, natomiast granule wytwarzane przy nizszych cisnieniach
(12 MPa) cechowaly si¢ mniejszymi warto$ciami wytrzymato§ciowymi, co wskazuje na
koniecznos$¢ stosowania spoiw w niektorych zastosowaniach.

W kluczowym obszarze badan oceniano biologiczng obrébke wstepng ptyt wiorowych
sosnowych 1 topolowych zawierajacych zywice UF przy uzyciu P. ostreatus przez 17 tygodni.
Obrobka wstepna doprowadzita do znacznej degradacji ligniny (6,8-8,3%) 1 poprawy
zawarto$ci celulozy, co zwiekszylo wydajnos¢ zageszczania i gesto$¢ produkowanych pastylek

(1014 kg-m™= w poréwnaniu do 959 kg-m™ dla biomasy niepoddanej obrdbce). Whasciwosci



mechaniczne pastylek wykazaty zwiekszong wytrzymato$¢ w niektorych parametrach pomimo
zmniejszenia modutu sprezystosci. Uzysk metanu podczas produkcji biogazu zwigkszyt sie
znaczaco — 2,9-krotnie z rozdrobnionych ptyt topolowych i 3,7-krotnie z rozdrobnionych ptyt
sosnowych — osiggajac odpowiednio 206,7 1 109,1 ml-g' s.m.o. (s.m.o. — sucha materia
organiczna). Oprocz poprawy potencjalu biopaliw, obrobka wstepna zmniejszyta wartos$¢
opatowa spowodowang utrata ligniny, ale zwigkszyla biodegradowalnos¢ plyt, wykazujac
znaczny pozytywny wptyw na fermentacj¢ beztlenowa.

Przeprowadzono kompleksowa analize¢ sktadnikow strukturalnych (ligniny,
hemicelulozy 1 celulozy) oraz wtasciwosci fizykomechanicznych zaréwno surowych, jak i
wstepnie poddanych obrobce materiatow drzewnych. Na podstawie wynikdéw badan wskazano,
ze biologiczna obrobka wstepna pozytywnie wplynela na proces aglomeracji ciSnieniowe;j,
prowadzac do uzyskania gestszych 1 mechanicznie wzmocnionych aglomeratow oraz
znacznego zwigkszenia uzysku metanu. Pozytywnie uzasadniono postawione hipotezy
badawcze. Konieczna jest jednak dalsza optymalizacja parametréw obrobki wstepnej, aby
skroci¢ czas przetwarzania i zwigzane z nim koszty, np. dotyczace sterylizacji.

Badania te przyczyniaja si¢ do rozwoju technologii gospodarowania odpadami przez
wykazanie potencjalu wstepnej obrobki grzybow w zakresie poprawy wlasciwosci
mechanicznych biopaliw statych i zwiekszenia produkcji metanu z odpadoéw plyt widrowych,
oferujac nowe informacje o degradacji zywicy mocznikowo-formaldehydowej 1 jej wptywu na

wlasciwosci przetwarzanych materialdow drzewnych.

Stowa kluczowe: biomasa drzewna, mielenie, cigcie, jednostkowa energia rozdrabniania,
wskaznik plynigcia, pelet, pastylka, granula, ekspansja aglomeratu, gegsto$¢ pojedynczego

aglomeratu, wytrzymato$¢ aglomeratu, substancje wtokniste, wydajno$¢ metanu.



Summary
Valorization of particleboard wastes for biofuels production

This doctoral dissertation focuses on the valorisation of particleboard waste for biofuel
production, and its main objective was to investigate the effect of biological pretreatment with
white rot fungus Pleurotus ostroatus (Jacq.) P. Kumm on waste particleboard containing urea-
formaldehyde (UF) resin. The paper investigates the physicomechanical properties of raw and
processed pine and poplar shavings with analogous particleboards, their susceptibility to
pressure agglomeration, and the strength parameters of the resulting agglomerates. It then
evaluates the anaerobic fermentation process for biogas production.

In the first area of research, the energy consumption during the milling and cutting-
milling processes, the particle size distribution (PSD), and the flow properties of pine and poplar
shavings were characterised. Although the cutting-milling process required less energy per unit
mass than milling, the effective power demand was higher due to the increased mass flow rates.
The comminuted poplar shavings showed more favorable PSD and mechanical properties but
were more energy-intensive to process than pine shavings.

The second range of studies evaluated the pressure agglomeration characteristics of raw,
milled, and cut-milled shavings, including pellets, pastilles, and granules. Due to the higher
lignin content (30.7% compared to 18.4% in poplar), pine agglomerates showed higher radial
compressive strength, modulus of elasticity, and maximum compressive stress values.
Agglomerates made of cut-milled shavings had the highest single agglomerate density, but their
compressive strength was significantly lower than agglomerates made of raw shavings. Pellets
produced at 93°C and 70 MPa showed the highest density (1081 kg m™) and strength, while
granules produced at lower pressures (12 MPa) showed lower strength values, indicating the
necessity of using binders in some applications.

The key research area evaluated the biological pretreatment of pine and poplar
particleboards containing UF resin using P. ostroatus for 17 weeks. Pretreatment led to
significant lignin degradation (6.8—8.3%) and improved cellulose content, which increased the
densification efficiency and the density of the pellets produced (1014 kg m™ compared to
959kg m for untreated biomass). The mechanical properties of the pastilles showed increased
strength in some parameters despite a decrease in the elastic modulus. Methane yield during
biogas production increased significantly — 2.9 times from shredded poplar particleboards and
3.7 times from shredded pine particleboards — reaching 206.7 and 109.1 ml-g™* VS (dry organic

matter), respectively. In addition to improving biofuel potential, pretreatment reduced the



higher heating value (HHV) due to lignin loss. Still, it increased the biodegradability of the
particleboards, showing a significant positive effect on anaerobic fermentation.

A comprehensive analysis of the structural components (lignin, hemicellulose, and
cellulose) and physicomechanical properties of raw and pretreated wood materials was carried
out. The results indicate that biological pretreatment positively influenced the pressure
agglomeration process, leading to denser and mechanically strengthened agglomerates and a
significant increase in methane yield. The research hypotheses were positively justified.
However, further optimisation of pretreatment parameters is necessary to reduce processing
time and related costs, e.g. for sterilisation.

This research contributes to the development of waste management technologies by
demonstrating the potential of fungal pretreatment to improve the mechanical properties of solid
biofuels and increase methane production from particleboard waste, offering new insights into
urea-formaldehyde resin degradation and its impact on the properties of processed wood

materials.

Keywords: woody biomass, milling, cutting, specific energy of comminution, flowability
index, pellet, pastille, granule, agglomerate expansion, single agglomerate density, agglomerate

strength, fibrous substances, methane yield.
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Wazniejsze oznaczenia stosowane w rozprawie
Parametry:

MC — wilgotnos¢, %;

ma, my, — masa, odpowiednio: probki, koncowa rozdrobnionych wiérow, g;
tw — czas rozdrabniania, s;

P.— moc efektywna mtyna nozowego, W;

E; — energochtonno$¢ rozdrabniania wioréw, kJ-kg!;

gm — maksymalny strumien masy, g-s™';

A — czas opOznienia wyrownanego obcigzenia mtyna nozowego, s;

Xg, XR, X5, X10, X16, X30, X50, X60, X75, X84, X90, X905, Xgm — Wymiary czastek, odpowiednio: $rednia
geometryczna, dla 63,2% skumulowanej masy wioérow (parametr wymiaru czastek modelu
Rosina-Rammlera-Sperlinga-Bennetta), dla 5, 10, 16, 25, 30, 50, 60, 75, 84, 90 1 95 procentyla
rozktadu skumulowanej masy podsitowej, Srednia graficzna, mm;

Sg, Sew — 0dchylenie standardowe, odpowiednio: bezwymiarowe, wymiarowe, mm;

n — miara stromosci krzywej rozktadu w modelu Rosina-Rammlera-Sperling-Bennetta,
bezwymiarowa;

1, — wskaznik jednorodnosci, %;
N,¢ — liczba szacunkowa, statystyczny wymiar czastek, bezwymiarowa;
Sy — zakres zmienno$ci wymiarow, %;

S;—rozktad wzgledny, udzial masowy na dnie okreslajacy kryterium miary szerokosci rozktadu
wymiaréw, wskazuje na jednorodno$¢ rozktadu wymiarow czastek, bezwymiarowy;

Cu, C; — wspotczynnik, odpowiednio: jednorodnos$ci, stopniowania, bezwymiarowe;

oic — graficzny wskaznik skos$nosci, opisuje rozrzut sktadowych rozktadu wielkosci czastek
wzgledem warto$ci $redniej, bezwymiarowy;

Sie — graficzny wspolczynnik skos$no$ci, asymetria, §wiadczy o potozeniu krzywej rozkltadu
uziarnienia wzgledem wartosci modalnej, bezwymiarowy;

K, — graficzny wspolczynnik kurtozy, sptaszczenia krzywej rozkltadu wymiaréw czastek,
bezwymiarowy;

STDy, STD,, STD; — odchylenie standardowe geometryczne odpowiednio: rozkladu strefy
gornej, dolnej, catkowitej, bezwymiarowe;

Pa, Pt — gestosé, odpowiednio: objetosciowa napowietrzna lub aglomeratu, objgtosciowa
utrzesiona, kg-m™;

HR — stosunek Hausnera, bezwymiarowy;

CI — wskaznik zageszczalno$ci Carr’a, bezwymiarowy;
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7 — naprezenia $cinajace kPa;

¢ — kohezja kPa;

o1 — gtéwne naprezenia konsolidujace kPa;

0. — wytrzymalo$¢ na jednoosiowe $ciskanie kPa;
ffe — wspolczynnik sypkos$ci, bezwymiarowys;

de, Pc, Guin — kat tarcia wewnetrznego, odpowiednio: efektywny, dla ustalonego S$cinania,
zlinearyzowany, %;

0 — kat tarcia zewnetrznego, °;
e — WspOlczynnik tarcia zewngtrznego, bezwymiarowy;
pr, gestosé whasciwa, kg'm>;

U, LI, CE, HE — zawarto$¢, odpowiednio: substancji ubocznych, ligniny, celulozy, hemiceluloz
%0;

H — zawartos¢ wodoru, %;

HHYV — cieplo spalania, MJ-kg!;

LHYV — warto$¢ opatowa, MJ-kg!;

AC — popidt, %;

VM — czgsci lotne, %;

FC — zawarto$¢ wegla zwigzanego, %;

L, L, —jednostkowa praca, odpowiednio: zageszczania, usuwania aglomeratu z matrycy, kJ-kg~
1.

;
I — stopief zageszczenia materialu, bezwymiarowy;

ks — wspétczynnik podatnosci na zageszczanie materiatu, J-m—=-kg!;

Ry, Ra— wspotczynnik rozszerzalno$ci aglomeratu dla, odpowiednio: dtugosci, srednicy, %;
P« — maksymalne ci$nienie usuwania aglomeratu z matrycy, MPa;

su — przemieszczenie tloka podczas usuwania aglomeratu z matrycy, mm;

Ej», Ej» — energia jednostkowa potrzebna do pgknigcia aglomeratu przy, odpowiednio: $ciskaniu,
zginaniu, mJ-mm-%;

E,, E» —modul sprezystosci przy, odpowiednio: $ciskaniu, zginaniu, MPa;

op, 0» — maksymalne naprezenia podczas pekania aglomeratow przy, odpowiednio: $Sciskaniu,
zginaniu, MPa;

CF, NDF, ADF — zawarto$¢ wiokna, odpowiednio: surowego, neutralno-detergentowego,
kwasno-detergentowego, %;

ADL - lignina kwas$no-detergentowa, %;
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s.m., s.m.me, S.m.mf — SUCha substancja, odpowiednio: substratu, mieszanki substratu i inokulum,
przed i po fermentacji anaerobowej, %, (w tresci rozprawy, wszystkie trzy parametry opisano
za pomoca skrotu, sm., a rozréznienie wynika z kontekstu. Skroty sm., s.m.me, S.M.mf
wykorzystano w tabeli 1 dla rozréznienia parametrow); W artykutach w jezyku angielskim
uzyto skrotu TS);

S.m.0., S.M.0.me, S.M.Omf — Sucha materia organiczna, odpowiednio: substratu, mieszanki
substratu i inokulum, przed i po fermentacji anaerobowej, % s.m., (w treSci rozprawy, wszystkie
trzy parametry opisano za pomoca skrétu, S.m.0., a rozréznienie wynika z kontekstu. Skroty
S.M.0., S.M.0.me, S.M.Omf wykorzystano w tabeli 1 dla rozroznienia parametrow); W artykutach
w jezyku angielskim uzyto skrotu VS);

Y, Ycha — uzysk, odpowiednio: biogazu, metanu, ml-g ' s.m.o0.;

CcHas, Cco2, Co2, CH2 — st¢zenie w biogazie, odpowiednio: metanu, dwutlenku wegla, tlenu,
wodoru, %;

Czynniki:

TW — gatunek drewna rozdrabnianych widréw (sosnowe, topolowe);

WS — rodzaj wiordéw (surowe, mielone, cigte-mielone);

AF —rodzaj aglomeratu (pelety, pastylki, granule);

dn — $rednica otworu matrycy (6, 8, 10 mm);

MT — stan materiatu (surowy, po obrdbce grzybem);

TL — sposob obcigzania aglomeratu (Sciskanie promieniowe, Sciskanie osiowe, zginanie);
Inne skroty:

W — aglomeraty (pelety, pastylki, granule) przed pomiarami wytrzymatosciowymi,

RC, B, AC — aglomeraty po pomiarach wytrzymatosciowych, odpowiednio: S$ciskane
promieniowo, zginane, $ciskane osiowo;

INOC — inokulum;
POSR, POST — wibry topolowe, odpowiednio: przed, po obrobce boczniakiem ostrygowatym;

POBR, POBT — topolowa plyta widrowa, odpowiednio: przed, po obrébce boczniakiem
ostrygowatym,;

PISR, PIST — widry sosnowe, odpowiednio: przed, po obrébce wstgpnej boczniakiem
ostrygowatym,;

PIBR, PIBT — sosnowa plyta wiorowa, odpowiednio: przed, po obrobce boczniakiem
ostrygowatym
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1. Wstep

Rosnacy popyt na zrownowazone produkty drzewne i1 biopaliwa podkreslajg znaczenie
efektywnego zarzadzania odpadami z ptyt widrowych. Plyta widrowa, powszechnie stosowany
kompozyt drzewny wykonany z rozdrobnionego drewna i zwykle taczony zywica
mocznikowo-formaldehydowa (UF), odgrywa znaczaca role w produkcji mebli, materialow
budowlanych 1 wyposazenia wnetrz [Reh 1 in. 2024; Irle i in. 2010]. Pomimo swojej
wszechstronno$ci, odpady z ptyt widrowych stanowiag wyzwanie w zakresie utylizacji i
recyklingu, szczegélnie ze wzgledu na ich sklad chemiczny i syntetyczne spoiwa, ktore
utrudniajg ich rozktad i ponowne wykorzystanie. Problem ten jest pilny ze wzgledu na znaczng
wielko$¢ produkcji; roczna globalna produkcja ptyt widrowych przekracza 100 milionéw m?, a
sama produkcja europejska zbliza si¢ do 30 miliondw m?® [Szadkowska 2015; Reh i in. 2024].

Tradycyjne metody utylizacji ptyt wiérowych, takie jak sktadowanie na wysypiskach,
spalanie i recykling, maja swoje ograniczenia. Sktadowanie odpadéw, cho¢ proste, prowadzi
do uwalniania amoniaku i metanu oraz jest sprzeczne z przepisami UE majacymi na celu
redukcje odpadow [Parlament Europejski i Rada Unii Europejskiej 2008; Wang 1 in. 2011].
Spalanie moze odzyskac cz¢$¢ energii, ale budzi obawy srodowiskowe ze wzgledu na emisje i
potencjalne uwalnianie substancji niebezpiecznych [Moreno i Font 2015]. Recykling, chociaz
bardziej zrownowazony, jest utrudniony przez zanieczyszczenia Zywicami, farbami i lakierami,
ktore pogarszaja jako$¢ materialu pochodzacego z recyklingu w kolejnych cyklach
[Szadkowska 2015]. W rezultacie alternatywne rozwigzania, w tym konwersja odpadow z plyt
widrowych na biopaliwa, zyskaty uwagg.

Produkcja biopaliw z plyt widrowych oferuje obiecujaca $ciezke do zrownowazonego
gospodarowania odpadami. To podejscie wykorzystuje zawarto$¢ lignocelulozy w ptytach
wiorowych, ktora obejmuje celuloze, hemiceluloze 1 ligning. Odpady z plyt widrowych mozna
przeksztatci¢ w rdzne biopaliwa, takie jak pelety, bioetanol 1 biogaz, z ktérych kazde oferuje
odrebne korzysci. Peletyzacja odpadoéw z plyt widrowych zageszcza material, utatwiajac
transport 1 przechowywanie, a takze zwigkszajac jego gestos¢ energetyczna, co jest korzystne
w przypadku spalania [Demirbas 2004]. Tymczasem bioetanol i biogaz, produkowane w
procesach biochemicznych, oferujg odnawialne alternatywy dla paliw kopalnych i moga by¢
integrowane z istniejacg infrastrukturg energetyczng [Moreno 1 in. 2017].

Produkcja biogazu, szczegolnie przez fermentacj¢ beztlenowa, stata si¢ realng opcja ze
wzgledu na jej wydajno$¢ w przetwarzaniu rdznych rodzajow biomasy. Chociaz wydajno$¢
biogazu z ptyt wiorowych jest ogolnie niska, w poréwnaniu z bardziej konwencjonalnymi

zrodlami biomasy, postep w metodach wstgpnej obrobki moéglby znacznie poprawié te
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wydajnosci. Lignina, gtowny sktadnik biomasy lignocelulozowej, zwykle ogranicza produkcje
metanu ze wzgledu na swoja odporno$¢ na rozktad mikrobiologiczny. Dlatego zmniejszenie
zawarto$ci ligniny lub zmiana jej struktury poprzez wstepna obrobke mogloby zwigkszy¢
wydajnos$¢ fermentacji beztlenowej [Triolo 1 in. 2011; Stachowiak-Wencek 1 in. 2021].

W ostatnich latach biologiczne metody wstepnej obrobki, w tym degradacja grzybowa,
wykazaly potencjal poprawy strawnosci biomasy lignocelulozowej. W szczegdlnos$ci grzyby
biatej zgnilizny, takie jak Pleurotus ostreatus (boczniak ostrygowaty), wykazaty skutecznos¢ w
rozktadaniu ligniny i innych ztozonych zwigzkéw, co czyni je odpowiednimi do wstepnej
obrobki odpadéw z ptyt widrowych. Pleurotus ostreatus jest szczegolnie cenny ze wzgledu na
swoja zdolno$¢ do selektywnego lub nieselektywnego rozktadu ligniny, w zaleznosci od
warunkow $rodowiskowych [Bari i in. 2018]. Ta zdolno$¢ adaptacyjna pozwala mu na
czesciowa delignifikacje odpadow z ptyt widrowych, potencjalnie zwiekszajac wydajnos¢
biogazu i umozliwiajac lepsze zaggszczanie w postaci peletu. Ponadto Pleurotus ostreatus jest
szeroko badanym gatunkiem, ktéry ma zastosowanie w rdéznych procesach
biotechnologicznych, od produkcji biopaliw po remediacje srodowiska, co czyni go wazng
opcja do wstepnej obrobki ptyt widrowych [Sanchez 2010; Chen i in. 2017].

Niniejsza rozprawa ma na celu zbadanie zastosowania Pleurotus ostreatus jako
biologicznego wstepnego przetwarzania odpadow z plyt widrowych, ze szczegdlnym
uwzglednieniem zwigkszenia ich przydatnosci do produkcji biopaliw. Poprzez oceng wptywu
wstepnego przetwarzania grzybami na zawarto$¢ ligniny, dostgpnos$¢ celulozy 1 ogodlna
strawno$¢, niniejsze badania maja na celu dostarczenie spostrzezen na temat optymalizacji
gospodarowania odpadami z ptyt widrowych. Badanie oceni potencjalne ulepszenia w zakresie
wydajnosci biogazu z przetworzonych ptyt wiérowych i1 zbada wlasciwosci fizyczne pelet
wykonanych z wstgpnie przetworzonego materiatu. Biorac pod uwage pilng potrzebe
zrbwnowazonych rozwigzan dotyczacych odpaddw, ustalenia te moga przyczyni¢ si¢ do
szerszych wysitkow na rzecz ponownego wykorzystania odpadow kompozytowych z drewna
jako odnawialnego zrdodta energii, co jest zgodne z globalnymi celami zrownowazonego
rozwoju i rozwija technologie przetwarzania odpadéw w biopaliwa.

Niniejsza rozprawa doktorska jest kontynuacja badan rozpoczg¢tych w ramach pracy
magisterskiej autora [Tryjarski 2019], ktore po korektach i opracowaniu zostaly opublikowane

w ramach artykutu [Tryjarski 1 in. 2022].
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2. Przeglad literatury

2.1. Plyta wiorowa jako kompozyt drzewny
Plyty widrowe sg produktami drewnopochodnymi [Reh i in. 2024], zaliczanymi do

paneli drzewnych [Irle i in. 2010), a te z kolei sg uznawane za kompozyty drzewne [Reh i in.
2024; Balatinecz i Kretschmann 2001]. Kompozyty drzewne wytwarza si¢ z rozdrobnionego
drewna, ktore po odpowiednim zaklejeniu pozwala uzyska¢ produkt o wigkszej wartosci
uzytkowej, jednorodnosci i w wiekszej ilosci [Balatinecz i Kretschmann 2001].

Plyty widrowe sa zwykle wykonane z trzech warstw, zewngtrzne z drobniejszych
czastek a wewnetrzna z grubszych i klejone, zwykle zywicg mocznikowo-formaldehydowa.
Zawarto$¢ zywic stosowanych do zaklejania ptyt wynosi 4-10%, ale zwykle zawiera si¢ w
wezszym zakresie 6-9%, przy czym w warstwach zewnetrznych plyt zywicy jest nieznacznie
wiecej niz w wewnetrznej. Dodatkowo stosowane sa parafiny lub emulsje mikrokrystaliczne
wosku, w celu zwigkszenia odpornosci na krotkotrwale dziatanie wody. Ptyty widrowe znajduja
zastosowanie gtownie wewnatrz budynkow. Stanowig one warstwy wewngetrzne fornirow 1
laminatow, z ktorych wykonane sg blaty, potki, drzwi, $cianki dzialowe, wykonczenie wnetrz i
meble [Rowell 2014].

Panele drzewne wytwarzane sg gléwnie z drewna drzew iglastych ze wzgledu na jego
wiekszg dostepnos¢ [Pedzik i in. 2021]. Z tego wzgledu, a takze z uwagi na wlasciwosci
fizyczne najpopularniejszym gatunkiem wykorzystywanym na panele drzewne w Polsce jest
sosna, a sposrdd drzew lisciastych olcha i brzoza [Frackowiak i in. 2012]. Inne zrédta wskazuja
na drewno $§wierkowe jako gléwny gatunek drewna, a drewno brzozy, modrzewia i olchy
rozwazane sg jako surowce, obecnie nieuzywane do produkcji ptyt widrowych w Europie
Srodkowej, ktore mozna by dodawaé do mieszanek widrowych [Reh i in. 2024].

Chociaz drewno gatunkéw lisciastych jest wykorzystywane w produkcji paneli
drzewnych w stopniu mniejszym niz iglaste, staje si¢ ono coraz bardziej popularne jako
surowiec dla przemystu. Spowodowane jest to wysitkami naukowcéw i lesnikoOw na rzec
zwickszenia biordznorodnosci [Pedzik i in. 2021]. W Europie Srodkowej, ze wzgledu na
ograniczone ilos$ci surowca do wytwarzania ptyt wiorowych, ktorym jest gtownie drewno
Swierkowe, wzrasta wykorzystanie drewna pochodzacego z recyklingu, zmniejszana jest
gesto$¢ plyt wiorowych co pozwala ograniczy¢ zapotrzebowanie na drewno, a ponadto
uzywane sg tez materiaty lignocelulozowe inne niz drewno. Perspektywicznym surowcem do
wytwarzania ptyt widrowych jest takze drewno topolowe, ze wzgledu na swoja migkko$¢ 1 matg

gestos$¢, co wptywa na warunki obrobki i lekkos$¢ paneli.
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2.2.  Drewno topolowe jako surowiec do wytwarzania ptyt widrowych
Topole sg atrakcyjne jako uprawy lesne, a w Ameryce Potnocnej kompozyty drzewne z

drewna topolowego sa konkurencyjne w stosunku do produktow z drewna iglastego. Wzrost
zainteresowania drewnem topolowym przez przemyst drzewny Stanéw Zjednoczonych i
Kanady zwigzany byt ze wzrostem cen wtokien z drewna iglastego oraz dostgpnoscia topdl po
znacznie nizszych cenach. Hybrydy topoli maja dodatkowe zalety jak mozliwo$¢ uprawy blizej
odbiorcow i potencjat selekcji cech pod katem konkretnych produktéw. Drzewa te sg specjalnie
hodowane dla zwigkszenia ich odporno$ci na choroby, przyrostu drewna oraz dtugosci wtokien.
Chociaz drewno topolowe jest podatne na rozklad, to zgnilizn¢ mozna ograniczy¢ przez
modyfikacje genetyczng [Balatinecz, Kretschmann 2001]. W Polsce w tym zakresie sa
prowadzone badania genetyczne. Celem tych badan jest zwickszenie wydajnosci, tempa
wzrostu oraz poprawy wiasciwosci drewna z wykorzystaniem drewna topoli z plantacji drzew
szybko rosnacych jako surowca do produkcji ptyt drewnopochodnych [Bernacki i in. 2023].
Wyniki tych badan staly si¢ inspiracja do wykorzystania topoli w ramach niniejszej rozprawy
doktorskie;j.

2.3. Zagospodarowanie odpadow ptyty widrowe]
Roczna produkcja pltyt widrowych wynosi ponad 100 mln m® z przewidywanym

wzrostem do 122 mln m* w 2029 roku. W Europie rocznie wytwarzane jest prawie 30 mln m?
ptyt widrowych, gtéwnie na cele meblarskie [Reh 1 in. 2024]. Przy zatozeniu, Zze produkty
przemystu meblarskiego eksploatowane sg $rednio przez 5 lat, po czym czg¢$¢ z nich kierowana
jest do utylizacji [Szadkowska 2015], niezbedne jest zagospodarowanie powstajacych
odpaddw. Do metod utylizacji tych produktow nalezg: sktadowanie na sktadowiskach odpadow,
az ulegng naturalnemu rozktadowi lub zostang zagospodarowane w inny sposob, spalenie w

spalarniach odpadow, recykling oraz wytwarzanie biopaliw [Szadkowska 2015].

2.3.1. Skfadanie na sktadowiskach odpadow
Sktadowanie odpadow wiaze si¢ z zajmowaniem powierzchni pod sktadowiska oraz

strata materiatu, ktéry mogltby zosta¢ wykorzystany w inny sposob [Karade 2010]. Cho¢
zjawisko zostato opisane dla odpaddéw innych niz ptyta widrowa [Karade 2010], ten sam
problem prawdopodobnie dotyczy plyt. Dodatkowo skladowanie plyt widrowych na
sktadowiskach moze powodowac przenikanie amoniaku do odciekow ze skladowisk i1 emisje
metanu do atmosfery [Wang i in. 2011]. Co wiecej sktadowanie odpadow na sktadowiskach jest
najmniej pozadanym rozwigzaniem z punktu widzenia przepisow unijnych [Parlament

Europejski 1 Rada Unii Europejskiej 2008].
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2.3.2. Spalanie odpadéw
Chociaz w literaturze spalanie odpadéw przemystu meblarskiego, a wigc i ptyt

wiorowych, wspominane jest w kontek$cie spalania w spalarniach odpadéw [Szadkowska
2015], mozliwe jest to takze w innych instalacjach, np. wykorzystujace procesy pirolizy.
Termiczne przeksztatcanie odpadéw moze wigzaé sie tez z odzyskiem energii, co stwarza
dodatkowe zastosowanie odpadow plyt wiorowych jako zrédta energii [A. I. Moreno, Font
2015].

Odpady plyt wiorowych sa rozwazane jako biomasa w konteks$cie ich termicznego
przeksztatcania z odzyskiem energii, gdyz odpady te sktadaja si¢ w wiekszosci z surowcow
lignocelulozowych, mimo modyfikacji hydrotermicznej materialu 1 obecnos$¢ zywic.
Rozdrobniona biomasa charakteryzuje si¢ niskg gestoscig usypows, a wytworzenie z niej pelet
pozwala zwickszy¢ gesto$¢ energetyczng [Tumuluru i in. 2010], utatwia takze transport i
obstuge produktu [Pradhan i in. 2018] oraz zmniejsza generowanie pyldw podczas procesu

spalania pelet [Demirbas 2004].

2.3.3. Recykling
Recykling ptyt widrowych wigze si¢ z pewnymi ograniczeniami, ktore wynikaja z

zanieczyszczenia, np. w postaci zywic wykorzystanych do ich klejenia, oklein, farb i lakierow
oraz fakt, ze kolejne cykle rozdrabniania, ze wzgledu na zmniejszenie wymiardw czastek

wymuszajg zastosowanie wiekszej ilosci zywic do zaklejenia ptyt [Szadkowska 2015].

2.3.4. Wytwarzanie biopaliw
Innym sugerowanym sposobem zagospodarowania odpadow ptyt jest wytworzenie z

nich biopaliw, bioetanolu [Szadkowska 2015]. Odpady ptyty widrowej zawierajag materiat
lignocelulozowy [Jafariiin. 2011] i takze inne Zzrodta wskazujg na badanie ptyt wiérowych pod
katem wytwarzania z nich bioetanolu [Cho 1 in. 2011; Jafari i in. 2011]. Przetworzenie odpadow
ptyt na biopaliwo daje szans¢ na zagospodarowanie materiatu, ktory nie zostat wykorzystany
przez przemyst drzewny, nie powodujac obcigzenia dla sSrodowiska sktadowaniem odpadow az
do ich naturalnego rozktadu [Szadkowska 2015]. Sposrod biopaliw lignocelulozowych
bioalkohole sg obiecujacg alternatywa dla sektora transportowego poniewaz moga korzystaé z
obecnych systemow dystrybucji paliw i sg tatwiejsze w przechowywaniu w poréwnaniu z
biodieslem lub biogazem. Dla zapewnienia konkurencyjnosci etanolu produkowanego z
materiatow lignocelulozowych konieczne jest jednak obnizenie kosztow produkcji [A. D.
Moreno i in. 2017].

Innym biopaliwem, ktéry potencjalnie mozna by wytwarza¢ z odpadoéw ptyt wiérowych

jest biogaz. Produkcja biogazu w procesie fermentacji anaecrobowej jest korzystniejsza niz inne

19



procesy zwigzane z biomasg jak produkcja bioetanolu [ Tabatabaei i in. 2020]. Cho¢ fermentacja
anaerobowa takze ma ograniczenia (wysokie koszty inwestycyjne), to jest technologia dojrzata,
uwazang za kluczowe zrddlo energii odnawialnej i kluczowa technologie w kontekscie
uniezalezniania si¢ od paliw kopalnych, szczego6lnie od gazu ziemnego [Aryal 1 in. 2018].
Fermentacja anaerobowa pozwala tez zredukowaé emisj¢ biogazu zachodzaca podczas
naturalnego rozktadu biomasy [Pecar i in. 2020], co w innym wypadku jest jednym z
negatywnych skutkéw sktadowania ptyt widrowych na sktadowiskach. Podczas fermentacji
plyt widrowych uzyskano jednak mata wydajno$é metanu 5,6 £3,3 ml-g~! s.m., co mogto byé
zwigzane z metodyka badan [Wang i1 in. 2011]. Dla poréwnania uzysk metanu z kiszonki
kukurydzy na zaadoptowanym inokulum wyni6st 388 ml-g ! s.m. [Basinas i in. 2022]. Niski
uzysk metanu z odpadéw plyt widrowych wymaga wigc usprawnienia procesu fermentacji
anaerobowej jesli dazy si¢ do produkcji biogazu jako biopaliwa.
2.4. Biopaliwa z odpadow ptyty widrowej

W ostatnich latach biopaliwa pochodzace z odpadow ptyt widrowych zyskaty uwage
jako zréwnowazone zrodla energii, szczegdlnie w postaci pelet i biogazu. Przez ponowne
wykorzystanie materiatow odpadowych z drewna, takich jak ptyty wiérowe wigzane zywica
mocznikowo-formaldehydowa, biopaliwa te zmniejszajg ilo$¢ odpadéw sktadowanych na
wysypiskach, zapewniajac jednocze$nie alternatywne zrodla energii odnawialnej. Inne
biopaliwa, w tym bioolej 1 gaz syntezowy, s3 rowniez produkowane za pomoca
zaawansowanych procesOw termochemicznych, takich jak piroliza i gazyfikacja, co rozszerza

potencjalne zastosowania odpadow plyt widrowych w produkcji energii [Gaze 1 in. 2023].

2.4.1. Pelety
Biomasa sosnowa i1 topolowa podawane s3 procesowi peletowania w celu wytworzenia

odnawialnych Zrédel energii [Mateusz Stasiak i1 in. 2020], sugerowane jest wigc takze
wytworzenie pelet z odpaddéw ptyt widrowych, jako ze sa zbudowane w wigkszo$ci z biomasy.

Jak wspomniano wczesniej (rozdziat 2.3.2.), wytworzenie pelet z biomasy pozwala na
polepszenie jej wlasciwosci w kontekscie obstugi i spalania produktu. Sam proces peletowania
wigze si¢ ze zmiang wlasciwos$ci materiatu 1 wymaga optymalizacji parametréw technicznych
w celu uzyskania produktu jak najlepszej jakosci (maksymalna trwato$s¢ (w %) lub
wytrzymato$¢ (w MPa) 1 gesto$¢ energetyczna) przy minimalnym zuzyciu energii w podczas
ich produkcji [Monedero i in. 2015]. Zwigkszanie gestosci oraz trwatosci 1 wytrzymatosci pelet
taczy si¢ ze zwigkszeniem naktadow energetycznych na zageszczanie [Yeom i in. 2019].
Wytrzymato$¢ pelet zalezy tez od wielu parametrow materialéw do ich wytwarzania, m.in. od:

rodzaju biomasy [Holm i in. 2006], przechowywania surowej biomasy [Holm i in. 2006],
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wielko$ci czastek substratu [Bergstrom i in. 2008; Shaw 1 in. 2009; Serrano i in. 2011;
Theerarattananoon i in. 2011; Holm 1 in. 2006] i ich ksztaltu [Holm i in. 2006], obecnos$ci
zwigzkoéw ekstrakcyjnych w substracie [Nielsen i in. 2010], wilgotno$ci [Holm i in. 2006],
gestosci substratu [Serrano 1 in. 2011], zastosowania lepiszczy, a takze obrobki wstepnej
biomasy, metod 1 parametrow peletowania, sposobu chiodzenia i przechowywania pelet,
gestosci pelet 1 zawarto$ci ligniny [Holm 1 in. 2006]. Jakos$¢ pelet zalezy od wilasciwosci
surowej biomasy [Arshadi i in. 2008; Mediavilla i in. 2012], a takze od warunkéw procesu
peletowania [Mediavilla i in. 2012].

Przed peletowaniem biomasa moze wymaga¢ rozdrobnienia. Drobniejsze czastki
obecne w aglomerowanej mieszaninie maja wtasciwosci, ktore wptywaja korzystnie na proces
aglomeracji 1 jakos$¢ pelet [Sudhagar Mani i in. 2004; Mayer-Laigle i in. 2018]. Drobne czastki
zmniejszajg zuzycie energii podczas peletowania [Mayer-Laigle 1 in. 2018], jednak samo
rozdrabnianie materialow jest procesem energochtonnym, a zuzycie energii zalezy od rodzaju
i wlasciwos$ci biomasy, jak 1 wilgotno$¢ oraz wielkos¢ czastek a takze parametrow pracy
maszyny rozdrabniajacej [Miao i in. 2011]. Do rozdrabniania biomasy stosuje si¢ roézne
elementy robocze [Miao i in. 2011; Pradhan i in. 2018], jednak do rozdrabniania drewna
najbardziej nadaja si¢ mlyny nozowe i miotkowe [Petre I. Miu i in. 2006]. Mtyny nozowe
nadaja si¢ do rozdrabniania takze materiatéw o wigkszej wilgotnosci, a mtyny mtotkowe
pozwalaja rozdrabnia¢ twardszy materiat o wigkszych czastkach i lepiej nadaja si¢ do
materiatdw o mniejszej wilgotnosci. Rozdrabnianie mtynem nozowym charakteryzowato si¢
mniejszym zuzyciem energii przy niewielkiej redukcji efektu rozdrabniania [Jewiarz i in.
2020], dodatkowo materiat drzewny rozdrobniony mitynem nozowym charakteryzowatl si¢
mniejszg zawartoscig pytu [Paulrud 1 in. 2002]. Do rozdrabniania plyt widrowych wskazane
jest wigc zastosowanie mtyna nozowego.

Poza mieleniem, aglomeracja ci$nieniowa biomasy powigzana jest z wieloma procesami
uzupelniajacymi, m.in. transportem, mieszaniem, kondycjonowaniem, sktadowaniem [Xu i in.
2018]. W procesach tych wymagany jest stabilny przeptyw materiatu, bez samoistnego taczenia
si¢ czastek w aglomeraty lub separacji. Naprezenia konsolidacyjne i1 stosowane rozwigzania
techniczne w transporcie, przetwarzaniu i magazynowaniu wplywaja na charakterystyki
sypko$ci rozdrobnionej biomasy [Mateusz Stasiak i in. 2020]. Mozliwo$ci zastosowania
technik do obstugi biomasy zaleza tez od jej wlasciwosci. Przyktadowo, badany materiat z
mniejszg zawartoscig wydtuzonych hakowatych czastek charakteryzowat si¢ lepsza sypkoscia.
Wyzsza wilgotnos¢ powigzano, m.in. z wigkszym katem tarcia wewngtrznego, utrudnionym

przegrupowywaniem si¢ czastek, co zmniejsza gesto$¢ usypowa [Gil i in. 2013]. Drobniejsze
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czastki w aglomerowanej mieszaninie maja wlasciwosci [Sudhagar Mani i in. 2004], ktore m.in.
zwigkszaja gestos¢ usypowa i sypkos¢ biomasy oraz zmniejszajg jednostkowe zuzycie energii
peletowania [Mayer-Laigle i in. 2018].

Z przytoczonych powyzsze argumentéw wynika, ze sypkos¢ biomasy uwzgledniana jest
w konteks$cie aglomeracji ci$nieniowej. W przypadku rozdrobnionej biomasy mozna jg mierzy¢
réznymi metodami, jak kat zsypu, nasypu (ang. angle of repose AOR) [Mateusz Stasiak i in.
2015], wyznaczenie parametréw upakowania [Rezaei i1 in. 2016], $cinanie skonsolidowanej
mieszaniny [,,Eurocode 1 2006]. Ostatnia z metod pozwala wyznaczy¢, m.in. indeks sypkosci
1 kohezj¢ [Mateusz Stasiak i in. 2020], a rozdrobniony materiat o kohezji ponizej 2 kPa 1 kacie
tarcia wewnetrznego ponizej 30° jest klasyfikowany do materiatow ptynacych pod wptywem
grawitacji [Fasina 2006]. Witasciwos$ci sypkich materialow pozwalaja okresli¢ przyczyny
problemow z ptynigciem materiatow [Fasina 2006]. Sypkos¢ rozdrobnionego materialu zalezy
od jego wlasciwosci, takich jak: tekstura, szorstko$¢ 1 wilgotnos¢ [Mateusz Stasiak i in. 2020],
rozktad wielko$ci czastek 1 ich ksztatt [Mateusz Stasiak i in. 2019], stopien konsolidacji [M
Stasiak 1 in. 2018], temperatura uktadu [Wilen, Rautalin 1995; Tomasetta i in. 2014] i
wilgotnos$¢ powietrza [Ganesan 1 in. 2008].

Ograniczona liczba publikacji wigzacych metode¢ rozdrabniania materialu z
energochtonno$cig procesu [Jiang i1 in. 2017], efektywnos$cia energetyczng rozdrabniania
[Eisenlauer, Teipel 2021], rozktadem wielko$ci czastek [Kratky, Jirout 2020] 1 sypkoscia
wiorow drzewnych, pod katem wytwarzania warstw wewnetrznych ptyt wiérowych, brykietow
a po dalszym rozdrobnieniu pelet [Moiceanu i1 in. 2019] wskazuje na luk¢ w wiedzy do

wypehnienia.

2.4.2. Biogaz
Biomasa lignocelulozowa jest ztozonym materiatem 1 rdzne jej parametry wptywaja na

produkcje biogazu i metanu. Sam proces fermentacji anaerobowej w réznych badaniach
prowadzony jest w r6znych warunkach 1 na r6znych substratach, co utrudnia ocen¢ wptywu
poszczegbdlnych parametrow, tym bardziej, ze liczba i rodzaj uwzglgdnianych parametrow roézni
si¢ migdzy doswiadczeniami. Przyktadowo, todygi odmian stonecznika, surowe i poddawane
obrobkom wstepnym, zaleznie od badan wykazywaty zalezno$¢ miedzy zawartoscia ligniny
Klasona a produkcja metanu na poziomie R? odpowiednio 0,92 i 0,46. Nalezy jednak
wspomniec, ze wystapity pewne rdéznice w metodyce oznaczania ligniny [F. Monlau i in. 2012;
Florian Monlau i in. 2013].

Prowadzone sg tez analizy uwzglgdniajace wigcej parametrow biomasy. W badaniach

nad r6znymi rodzajami obornika 1 roslin energetycznych, przeanalizowano produkcj¢ biogazu
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1 jej zwigzek z zawarto$cig ligniny kwasno-detergentowej (ADL), wildkna kwasno-
detergentowego (ADF) i wldkna neutralno-detergentowego (NDF), a po obliczeniu zwigzkow
lignocelulozowych powigzano ilo$¢ biogazu z zawarto$cig ligniny, hemicelulozy i celulozy.
Uwzgledniajac wszystkie substraty razem, produkcja biogazu byta skorelowana z zawartoscig
ligniny (wspotczynnik determinacji R? = 0,883), a uwzgledniajac dodatkowo celuloze zmiana
byta niewielka (wzrost R? do 0,885) [Triolo i in. 2011]. Produkcje metanu z czesci réznych
zboz, stonecznika, lasecznicy trzcinowatej, topinamburu powigzano z zawartoscig ligniny,
krystalicznej celulozy, rozpuszczalnych cukrow, amorficznej holocelulozy, biatka i kwasow
uronowych. Model uwzgledniajacy te parametry skorelowany byl z produkcja metanu,
wspotczynnik determinacji wynosit 0,88. Wptyw grup uronowych nie byt statystycznie istotny.
Korelacja ilo$ci wyprodukowanego metanu z zawartoscia samej ligniny wyniosta 0,82 [Florian
Monlau 1 in. 2012]. W innej publikacji analizie poddano 11 parametréw biomasy:
krystaliczno$¢ celulozy, zawarto$¢ ligniny, holocelulozy, celulozy, pentozanow, substancji
ubocznych, substancji rozpuszczalnych w 1% NaOH, grup OH z ligniny, grup C=0, proporcje
jednostek ligninowych syringylowych / gwajakolowych (S/G), proporcja grup alifatycznych do
pierScieni aromatycznych. Pierwszy z parametréw wyznaczono z wykorzystaniem dyfrakcji
rentgenowskiej (XRD), a ostatnie 3 jako proporcje w widmach spektroskopii w podczerwieni
z transformacjg Fouriera (FTIR). Nie wszystkie z parametrow okazaly si¢ istotne statystycznie.
Po 6 z tych parametréw wykorzystano do zbudowania modeli. W przypadku produkcji biogazu
model opisywal 86% zmiennos$ci produkcji, a w przypadku metanu byto to 68% [Stachowiak—
Wencek i in. 2021].

Odmienne podejécie zastosowano, analizujac wspdtczynnik determinacji R? miedzy
produkcja metanu a ubytkiem celulozy, hemiceluloz 1 ligniny. Lupiny kisci palmy olejowe;j
poddano obrébee wstepnej dwoma gatunkami grzybow, tj. boczniaka ostrygowatego (Pleurotus
ostreatus (Jacq.) P. Kumm.) i Trichoderma reesei w r6znych warunkach wilgotno$ci. Warto$¢
wspolczynnika determinacji wyniosta odpowiednio 0,88; 0,93; 0,59; 0,68; 0,64; 0,53 [Suksong
1 in. 2020]. W wigkszosci powyzszych publikacji lignina byta czynnikiem ograniczajacym
produkcje metanu, chociaz wartoéé R? miedzy ligning a produkcja metanu byt mata [Florian
Monlau i in. 2013; Suksong i in. 2020].

Na produkcj¢ metanu maja rowniez wptyw takie czynniki, jak odczyn srodowiska pH,
wielko$¢ czastek, dostgpna powierzchnia, porowatos¢ 1 wilgotno$¢ materiatu [Florian Monlau
1 1n. 2012]. Nie zostato jednak zdefiniowane, czy wszystkie z tych parametrow dotycza samej

biomasy, czy tez np. catego srodowiska reaktora.
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W badaniach fermentacji anaerobowej frakcji odpadow owocowo-warzywnych,
rozplenicy stoniowej i sorga zbudowano modele wigzace produkcje metanu z 5 zmiennymi, tj.
zawartoscig rozpuszczalnych weglowodandow, ADF, proporcji lignina: ADF, azotem i popiotem.
Wspotezynnik determinacji R? dla tych modeli wynidst >0,9 [Gunaseelan 2007]. Obecnoséé
azotu w modelach jest warta wspomnienia przy fermentacji anaerobowej ptyt widrowych,
chociaz nalezy mie¢ na uwadze, ze badane materiaty r6znig sic od plyty widrowej. Zywica
mocznikowo-formaldehydowa stosowana najczg$ciej do zaklejania ptyt widrowych zawiera
azot, wiec wzbogaca plyty widrowe w ten pierwiastek. Przykladowo, stosujac zywice o
proporcji molowej formaldehyd: mocznik = 1,1:1 1 jej zawarto$¢ w ptycie 10% (10 g zywicy/
100 g wiorow) [Thnat i in. 2018], udzial samego azotu z zywicy w ptycie wynosi 2,7%. Udziat
ten moze si¢ r6znié, poniewaz w artykule zrédtowym [Thnat i in. 2018] nie uwzglgdniono zmian
w sktadnikach wiorow i zywicy podczas wytwarzania ptyt.

Takze proporcja wegla do azotu (C/N) jest waznym parametrem dla procesu fermentacji
anaerobowej, a zbyt wysoka lub zbyt niska warto$¢ tej proporcji jest niekorzystna dla procesu.
Wegiel jest zrodlem energii a azot jest potrzebny do wytwarzania enzymow w procesie
fermentacji anaerobowej [Rodriguez i in. 2018]. Uwaza si¢, ze optymalna proporcja C/N miesci
si¢ w przedziale 20-30 [Chandra i in. 2012]. W przypadku fermentacji anaerobowej mieszanek
r6znych odpadow najwigkszy uzysk metanu osiggni¢to dla C/N migdzy 15,8 [Zhang i in. 2013]
a 29,7 [Kainthola, Kalamdhad, Goud 2019]. W przypadku sosny 1 topoli wartos¢ C/N
przekracza 100 [Paul, Dutta 2018], jest wigc zbyt wysoka dla optymalnego procesu fermentacji
anaerobowej. Dla ptyty widrowej sytuacja jest korzystniejsza z powodu dodatku zawierajacej
azot zywicy, co znaczaco wptywa na proporcje C/N w substracie. Uzysk metanu z plyty
widrowej jest niewielki (patrz rozdziat 2.3.4), a sama zywica UF spowodowala niewielka
inhibicj¢ produkcji metanu i nie uznano tego, ze bylo to spowodowane przez mogacy si¢
uwalnia¢ z Zzywicy amoniak [Wang i in. 2011].

2.5. Obrdbka wstepna biomasy

Dla przyspieszenia fermentacji anaerobowej drewna wymagana jest obrobka wstepna.
Do metod obrobki wstepnej naleza m.in. metody biologiczne, w tym z wykorzystaniem
grzybdw biatego rozktadu drewna. W poréwnaniu do chemicznej obrébki wstepnej [Pecar 1 in.
2020], biologiczng obrobke wstepng uwaza si¢ przyjazng dla srodowiska 1 energooszczedna,
poniewaz prowadzona jest w warunkach temperatury pokojowej i bez podwyzszonego
ciSnienia oraz nie wymaga zastosowania specjalnego wyposazenia 1 odczynnikéw
chemicznych. Jest jednak powolna i powoduje straty weglowodandw wykorzystywanych przez

mikroorganizmy do wlasnego wzrostu i1 metabolizmu. Wskazuje si¢ wiec, ze obrobka
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biologiczna powinna by¢ taczona z innymi metodami obrobki wstepnej [ Wijeyekoon, Vaidya
2021].

Wedlug innej publikacji do wad obrobki wstgpnej grzybami przed fermentacja
anaerobowg nalezg: wysokie koszty inwestycyjne i operacyjne, zuzycie cz¢sci wytworzonych
cukrow redukujacych, niski uzysk cukrow, dlugotrwato$¢ procesu oraz wymagana uprzednia
sterylizacja [Tabatabaei i in. 2020]. Chociaz w publikacji dotyczacej biologicznej obrobki
wstepnej [Wijeyekoon, Vaidya 2021] wspomniano o temperaturze pokojowej, to w okresie
najkorzystniejszym dla wzrostu grzybow na terenie Polski wymagane jest utrzymanie
temperatury wyzszej od otoczenia przez dhlugi czas, co podnosi zuzycie energii i koszty.
Dodatkowo obrobka wstgpna materiatu w warunkach innych niz ptynne wymaga takze
utrzymania odpowiedniej wilgotnosci. Takze sterylizacja podnosi zuzycie energii i generuje
dodatkowe koszty.

Z drugiej strony, biologiczne metody obrdobki wstgpnej uwazane sg za kompatybilne z
fermentacja anaerobowa i wykazuja z nig synergizm, jako ze nie wytwarzaja zwigzkow
inhibitujacych. Poza zwigkszaniem wydajnosci hydrolizy zachodzacej podczas fermentacji
anaerobowej, obrobka biologiczna moze podnie$¢ jako$¢ substratu poprzez usuwanie
zwigzkow ograniczajacych wydajnos$¢ fermentacji anaerobowej [ Wijeyekoon, Vaidya 2021].

Do zalet obrobki wstepnej grzybami naleza: najwigksza efektywnos$¢ delignifikacji
lignocelulozy sposréd metod biologicznych, tatwos$¢ hodowli 1 szybki wzrost, potencjal do
zastosowania réwnoczesnie z fermentacja anaerobowa (dotyczy grzybow beztlenowych),
mozliwo$¢ wiaczenia w koncepcje biorafinerii oraz zwigkszenie podatno$ci substratu na
dzialanie enzymow [Tabatabaei 1 in. 2020]. Chociaz bakterie sg w stanie rozktadac¢ ligning 1 ze
wzgledu na réznorodnos¢ dostosowania do pozywek 1 warunkéw srodowiskowych uwazane sg
za lepsze mikroorganizmy do przemystowego wytwarzania enzymow lignolitycznych [Adarsh
Kumar, Chandra 2020], to grzyby efektywniej prowadza delignifikacje lignocelulozy
[Tabatabaei 1 in. 2020]. Proponowane jest wigc zastosowanie grzybow biatego rozktadu w
obrobce wstepnej odpadow plyty widrowe;.

2.6.  Wybor boczniaka ostrygowatego do obrobki wstepnej ptyty widrowe;j

Boczniak ostrygowaty jest kosmopolitycznym grzybem biatego rozktadu, saprofitem
rozktadajacym gldwnie drewno drzew liSciastych [Unger i in. 2001]. Boczniak ten, zaleznie od
panujacych warunkdw, jest zdolny do prowadzenia zaréwno selektywnej jak i nieselektywnej
delignifikacji drewna. Oba procesy moga zachodzi¢ rdwnocze$nie w roéznych miejscach
rozktadanego materiatu. Boczniak ostrygowaty moze takze przechodzi¢ z jednego trybu

rozktadu na drugi [Bari 1 in. 2018].
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Boczniak spotykany byt takze na ptytach widrowych. Znaleziony byt takze wewnatrz
budynkéw([Unger i in. 2001]. Termin ‘particleboard’ podany w zrdédle [Unger i in. 2001] nie
zostat jednak sprecyzowany i nie wykluczone, ze jego znaczenie bylo w tym przypadku szersze
niz ptyta widrowa [Irle 1 in. 2010]. Boczniak jest takze drugim najczesciej uprawianym na
swiecie grzybem jadalnym, po pieczarce dwuzarodnikowej. Jest on tatwy w hodowli 1 cechuje
si¢ wlasciwosciami leczniczymi [Séanchez 2010]. Grzyb ten byt badany pod katem réznych
zastosowan: poprawy jakosci pasz [Chen 1 in. 2017], wytwarzania enzymow [Okereke i in.
2017], rozktadu farmaceutykoéw [Sosnicka i in. 2022], rozktadu barwnikéw [Knapp 1in. 1995],
oczyszczania $ciekow z produkcji oleju z oliwek (OMW) [MARTIRANI i in. 1996],
oczyszczania gleby [Pozdniakova i in. 2008] czy oczyszczania odciekéw ze sktadowisk
odpadow [Vaverkova i in. 2018]. Byt on badany takze w obrobce wstgpnej roznych materiatow
lignocelulozowych.

Podczas 30 dniowej obrobki stomy kukurydzianej boczniakiem ostrygowatym w 25 °C
zawarto$¢ ligniny spadla z 18,45% do 8,35%, a w przypadku ligniny nierozpuszczalnej w
kwasie spadek wynosit z 17,79% do 7,64%. Rownoczesnie doszto do zmniejszenia
krystaliczno$ci materiatu z 34,99% do 15,22% [Chen i in. 2017]. Zmiany w drewnie nie byty
az tak duze. Obrobka wstepna drewna topolowego przez 28 dni w temperaturze 28 °C pozwolita
zmniejszy¢ zawartos¢ ligniny z 27,19% do 25,72% oraz zwigkszy¢ zawartos¢ hemiceluloz i
celulozy z 18,34% 1 47,19 % do odpowiednio 19,40% 1 52,65% (wartosci bezpopiotowe,
material wysuszony). Niewielki spadek stosunku ligniny do weglowodanow byt widoczny tez
podczas analiz chromatografig gazowa (Py-GC/MS) [Fu i in. 2021].

Do zwigkszenia wydajnosci biogazu boczniak ostrygowaty stosowano do obrobki
wstepnej roznych substratow takich, jak: kiszonka kukurydzy [Basinas i1 in. 2022], stoma
ryzowa [Mustafa i in. 2016; Kainthola, Kalamdhad, Goud, i in. 2019], pgczki owocoéw palmy
olejowej po ttoczeniu oleju [Suksong i in. 2020], drewno brzozy [Hashemi i in. 2022] 1 liscie
banana [Richard 1 in. 2020].

Chociaz w poczatkowych badaniach wykazano mniejszy wzrost produkcji biogazu i
metanu po wstgpnej obrobce kiszonki kukurydzy boczniakiem ostrygowatym niz innym
gatunkiem grzyba, to boczniak zostal wybrany do dalszych badan ze wzgledu na inne
parametry, ktore okazat si¢ efektywniejsze. Ostatecznie obrobka boczniakiem ostrygowatym
zwigkszyla produkcje metanu 1,57-raza, do 473 ml-g™' s.m.o. [Basinas i in. 2022].

W przypadku stomy ryzowej poddanej obroébce boczniakiem ostrygowatym, plukanej
woda dejonizowang a nastgpnie wysuszonej osiggnieto produkcje biogazu i metanu w iloSci,

odpowiednio 367 ml-g'sm.o. i 263 ml-g'sm.o., co oznaczalo wzrost wydajnosci,
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odpowiednio 0 96% 1 119% 1 byt to wynik lepszy niz dla innego grzyba, Trichoderma reesei
[Mustafa i in. 2016]. Zastosowanie tych samych gatunkow grzyba na innym materiale (pgczki
owocow palmy olejowej po ttoczeniu oleju) takze zwigkszylo produkcje metanu, ale w tym
wypadku boczniak ostrygowaty okazat si¢ mniej skuteczny od Trichoderma reesei. Produkcja
metanu wyniosta odpowiednio 267,1 ml-g™! s.m.o0. i 311,7 ml/g s.m.o. po obrébce boczniakiem
i Trichoderma reesei i 149,1 ml-g'' s.m.o. dla materialu nie poddanego obrébce wstepnej
[Suksong 1 in. 2020]. W innym badaniu stom¢ ryzowa poddano dziataniu trzech gatunkow
grzybodw: boczniaka ostrygowatego, Phanerochaete chrysosporium i Ganoderma lucidum, co
pozwolito na produkcje metanu w iloéci, odpowiednio 269,99 ml-g™! s.m.o0., 295,91 ml-g
U'sm.o. i 339,31 ml-g"! s.m.o. Chociaz boczniak wypad!l najslabiej w tym zestawieniu, to
produkcja metanu wcigz byla wicksza o 64% od stomy nie poddanej obrobee [Kainthola,
Kalamdhad, Goud, i in. 2019].

Boczniak ostrygowaty badano roéwniez w wielostopniowej obrobce wstepnej. Drewno
brzozy poddano obrobce wstepnej wybuchem parowym, a nastgpnie boczniakiem, ktorego
dodatkowo poprzedzono lub nie dodatkowymi etapami obrdobki wstepnej. Chociaz we
wszystkich kombinacjach boczniak zwigkszyt produkcje metanu z substratu, to w opisywanych
badaniach skuteczniejszy okazat si¢ jednak inny gatunek grzyba, Lentinula edodes [Hashemi 1
in. 2022].

Boczniak ostrygowaty moze takze prowadzi¢ do spadku produkcji biogazu.
Przeprowadzono badania nad dwuetapowym wykorzystaniem odpadow lisci banana, gdzie w
pierwszym etapie liscie postuzyly jako podloze do uprawy boczniaka w celu pozyskania
owocnikéw. Pozostate po uprawie podtoze poddano obrobce wstepnej 1 wykorzystano do
produkcji biogazu. Obrobka wstepna spowodowata ponad 3-krotny spadek produkc;ji biogazu,
ale uzyskano wzglednie dobry wynik 282 ml-g™! s.m.o. [Richard i in. 2020].

Cho¢ boczniak ostrygowaty w poréwnaniu z innymi gatunkami grzyboéw nie wypadat
najlepiej pod katem zwigkszania produkcji biogazu/metanu, zostal wybrany do obrobki
wstepnej ptyt widorowych z powodu roznorodnosci zastosowan do jakich byt wykorzystywany,

takze jesli chodzi o materialy zanieczyszczone.
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3. Problem 1 hipotezy badawcze oraz cel 1 zakres pracy

3.1. Problem badawczy
Na podstawie obszernej analizy stanu wiedzy stwierdzono luki badawcze odnoszace si¢

do braku informacji w zakresie wykorzystania boczniaka ostrygowatego do wstepnej obrobki
odpadéw powstatych po rozdrobnieniu plyt widrowych spajanych zywicag mocznikowo-

formaldehydowa. W zwigzku z tym sformutowano nastepujacy problem badaczy w pytaniach:

Czy biologiczna obrobka wstgpna z uzyciem boczniaka ostrygowatego moze skutecznie
roztozy¢ widry sosnowe i topolowe, szczegdlnie te w plytach widrowych zawierajacych UF?
Czy obrobka wstepna poprawi wlasciwosci mechaniczne rozdrobnionej biomasy, zwigkszajac
w ten sposob wytrzymalo$¢ aglomeratow i wydajno$¢ metanu?

3.2. Hipotezy

Sformutowano nastepujace hipotezy badawcze:

1. Biologiczna obrobka wstepna w okreslonym czasie z uzyciem P. ostreatus prowadzi do
znacznego rozkladu ligniny 1 hemicelulozy w widrach drzewnych i pltytach widrowych,
zwigkszajac tym samym dostgpnos$¢ celulozy i poprawiajac wlasciwosci mechaniczne
rozdrobnionego materiatu (katy tarcia wewngtrznego, spdjnos$é, $cinanie i naprezenia
konsolidacyjne).

2. Zmiany podczas obrobki wstepnej drewna i ptyt widrowych z uzyciem P ostreatus,
zwigkszg zdolno$¢ zageszczania podczas procesu aglomeracji ciSnieniowej, co skutkuje
wigksza wytrzymatoscig pastylek. Przemiana materiatu utatwi réwniez skuteczniejsza

fermentacje beztlenowa 1 zwigkszy wydajnos$¢ biogazu 1 metanu.

3.3.  Celpracy
Celem pracy byto:

1. Zbadanie wptywu obrébki wstepnej ptyt widrowych boczniakiem ostrygowatym
na wlasciwosci fizykochemiczne wiorow topolowych 1 sosnowych oraz ptyt widrowych.

2. Sprawdzenie, w jakim stopniu obrobka wstepna wioréw topolowych i
sosnowych oraz ptyt widrowych pozwoli usprawni¢ proces aglomeracji ci$nieniowej, poprawic¢
wlasciwosci mechaniczne aglomeratow oraz zwigkszy¢ wydajno$¢ wytwarzania biogazu i

metanu.
3.4. Zakres pracy

Rozprawa doktorska sktada si¢ z tematycznie zwigzanych etapow badan,

opublikowanych w trzech artykutach.
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W pierwszym etapie badan analizie poddano wiéry drzewne bedace modelowym
materialem do wytwarzania ptyt wiérowych. Poniewaz material ten przed wytworzeniem
aglomeratow 1 biogazu poddawany byt rozdrabnianiu, zbadano proces jego rozdrabniania oraz
wiasciwosci fizykomechaniczne przed 1 po rozdrobnieniu. Badania te zostaty ujete w pierwszej
publikacji wchodzacej w sktad rozprawy doktorskie;j:

Pawet Tryjarski, Aleksander Lisowski, Jakub Gawron, Pawet Obstawski. 2023.
Physicomechanical properties of raw and comminuted pine and poplar shavings: energy
consumption, particle size distribution and flow properties. Wood Science and Technology
57(3): 625-49 (200 pkt., IF = 3,1), Udziat w publikacji 80%.

Nastepnie z widéréow drzewnych poddanych lub nie rozdrabnianiu, wytworzono 3
rodzaje aglomeratow: granule, pelety i1 pastylki. Zbadano proces aglomeracji ci$nieniowej,
wlasciwos$ci fizyczne 1 wytrzymalosciowe wytworzonych aglomeratow. Wykonano takze
dodatkowe analizy wiorow pod katem ich aglomeracji ci$nieniowej oraz przydatnosci do
spalania. Badania te ujeto w drugiej publikac;ji:

Pawet Tryjarski, Aleksander Lisowski, Jakub Gawron. 2024. Pressure agglomeration of
raw, milled and cut-milled pine and poplar shavings: assessment of the compaction process and
agglomerate strength. European Journal of Wood and Wood Products 82(3): 885-903 (140
pkt., IF = 2,4 7 2023), Udziat w publikacji 85%.

Na koniec rozdrobnione plyty widrowe 1 wiory drzewne poddano obrobce wstepnej
grzybem bocznikiem ostrygowatym w celu sprawdzenia wpltywu tej obrobki na proces
fermentacji anaerobowej, aglomeracje ci$nieniowa i jako$¢ pelet. Badania ujeto w trzeciej

publikacji:

Pawet Tryjarski, Aleksander Lisowski, Adam Swigtochowski. 2025. Pretreatment of
pine and poplar particleboards with Pleurotus ostreatus (Jacq.): physicomechanical and
chemical properties of wood, potential of solid fuel and biogas production. European Journal

of Wood and Wood Products 83:34 (140 pkt., IF = 2,4 z 2023), Udzial w publikacji 85%.
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4. Material 1 metodyka badan

4.1. Material badawczy
Materiatem wyjsciowym do badan byly wiory drzewne oraz ptyty widrowe. Wiory

drzewne zostaty nastepnie rozdrobnione przez mielenie lub cigcie-mielenie. Plyty widrowe, po
wstepnym poci¢ciu na kawatki pozwalajgce na rozdrobnienie w mtynku laboratoryjnym zostaty
rozdrobnione poprzez cigcie-mielenie. W ten sposdb powstaty materialy: widry surowe, cigte i
cigte-mielone oraz ptyty widrowe cigte-mielone.

4.1.1. Wiory drzewne
W badaniach wykorzystano 2 rodzaje wiorow: mieszanke wioréw dedykowanych do

produkcji plyt wiérowych, ktorej gldownym sktadnikiem bylo drewno sosnowe (zwane dalej
widrami sosnowymi) oraz wiory z drewna topolowego. Zastosowane widry odpowiadaly
wymiarom czgstek do produkcji wewnetrznej warstwy plyt wiérowych [Tryjarski i in. 2023].

Wiory z drewna topolowego
Wiéry z drewna topolowego wytworzono z pozostatosci tartacznych w Osrodku

Badawczo-Rozwojowym Przemystu Ptyt Drewnopochodnych w Czarnej Wodzie (OBRPPD)
[Tryjarski i in. 2023].

Wiory sosnowe

Wiory zostaly zakupione w (OBRPPD, ul. Mickiewicza 10A, 83-262 Czarna Woda).
Wiory te pochodzity z firmy Swiss Krono [Tryjarski i in. 2023].

4.1.2. Plyty widrowe
W badaniach wykorzystano 2 rodzaje ptyt widorowych: komercyjng trojwarstwowa ptyte

widrowa, ktorej glownym sktadnikiem byty wiory sosnowe (zwana dalej plyta sosnowg) oraz
jednowarstwowe plyty widrowe topolowe, wytworzone na potrzeby doswiadczenia.

Phyty wiorowe z drewna topolowego
Na potrzeby badan zostaly wytworzone jednowarstwowe topolowe ptyty widrowe o

grubosci 16 mm, gestosci 620 kg-m, z 10% udziatem zywicy mocznikowo-formaldehydowej
o stosunku molowym formaldehyd: mocznik 1,11:1. Frakcje widréw wykorzystane do
wytworzenia plyt wiérowych odpowiadaly wymiarom wiéréow grubych. Zywica do
wytworzenia ptyt zostata pozyskana z firmy Silekol sp. z o.0. (Mostowa 30K, 47-223
Kedzierzyn-Kozle)[ Tryjarski i in. 2025].

Phyty wiorowe sosnowe
Trojwarstwowa ptyta sosnowa o grubosci 18 mm Swiss Krono (Museggstrasse 14, 6004

Luzern, Szwajcaria) zostata zakupiona w sklepie budowlanym [Tryjarski i in. 2025].
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4.2.  Przygotowanie materiatu badawczego
Plyty wiérowe z drewna topolowego wytworzono w ramach zlecenia. Wiory drzewne i

ptyty widrowe rozdrobniono. Przed obrobka boczniakiem cigte-zmielone materiaty (wiory
drzewne 1 ptyty widrowe) nawilzono i poddano sterylizacji.

Wytworzenie plyt wiorowych
Topolowe plyty wiorowe zostaly wytworzone na zlecenie w Katedrze Technologii i

Przedsigbiorczosci w Przemys$le Drzewnym w Instytucie Nauk Drzewnych i Meblarstwa
Szkoly Gtownej Gospodarstwa Wiejskiego w Warszawie.

Rozdrobnienie materiatu
Rozdrabnianie widréw drzewnych poza przygotowaniem ich do dalszych badan zostato

przeanalizowane, co opisano w punkcie 4.4. Rozdrabnianie plyt wiérowych, mimo jego
przeprowadzenia w celu zachowania spdjnosci rozprawy doktorskiej, nie bylo analizowane.
Materialy zostaty rozdrobnione laboratoryjnym mtynkiem nozowym (LMN-100, Alchem
Group Ltd., Torun, Poland) z sitem o oczkach 3 mm. Mtynek pracowal w dwoch trybach:
mielenie przy pracy przeciwnie do ruchu wskazowek zegara oraz ci¢cie-mielenie przy pracy
zgodnie z ruchem wskazdwek zegara [Tryjarski 1 in. 2023].

Przygotowanie probek do obrobki wstegpnej boczniakiem ostrygowatym
Pozywke malt extract agar (MEA) (Pol-Aura Ltd., Morag, Poland) rozlano na dnie

stoikow wekowych o pojemnosci 0,5 1. Widry i plyty widrowe ciete-mielone nawilzono do 20—
30% 1 zapakowane w poliamidowych siatkach umieszczonych w szczelnych woreczkach
polietylenowych. Stoiki z pozywka uszczelnione uprzednio wysterylizowang w autoklawie w
126 °C watg celulozowa zawinigta w gazg poddano sterylizacji w autoklawie. W autoklawie
wysterylizowano takze siatki polipropylenowe, ktoére mialty za zadanie oddziela¢ siateczki z
probkami od podtoza w trakcie obrobki wstepnej. Zapakowane probki poddano sterylizacji
radiacyjnej dawka 28 kGy. Pozywke zaszczepiono grzybnia boczniaka i pozostawiono do
pokrycia pozywki grzybnig. Na pozywce porosnigtej grzybnig umieszczono sterylne siatki
polipropylenowe, a na nich probki w siatkach poliamidowych.

Sterylizacja radiacyjna zostala zrealizowana w ramach zlecenia w Instytucie Chemii 1
Techniki Jadrowej (ul. Dorodna 16, Warszawa, Polska). Grzybnie¢ zaszczepiono w stoikach oraz
umieszczono w nich siatki polietylenowe oraz siatki z probkami w ramach zlecenia w firmie

Fole art (ul. Wyszogrodzka 2, Warszawa, Polska) [Tryjarski 1 in. 2025].

4.3.  Obrobka wstepna boczniakiem ostrygowatym
Przygotowane (rozdzial 4.2) widry 1 pltyty wiérowe cigte-mielone poddano obrobce

wstepnej przez ponad 17 tygodni w temperaturze 28°C przy wzglednej wilgotnosci powietrza
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97%. Obrobka przeprowadzono w komorze klimatycznej (2MXM, PHU Refrigeration,
Warszawa, Polska). Po obrébce wstepnej materialty zostaly roztarte w celu rozbicia
samoistnych agregatow. Materialy poddane obrobce wstgpnej wysuszono nast¢pnie na

powietrzu [Tryjarski 1 in. 2025].
4.4.  Charakterystyka materialu

Charakterystyka procesu rozdrabniania materiatu
Widry drzewne poddano ci¢ciu lub cigciu-mieleniu a pobdr mocy zsynchronizowano ze

strumieniem masy materiatu rozdrobnionego w celu wyznaczenia jednostkowej, efektywnej
energii rozdrabniania. Pobor mocy zmierzono analizatorem jako$ci energii EQUA Wally z
oprogramowaniem WINEQUA (Pro-Elektra, Olsztyn, Polska). Strumien masy rozdrobnionego
materialu mierzono wagag WPS 600/C z oprogramowaniem PomiarWin software (Radwag,
Radom, Polska). Skumulowany rozktad masy rozdrobnionego materialu powstajacy w czasie z
dawki rozdrabnianego materialu aproksymowano zmodyfikowanym modelem Gompertza
[Tryjarski i in. 2023].

Charakterystyka rozktadu wymiarow czgstek
W celu analizy rozktadu wielkosci czastek, widry surowe 1 cigte oraz widry 1 plyty

widrowe cigte-mielone, przed i po obrobce wstepnej boczniakiem ostrygowatym (zwane dalej
zbiorczo ,,wszystkimi materiatami”) poddano separacji sitowej.

Widry surowe przesiano na separatorze oscylacyjnym z zestawem kwadratowych oczek
sit z otworami o przekatnej 1,65; 5,61; 8,98; 18,0; 26,9 mm oraz dnem.

Pozostale materiaty przesiano na separatorze wibracyjnym (LAB-11-200/UP, Eko-Lab,
Brzesko, Polska): widry cigte 1 cigte-mielone z wykorzystaniem dwoch zestawow sit o
przekatnych oczek 0,6; 0,85; 1,18; 1,6; 2,36; 3,35 oraz 0,056; 0,1; 0,15; 0,212; 0,3; 0,425 1
dnem pod kazdym z zestawow sit [Tryjarski i in. 2023], wiory 1 ptyty widrowe cigte-mielone,
przed 1 po obrobce wstepnej boczniakiem ostrygowatym na jednym zestawie sit 0,15; 0,212;
0,3; 0,425 0,6; 0,85 1 dnem [Tryjarski i1 in. 2025].

Pomiary pozwolity, zaleznie od publikacji w ktorej je wykorzystano, wyznaczy¢ srednia
geometryczng wymiaru czastek (xg), bezwymiarowe odchylenie standardowe (s¢;) oraz
charakterystyczne parametry rozkladu wymiarow czastek.

Gesto$¢ rozktadu wymiaréw czastek aproksymowano czteroma modelami: Rosina-
Rammlera-Sperlinga-Bennetta ~ (RRSB), normalnym, logarytmiczno-normalnym 1
logistycznym zmodyfikowanym [Tryjarski i in. 2023].

Gestos¢ wiasciwa
Gesto$¢ wiasciwg widrow cigtych-mielonych topolowych 1 sosnowych zmierzono

stereopiknometrem gazowym (Quantachrome Instruments, Boynton Beach, FL, USA) z
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wykorzystaniem helu. Dla zmniejszenia bigdu pomiarowego wykorzystano widry o
najmniejszych wymiarach [Tryjarski i1 in. 2024].

Wiasciwosci mechaniczne materiatu

Upakowanie czastek
Gestos¢ objetosciowa napowietrzna (p,) surowych, cietych i cietych-mielonych widréow

zostala wyznaczona przez odwazenie materialdw do cylindréw, a gestos¢ objetosciowa
utrzesiona (p;) po wytrzesieniu cylindrow z materiatami na separatorze wibracyjnym (LAB-11-
200/UP, Eko-Lab, Brzesko, Poland). Zmierzone gestosci pozwolity wyznaczy¢ dwa wskazniki
upakowania materiatu: stosunek Hausnera (HR) 1 wskaznik zaggszczalnosci Carr’a (CI)
[Tryjarski i in. 2023]. Ze wzgledu na kolizje oznaczen , tj. ggstos¢ objetosciowa napowietrzna
1 gestos¢ aglomeratu oznaczone zostaly w ten sam sposob (p.), 0znaczenie nalezy interpretowac
w odpowiednim kontekscie.

Wytrzymatos$¢ na $cinanie i sypkos¢
Wytrzymalo$¢ na $cinanie i sypkos¢ wszystkich materiatow zbadano z wykorzystaniem

aparatu bezposredniego $cinania Jenike z przystawka hydrauliczng AG 5089 (oba wykonane
przez Rockfin sp. z o0.0., Nowy Tuchon). Sile $cinania zmierzono tensometrycznym
przetwornikiem sity CL 17. Przesunigcie poziome sekcji dolnej mierzono czujnikiem
laserowym (LDS 100-500-S, Beta Sensorik).

Dla zatozonych napr¢zen normalnych konsolidujacych (o) i naprezen stycznych (1) z
wyznaczonych sit $cinajgcych opracowano krzywe eksperymentalne, a na podstawie rownan z
dostepnej literatury obliczono wytrzymato$¢ na jednoosiowe S$ciskanie (oc), najwigksze
naprezenia konsolidujace (o1), wspotczynnik sypkosci (ffc) oraz katy tarcia wewngtrznego
efektywny (¢.), dla ustalonego $cinania (¢.) 1 zlinearyzowany (¢:») [Tryjarski i in. 2023].

Kat tarcia zewnetrznego
Zmierzono kat tarcia zewngtrznego (d) migdzy wszystkimi materialami a powierzchnig

stali chromowej. Wybrano stal chromowa, poniewaz to z niej wykonany byt ttok 1 matryca do
wytwarzania aglomeratéw (pelety, pastylki 1 granule) [Tryjarski 1 in. 2024], [Tryjarski 1 in.
2023],[Tryjarski 1 in. 2025].

Wilgotnos¢ materiatu
Wilgotno$¢ materialu zmierzono automatycznie wagosuszarka MA50/1.R (Radwag, ul.

Torunska 5, 26-600 Radom, Polska) [Tryjarski i in. 2023] lub metodg suszarkowo-wagowa w
103—-105 °C w piecu muflowym (FCF 5SM, Czylok, Jastrzebie-Zdro6j, Polska).

Zawartos¢ sktadnikow strukturalnych i substancji ubocznych oraz wiékna surowego
Ciete-mielone widry topolowe i sosnowe zostaty wysuszone do statej masy w 103 °C a

nastepnie poddane ekstrakcji mieszaning chloroform : etanol. Wysuszony ekstrakt stanowit
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substancje uboczne. W wyekstrahowanym materiale oznaczono zawarto$¢ sktadnikow
strukturalnych: ligning, jako sume ligniny rozpuszczalnej i nierozpuszczalnej w kwasie,
celulozg, oznaczong metoda Kiirschnera-Hoffera i holocelulozg¢ metoda chlorynu sodowego.
Ligning rozpuszczalng w kwasie oznaczono z wykorzystaniem spektrofotometru UV-Vis dla
205 nm. Hemicelulozy oznaczono jako réznice miedzy zawartoscig holocelulozy i celulozy
[Tryjarski i in. 2024].

Zawarto$¢ sktadnikow strukturalnych w wiorach cigtych, widrach cigtych-mielonych po
obrobce boczniakiem oraz plytach wiorowych cigtych-mielonych przed i po obrobce
wyznaczono z frakcji oznaczonych metoda detergentows. Lignine kwasno-detergentowsq
oznaczono na probkach po analizie wildkna kwasno-detergentowego. Zawarto$¢ ligniny
okreslono jako tozsama z ligning kwasno-detergentowa, celulozy jako réznica miedzy
zawarto$cig widkna kwasno-detergentowego 1 ligniny kwasno-detergentowej a hemicelulozy
jako réznica miedzy zawarto$cig widkna neutralno-detergentowego i kwasno-detergentowego.
Dodatkowo wykonano tez pomiary zawarto$ci wtdkna surowego. Zawarto$ci przeliczono na
suchg materi¢ materialow. Analizy wykonano analizatorem wtokna ANKOM 200 (ANKOM
Technology Corporation, USA, NY). Pomiary powtorzono w dwoch seriach tacznie po 25
probek w serii, wiaczajac 2 probki kontrolne alfalfa (ALF-2022-001) i pusty woreczek. W
kazdej serii 2 losowe probki badanych materialow zastapiono probkami kontrolnymi. Pomiary
wlokna surowego plyt widrowych cigtych-mielonych po obrobce boczniakiem zwalidowano
miedzylaboratoryjnie w Instytucie Nauk o Zwierz¢tach w Szkole Gtéwnej Gospodarstwa
Wiejskiego w Warszawie[ Tryjarski i in. 2025].

ZawartoS¢ wodoru
Zawarto$¢ wodoru w cigtych-mielonych wiorach topolowych i1 sosnowych oznaczono

w oparciu o0 norm¢ PN-EN 15407:2011[Tryjarski i in. 2024].

Cieplo spalania i wartos¢ opatowa
Ciepto spalania powietrznie suchych cigtych-mielonych wiorow topolowych i

sosnowych zostalo zmierzone kalorymetrem KL-10 (Precyzja-BIT, Polska), a nastgpnie
przeliczone na stan suchy. Wartos¢ opatowa zostata obliczona w oparciu o zawarto§¢ wodoru 1
wilgotnos¢ [Tryjarski 1 in. 2024]. Dodatkowo oznaczono cieplo spalania dla suchych wiorow
cigtych, ptyt widrowych cietych-mielonych przed obrobka 1 widréw i ptyt widrowych cietych-

mielonych po obrobce wstgpnej boczniakiem ostrygowatym
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Sucha materia
Suchg materi¢ w widrach cietych, wiorach cietych-mielonych po obrobce boczniakiem

oraz ptytach widrowych cigtych-mielonych przed i po obrobce, w inokulum i pozostatosciach
po fermentacji obliczono wzgledem materii wilgotnej[ Tryjarski i in. 2025].
Popiot

Popidél w powietrznie suchych cietych-mielonych wiorach topolowych i sosnowych
oznaczono przez wyzarzanie w piecu muflowym (FCF 5SM, Czylok, Jastrzgbie-Zdrdj, Poland)
w oparciu o norm¢ PN-EN ISO 18122:2016-01. Warunki wyzarzania byly nastepujace:
podgrzewanie do 250 °C przez 3040 min, utrzymanie temperatury przez 60 minut,
podgrzewanie do 550 °C przez 30 min, wyzarzanie przez co najmniej 120 minut. Popi6t zostat
nastgpnie przeliczony na stan suchy [Tryjarski 1 in. 2024].

Suche inokulum i pozostato$¢ po fermentacji zmielono, zeby przeszto przez sito 1,02—
2 mm, a nast¢pnie oznaczono popidt w stanie suchym|[Tryjarski i in. 2025]. Warunki wyzarzania
te same co powyzej.

Sucha materia organiczna
Sucha materi¢ organiczng obliczono jako réznice migdzy suchg materiag a popiotem

[Tryjarski i in. 2025].

Czesci lotne
Czgsci lotne w powietrznie suchych cigtych-mielonych widrach topolowych i

sosnowych oznaczono przez wyzarzanie w piecu muflowym (FCF 5SM, Czylok, Jastrzebie-
Zdroj, Polska) w zakrytych tyglach w 900 °C w oparciu o norm¢ PN-EN ISO 18123:2016-01.
[Tryjarski 1 in. 2024].

Zawarto$¢ wegla zwigzanego
Zawartos¢ wegla zwigzanego obliczono w suchych cigtych-mielonych widrach

topolowych 1 sosnowych jako udziat w masie wiorow czesci nie bedacych popiotem 1 czgsciami
lotnymi [Tryjarski 1 in. 2024].

4.5. Biopaliwa

Aglomeraty — pastylki, pelety, granule
Na potrzeby badan wytworzono 3 rodzaje aglomeratow: pastylki, pelety i granule. Miaty

one spetnia¢ nastepujace kryteria [Tryjarski 1 in. 2024]:
— pastylki — wykonane z jednej dawki materiatu, dlugos$¢ (wysokos¢) rowna $rednicy,

— pelety — wykonane z wielu dawek materiatu, dlugo$§¢ minimum 20 mm, co pozwolito

na pomiary wytrzymatosci na zginanie metoda trojpunktowa,
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— granule — wykonane z jednej dawki materialu, przy ci$nieniu i temperaturze

wytwarzania oraz docelowej dlugosci (wysokosci) rownej grubosci ptyt widrowych, 16 mm.

Wszystkie materiaty zageszczono do pastylek, a surowe, mielone i cigte-mielone widry
topolowe i sosnowe dodatkowo zageszczono do pelet i granul.
Wytwarzanie aglomeratow

Aglomeraty wytworzono przy uzyciu uniwersalnej maszyny wytrzymalo$ciowej
TIR Atest z matrycami ze stali chromowej o §rednicach wewnetrznych 6, 8 i 10 mm. Pastylki i
pelety wytwarzano w matrycach podgrzanych do 93°C i przy cisnieniu 70 MPa, a granule w
170°C i ci$nieniu 12 MPa. Pelety wytworzono z 7-8 dawek materiatow, a pastylki i granule z
pojedynczych dawek. Wielko§¢ dawek zalezata od docelowych wymiaréw aglomeratow i byto
to odpowiednio 0,1-0,3 g, 0,2-0,5 oraz 0,35-1,1 dla pelet, pastylek i granul[Tryjarski i in.
2025]. Zmierzono parametry zageszczania, w tym jednostkowa prace zaggszczania (L), stopien
zageszczenia materiatu (/i) 1 gesto$¢ aglomeratu (p,), a po rozprezeniu obliczono wspotczynniki
rozszerzalnos$ci dla dtugosci (R)) i Srednicy (Rq). Ze wzgledu na kolizje oznaczen, tj. ggstosé
objetosciowa napowietrzna 1 ggsto$¢ aglomeratu oznaczone zostaly w ten sam sposob (p.),
oznaczenie nalezy interpretowa¢ w odpowiednim kontekscie [Tryjarski i in. 2024].

Charakterystyka wytrzymatosciowa aglomeratow
Pelety, pastylki i granule zbadano pod katem charakterystyk wytrzymatosciowych przy

promieniowych obciagzeniach $ciskajacych (Ej, E,, o,). Ponadto pastylki $ciskano w kierunku
osiowym (Ej, E,, 0,)., a pelety o dlugos$ci 20 mm zginano metoda trzypunktowa (Ej, Eb, ob).
Obcigzenie promieniowe wykonano stemplem 20 x 50 mm z predko$cia 5 mm-min'. Na
podstawie danych dotyczacych sily 1 przemieszczenia okreslono parametry wytrzymatosciowe,
w tym jednostkowe energie $ciskania i zginania, modul spr¢zystosci przy $Sciskaniu i zginaniu
oraz maksymalng wytrzymato§¢ na $ciskanie 1 zginanie, az do momentu zniszczenia
aglomeratu. [Tryjarski 1 in. 2024].

Biogaz
Warunki fermentacji anaerobowej
Fermentacj¢ anaerobowa wiorow cietych, wioérow cietych-mielonych po obrobce

boczniakiem oraz ptytach widrowych cigtych-mielonych przed i po obrobce przeprowadzono
w 2 | reaktorach w temperaturze 37°C. Reaktory zawieraty 1800 g mieszanki substratu z
inokulum w proporcji ich suchej materii organicznej nie przekraczajacej 0,5. Reaktory z samym
inokulum postuzyly do wyznaczenia produkcji tta. Dodatkowo celuloza mikrokrystaliczna w

ilosci 10 g na 1790 g inokulum postuzyta za substrat odniesienia[ Tryjarski i in. 2025].
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Uzysk biogazu, metanu, sktad biogazu
Produkcj¢ biogazu mierzono metodg wyparcia solanki z czestotliwoscig zalezng od

wielkos$ci produkeji. [lo§¢ wyprodukowanego biogazu wyznaczano z wagi wypartej solanki w
oparciu o jej gesto$¢. Gdy ilos¢ wyprodukowanego biogazu byta wystarczajaca, mierzono jego
sktad. Sktad biogazu mierzono dwoma miernikami: metan, dwutlenek wegla, tlen i wodor
miernikiem DP-28 BIO gas analyser (Nanosens, Wyskogotowo, Polska) i siarkowodor
miernikiem Gas Data GFM 400 gas analyser (OMC Envag, Warszawa, Polska). Udziat
procentowy metanu, dwutlenku wegla, tlenu i wodoru znormalizowano traktujac je jako jedyne
sktadniki biogazu. Wytworzony biogaz i metan przeliczano na objetos¢ suchego gazu w
standardowych warunkach cisnienia i temperatury (STP, 273 K, 1013 hPa) wyprodukowang z
grama suchej materii organicznej substratu[ Tryjarski i in. 2025].

4.6. Analiza statystyczna
Parametry materialow, procesow rozdrabniania, aglomeracji, aglomeratow i1 fermentacji

anaerobowej porownywano wzgledem odpowiednich czynnikéw. Dla parametrow sprawdzono
normalno$¢ rozktadow testami Kolmogorowa-Smirnowa (K-S), Kolmogorowa-Smirnowa z
poprawka Lillieforsa (K-S-L) oraz Shapiro-Wilka (S-W). Jednorodno$¢ wariancji wzgledem
czynnikow sprawdzono testami Levenea 1 Brown-Forsythea. Wplyw czynnikéw na
analizowane parametry sprawdzono wielokryterialng analizg wariancji MANOVA, stosujac test
F (Fishera-Snedecora). Statystyczng istotno$¢ miedzy warto$ciami Srednimi parametrow
sprawdzono testem Tukeya. Zalozono, Ze poziom istotno$ci dla stosowanych analiz wynosi
p=0,05.

Parametry wraz z czynnikami, wzgledem ktorych byly porownywane zestawiono w

tabeli 1. Parametry pogrupowano w rdzny sposob zaleznie od zakresu prowadzonych badan.

Tabela 1. Rodzaje analiz, parametry ktére w ramach ich analizowano, czynniki wzgledem
ktérych poréwnano parametry oraz publikacje w ramach Rozprawy Doktorskiej, w ktorych

przeprowadzono analizy

Rodzaj analiz Parametr Czynnik Publikacja
T™W | WS |AF |[dn |[MT |TL

Charakterystyka procesu | MC, ma, |+ + 1
rozdrabniania tw, Pe, Ej,

Mmy gm, A
Charakterystyka rozktadu | xg, s, + + 1
wymiaréw czastek Saw, XR, M,

X5, X10,

X16, X25,

X30, X50,
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x607 x759

X84, X90,

x95, Ly,

Nsg, Sy,

Sl, Cu,

Cg> Xgm,

Oig, Sig,

K,

STD,

STD,,

STD;
Upakowanie czastek Pas Pty 1

HR, CI
Wytrzymato$¢ materialu | 7, ¢, oy, 1
na §cinanie i sypkos¢ Oc, ffes Pe,

¢c, ¢lin
Kat tarcia zewnetrznego | o 1
Wspotczynnik tarcia e 2
zewnetrznego
Wilgotnosé MC 2
Gestos¢ wlasciwa Di 2
Zawarto$¢ sktadnikow U, LI, 2
strukturalnych 1 CE, HE
substancji ubocznych
Zawarto$¢ wodoru H 2
Ciepto spalania i wartos¢ | HHV, 2
opatowa LHV
Popidt 1 sucha materia AC 2
organiczna
Czesci lotne yw 2
Zawarto$¢ wegla FC 2
Zwigzanego
Parametry zaggszczania | Ly, I, ks, + 2

Ri, Ra, pu,

Lv, Sus Pa
Charakterystyka Ejp, Ejp, + 2
wytrzymatosciowa Ey, Eb,
aglomeratow Op, Ob
Srednia geometryczna Xg, MC 3
wymiaréw czastek i
wilgotno$¢”
Wytrzymato$¢ materialu | 7, ¢, oy, 3
na $cinanie i sypko$¢ ™ | ac, ffe, de,

- ¢c, ¢lin

Ciepto spalania HHV 3
Zawarto$¢ wiokna CF, 3
surowego, frakcji NDF,
detergentowych, ADF,
sktadnikow ADL, LI,
strukturalnych” CE, HE
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Parametry L, I, ks, | + + + 3

zageszczania' Ri, Ra, pu,
Lv, Su, Pa
Charakterystyka Ep, Ep, |+ + |+ + 3
wytrzymalo$ciowa E,, Ep,
aglomeratow (tylko Op, Ob
pastylki) =
Charakterystyka s.m., + 3
substratu i pozostatosci | M0
po fermentacji” :'m'ger’ne
S.M.mf,
S.M.0.;mf, Y,
Ycna, Cena,
Ccoz, Coz,
Ch2

Parametry: MC, wilgotno$¢, %; ma, masa probki, g; ., czas rozdrabniania, s; P., moc efektywna
mlyna nozowego, W; Ej, energochlonno$¢ rozdrabniania wiéroéw, kJ-kg™'; m,, kohcowa masa
rozdrobnionych wioéréw, g; gm, maksymalny strumien masy, g's'; 1, czas opdznienia
wyréwnanego obcigzenia miyna nozowego, s; (3 ostatnie parametry sg parametrami
zmodyfikowanego rozktadu Gompertza); x,, srednia geometryczna wymiaru czastek, mm; sg,
odchylenie standardowe, bezwymiarowe; sqv, odchylenie standardowe, mm; 7, miara stromosci
krzywej rozktadu w modelu Rosina-Rammlera-Sperling-Bennetta, bezwymiarowa; xz, wymiar
czastki dla 63,2% skumulowanej masy wioérow, parametr wymiaru czastek modelu Rosina-
Rammlera-Sperlinga-Bennetta mm; xs, x10, X16, X30, X50, X60, X75, X84, Xo0 1 X95 $3 odpowiednio
wymiarami czastek dla 5, 10, 16, 25, 30, 50, 60, 75, 84, 90 i 95 procentyla rozktadu
skumulowanej masy podsitowej, mm; /,, wskaznik jednorodnosci, %; N, liczba szacunkowa,
statystyczny wymiar czastek, bezwymiarowa; S,, zakres zmiennosci wymiaroéw, %; Si, rozktad
wzgledny, udzial masowy na dnie okreslajacy kryterium miary szerokosci rozktadu wymiarow,
wskazuje na jednorodno$¢ rozkladu wymiarow czastek, bezwymiarowy; C,, wspotczynnik
jednorodnosci, bezwymiarowy; Cg, wspotczynnik stopniowania, bezwymiarowy; xgm, Srednia
graficzna wymiaru czastek, mm; oje, graficzny wskaznik skosnosci, opisuje rozrzut sktadowych
rozkladu wielkosci czastek wzgledem wartosci $redniej, bezwymiarowy; Sig, graficzny
wspotczynnik sko$no$ci, asymetria, $wiadczy o potozeniu krzywej rozktadu uziarnienia
wzgledem wartoSci modalnej, bezwymiarowy; K, graficzny wspotczynnik kurtozy,
splaszczenia krzywej rozkladu wymiaréw czastek, bezwymiarowy; STDs, STD;, 1 STD,
odchylenie standardowe geometryczne, odpowiednio: rozktadu strefy gornej, dolnej 1
calkowitej, bezwymiarowe; p., gestos¢ objetosciowa napowietrzna lub gestos¢ aglomeratu,
kg-m>; p;, gesto§¢ objetosciowa utrzesiona, kg-m; HR, stosunek Hausnera, bezwymiarowy;
C1, wskaznik zageszczalnosci Carr’a, bezwymiarowy; 7, naprezenia $cinajace, kPa; ¢, kohezja,
kPa; o, gtdbwne napr¢zenia konsolidujace, kPa; o., wytrzymatos$¢ na jednoosiowe Sciskanie,
kPa; ffc, wspdlczynnik sypkosci, bezwymiarowy; ¢., d¢, dun, katy tarcia wewnetrznego,
odpowiednio: efektywny, dla ustalonego S$cinania, zlinearyzowany, ©°; o, kat tarcia
zewnetrznego, °; ue, wspotczynnik tarcia zewnetrznego, bezwymiarowy; p;, gestos¢ wlasciwa,
kg'm™; U, zawarto$¢ substancji ubocznych, %; LI, zawarto$é ligniny, %; CE, zawarto$é
celulozy, %; HE, zawarto$¢ hemiceluloz, %; H, zawarto$¢ wodoru, %; HHV, ciepto spalania,
MIJ-kg!; LHV, wartoéé opatowa, MJ-kg™!; AC, popidl, %; VM, czeéci lotne, %; FC, zawartoéé
wegla zwigzanego, %; Ls, jednostkowa praca zageszczania, kJ-kg™!; I, stopien zageszczenia
materiatu, bezwymiarowy; ks, wspotczynnik podatno$ci na zageszczanie materiatu, J-m>-kg;
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Ry, Ra, wspblczynnik rozszerzalno$ci dla, odpowiednio: dtugosci, srednicy, %; p., maksymalne
ci$nienie usuwania aglomeratu z matrycy, MPa; L,, jednostkowa praca usuwania aglomeratu z
matrycy, kJ-kg!; s,, przemieszczenie tloka podczas usuwania aglomeratu z matrycy, mm; Ej,,
Ejp, energia jednostkowa potrzebna do peknigcia aglomeratu przy, odpowiednio: $ciskaniu,
zginaniu, mJ-mm2; E,, E,, modut sprezysto$ci przy, odpowiednio: $ciskaniu, zginaniu, MPa;
op, 0p, maksymalne napr¢zenia podczas pekania aglomeratow przy, odpowiednio: $Sciskaniu,
zginaniu MPa; CF, zawarto$¢ wiokna surowego, %; NDF, zawartos¢ witokna neutralno-
detergentowego, %; ADF, zawartos¢ wlokna kwasno-detergentowego, %; ADL, lignina
kwasno-detergentowa, %; s.m., S.M.me, S.M.mf, Odpowiednio sucha substancja substratu,
mieszanki substratu i inokulum, przed i po fermentacji anaerobowej, %; S.m.0., S.M.O.me,
S.m.0.mf, 0dpowiednio sucha materia organiczna substratu, mieszanki substratu i inokulum,
przed i po fermentacji anaerobowej, % s.m.; Y, Ycwas, produkcja, odpowiednio: biogazu, metanu,
ml-g™! s.m.o0.; Ccha, Ccoz, Coz, Crz, udziat w biogazie, odpowiednio: metanu, dwutlenku
wegla, tlenu, wodoru, %.

Czynniki: TW, gatunek drewna rozdrabnianych widréw (sosnowe, topolowe); WS, rodzaj
wioréw (surowe, mielone, cigte-mielone); AF, rodzaj aglomeratu (pelety, pastylki, granule); do,
Srednica otworu matrycy (6, 8, 10 mm); MT, stan materialu (surowy, po obrébce grzybem); 7L,
sposob $ciskania aglomeratu (promieniowe, osiowe).

- analiza wzgledem MT, oddzielnie wzgledem wiéréw topolowych, sosnowych, phyt
wiorowych topolowych, sosnowych

. j.w. , ale tylko dla ptyt widrowych

*_ tylko dla plyt widrowych

1 oznacza, ze wzgledem danego czynnika poréwnywano parametry

A tylko mielone i cigte-mielone (bez surowych)

®_ tylko przy $ciskaniu promieniowym (nie przy $ciskaniu osiowym i zginaniu)

¢~ gatunki drewna, z ktorych zostaty wykonane ptyty (podziat na plyty topolowe i sosnowe)

Liczba parametréw rozkladu wymiardéw czastek widrow surowych, cietych 1 cietych-
mielonych zostata zredukowana metoda korelacji cech dla utatwienia interpretacji wynikow.
Parametr byl usuwany z macierzy korelacji, gdy warto§¢ diagonalna macierzy odwrotnej
wynosita dla niego co najmniej 10. Tworzono nowa macierz bez usunigtego parametru i proces
byt powtarzany.

Dla parametréw 1 czynnikow wytwarzania aglomeratow 1 ich parametrow
wytrzymato$ciowych stworzono macierze warto$ci wspotczynnikow korelacji Pearsona dla
aglomeratow S$ciskanych osiowo (A4C), pastylek $ciskanych promieniowo (RC) i1 pelet
zginanych (B). Te czynniki 1 parametry to gatunek drewna rozdrabnianych wiérow, rodzaj
wiorow, jednostkowa praca zageszczania (Ls), stopien zageszczenia materiatu (I;),

wspotczynnik podatno$ci na zaggszczanie materiatu (ky), wspotczynniki rozszerzalnosci dla
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dhlugosci (R)) 1 $rednicy (Rs), maksymalne ci$nienie usuwania aglomeratu z matrycy (pu),
jednostkowa praca usuwania aglomeratu z matrycy (L,), przemieszczenie ttoka podczas
usuwania aglomeratu z matrycy (s.), gesto$¢ aglomeratu (p.), energie jednostkowe potrzebne
do pekniecia aglomeratu (Ej,, Ej»), moduly sprezystosci (£, Ep) 1 maksymalne naprezenia
podczas pekania aglomeratu (a), o). Przy $ciskaniu promieniowym dodatkowo byt to rodzaj
aglomeratu.

Wartosci wspolczynnikdéw korelacji Pearsona podczas selekcji parametrow rozktadu
wymiaréw czastek oceniono w oparciu o synonimy deskryptorow.

Kohezje (c) 1 kat tarcia wewnetrznego (@) wyznaczono poprzez regresj¢ liniowa, a
parametry modeli nieliniowych estymacja nieliniowa.

Dopasowanie modeli do danych eksperymentalnych sprawdzono skorygowanym
wspdtczynnikiem determinacji (Raq?).

Analizg statystyczng przeprowadzono w programie Statistica v.13.3 (StatSoft, Krakow,
Polska), Wyznacznik macierzy przy selekcji parametrow rozktadu wymiarow czastek (det(R)),
macierz odwrotng R™! i macierz jednostkowg I obliczono w arkuszu kalkulacyjnym Excel

[Tryjarski 1 in. 2023].
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4.  Wyniki badan 1 dyskusja
4.1. Wilasciwosci fizykomechaniczne wioréw drzewnych
Chociaz obcigzenie mtyna bylo wigksze podczas cigcia-mielenia zarowno widréw

sosnowych jak i topolowych, co skutkowalo prawie trzykrotnie wigkszym poborem mocy
podczas rozdrabniania probki materiatu, cigcie-mielenie byto bardziej efektywne energetycznie
oraz prawie 4 razy krotsze. Pobor energii podczas cigcia-mielenia wyniost dla widrow
sosnowych 182 + 18 kJ-kg! a dla topolowych 293 + 25 kJ-kg 'Dla mielenia wartoéci te byty
odpowiednio 29 i 40% wigksze. Prawdopodobnie bardziej mickkie drewno topolowe wymagato
wiecej energii do rozdrobnienia niz twardsze sosnowe. Cigcie-mielenie wytworzyto czastki o
bardziej rownym rozkladzie niz mielenie co mozna wywnioskowaé z rozktadow wielkosci
czastek.

Rozdrabnianie czastek pozwolito zwigkszy¢ gesto§¢ materiatu i jego upakowanie (HR i
CI)

Widry cigte-mielone w pordwnaniu z mielonymi byly mniejsze, osiagaly wigksza
gestos¢, charakteryzowaly si¢ mniejsza kohezjg i wigksza sypkoscia, ale stabiej podlegaty
zageszczaniu na skutek wytrzasania i miaty nizsze wartosci HR i CI. Cigte-mielone wiory
topolowe charakteryzowaly si¢ lepszym upakowaniem i sypkos$cia od sosnowych. Widry ciete-
mielone mialy mniejsze warto$ci kata tarcia wewnetrznego, chociaz roéznice te nie byly istotne
statystycznie w pordwnaniu z widrami surowymi. Cigcie-mielenie spowodowato tez wigkszy
wzrost kata tarcia zewngtrznego materiat-stal niz cigcie.

Zaréwno mielenie jak i cigcie-mielenie pozwolito zredukowa¢ wymiary czastek do
wymaganych wartosci dla wytwarzania pelet, tj. 3,2 mm [S. Mani i in. 2003]. Wigksza sypko$¢
jest cechg pozadang podczas transportu rozdrobnionego materiatu [Gil 1 in. 2013], a r6ézne
procesy zwigzane z aglomeracjg cisnieniowg biomasy [Xu 1 in. 2018] wymagaja stabilnego,
ciaglego przeptywu rozdrobnionego materialu. Determinuje to wykorzystanie materiatu o
wiekszej sypkosci [Mateusz Stasiak 1 in. 2020], a wiec proces cigcia-mielenia byt
korzystniejszy od mielenia dla wytworzenia takiego materiatu. Cigcie-mielenie bylo wiec
procesem preferowanym w stosunku do mielenia, zarowno od strony procesu rozdrabniania,
jak 1 charakterystyki oceniajacej rozdrabnianie czastek. Szczegdtowa analiza, interpretacja i

dyskusja wynikow znajduje si¢ w pierwszym artykule [Tryjarski i in., 2023].
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4.2.  Aglomeracja ci$nieniowa rozdrobnionego materialu przed obrébka wstepng i
wlasciwosci wytrzymato§ciowe aglomeratow
Przyktadowe aglomeraty, przed i po badaniach wytrzymato$ciowych przedstawiono na
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R;sl Przyklady aglomeratéw (pielet‘y'—‘ p;llgﬁastylkl— p;l.sti?lé:; granule — granules)
przed (W) 1 po pomiarach wytrzymatosciowych (RC, B, AC), wykonanych z sosnowych i
topolowych surowych (raw shavings), mielonych (milled shavings) i cigtych-mielonych (cut-
milled shavings), wytworzonych w matrycach o otworach o $rednicy 6, 8 i 10 mm: RC —
$ciskane promieniowo (radial compression), B — zginane (bending), AC — $ciskane osiowo

(axial compression)

Wyniki badan aglomeracji ci$nieniowe] widérow surowych, mielonych 1 cigtych-
mielonych oraz pomiary wytworzonych aglomeratéw opisano ponizej, grupujac wzgledem

czynnikow, tj. kolejno wzgledem WS, dy, TW 1 AF.

Widry surowe wymagalty wigksze] L, ale mialy wickszg warto$¢ ks niz widry
rozdrabniane, byly tez najtrudniejsze do wycisnigcia z matrycy po wytworzeniu z nich

aglomeratow. Dodatkowo aglomeraty z widréw surowych byly najbardziej wytrzymate na
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Sciskanie promieniowe i zginanie za wyjatkiem modutu sprezystosci przy zginaniu. Ulegaty tez
mniejszej ekspansji osiowej. Aglomeraty z widréow surowych miaty mniejszg gestos¢, byty
mniej wytrzymale na $ciskanie osiowe i1 ulegaty wigkszej ekspansji promieniowej. Surowe
wiory topolowe mialy mniejsza warto$¢ xg niz otwor najmniejszej matrycy, tj. 6 mm (inaczej
niz surowe widry sosnowe, 6, 21 mm), nalezy mie¢ na uwadze, ze x, jest tylko warto$ciag

Sredniej geometryczne;j.

Wytwarzanie aglomeratow z widrow cigtych-mielonych byto mniej korzystne
energetycznie niz z wioréw mielonych, ale miaty one wigkszg gestos¢. Wigkszos¢ parametrow
wytrzymalosciowych wskazywala tez na mniejszag wytrzymatos¢ aglomeratow z wiorow
cigtych-mielonych, cho¢ réznice te byty niewielkie. Majac jednak na uwadze energochtonnos¢
1 czas rozdrabniania oraz charakterystyke rozdrobnionych czastek, wytworzenie aglomeratow

z wiorow cietych-mielonych byto preferowane w stosunku do wiérow mielonych.

Wytwarzanie aglomeratow w matrycy o wigkszej $rednicy bylo mniej korzystne
energetycznie, natomiast ze wzrostem d, przy wyciskaniu aglomeratow z matrycy praca
wyciskania spadata. Zastosowanie matrycy z wigkszym otworem skutkowalo takze mniejsza
ekspansjg aglomeratow. Z drugiej strony czg$¢ parametrow wytrzymato$ciowych aglomeratow
wskazywalo na spadek wraz ze wzrostem $rednicy, inne natomiast na wartosci maksymalne
przy 8 mm. Uwzgledniajac powyzsze obserwacje warto wigc rozwazy¢, czy $rednica otworu
matrycy wynoszaca 8 mm nie jest wartoscig optymalng dla aglomeracji ci$nieniowej badanych

materiatow.

Wytwarzanie aglomeratoéw z wiorow sosnowych bylo mniej korzystne energetycznie.
Aglomeraty z widoréw sosnowych wymagaly tez wigkszej pracy wyciskania niz z topolowych.
Z drugiej strony aglomeraty z wiorow sosnowych mialy wigksza gestos¢ 1 wytrzymatos¢. Co
wigce] pelety wytworzone z rozdrobnionych wiérow sosnowych mialy mniej przerw niz te z
wiorow topolowych, co wskazywalo na ich lepsza aglomeracj¢. Ten pozytywny efekt
zageszczania 1 solidniejszego laczenia wiorow byl widoczny w mniejszej ekspansji liniowej 1
wickszej gestosci aglomeratow sosnowych. Wytworzenie aglomeratow o lepszych parametrach
wymagato jednak wigkszej pracy Ls. Wyzsza zawarto$¢ termoplastycznej ligniny w wiodrach
sosnowych byla glownym czynnikiem odpowiadajacym za wigksza wytrzymatos¢
aglomeratow w pordwnaniu z tymi wytworzonymi z widrow topolowych. Wigksza zawarto$¢
ligniny podlegajacej modyfikacji termicznej skutkowala tym, Ze aglomeraty z widrow
sosnowych byly bardziej blyszczace niz te z widréow topolowych. Pokrycie z ligniny oprocz
potlysku potencjalnie zwicksza odpornos$¢ aglomeratéw na dziatanie wody [Anglés i1 in. 2001],
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aglomeraty z wiérow sosnowych moga wiec by¢ bardziej hydrofobowe od tych z drewna
topolowego. Drewno sosnowe jest lepszym materiatem do wytwarzania aglomeratéw od
topolowego. Majac jednak na uwadze cel niniejszej Rozprawy, nie mozna wyklucza¢ drewna
topolowego. Poniewaz drewno topolowe jest perspektywicznym surowcem do wytwarzania
pltyt wiorowych, zagadnienie zagospodarowania odpadéw ptyt widrowych z drewna
topolowego tez jest warte uwagi i wigze si¢ z badaniami surowca, z ktérych te plyty sa
wytwarzane.

Poréwnujac z peletami, pastylki wymagaty wigkszej Ls 1 mialy wigksza warto$¢ ks co
spowodowane byto stosowaniem wiekszych dawek materiatu skutkujac wiekszym tarciem i
praca zaggszczania, moglo jednak zmniejszy¢ wytrzymatosci aglomeratow. Granule, pomimo
najwickszej dawki materialu sposréd wytwarzanych aglomeratow i nizszego stosowanego
ci$nienia, mialy Ly zblizong do pelet, a k; znacznie nizszy niz dla pozostatych aglomeratow.
Niski ks granul mogt by¢ spowodowany zastosowaniem wyzszej temperatury co zwigkszyto
uplastycznienie materiatu utatwiajac jego zaggszczenie. Warunki wytwarzania granul nie
pozwolity jednak na odksztatcenie surowych wiorow sosnowych w 6 mm matrycy, a wiory te
pozostaly utozone pionowo w granulach, tak jak podczas ich dozowania do matrycy. W
granulach z surowych widréw sosnowych 1 topolowych dla 6 mm matrycy widoczne byty tez
wigksze odstgpy miedzy czastkami materiatu. Podczas wyciskania aglomeratoéw z matrycy,
pelety wymagaty najwigkszej L,, a pastylki najmniejszej. Dodatkowo udzial L, w L dla
pastylek byl najmniejszy spos$rod rodzajow aglomeratow i wynidst 0,2%. Dla pelet udziat ten
byt najwigkszy, 10,6%. Proces wyciskania aglomeratow opisano szczegétowo w artykule
[Tryjarski 1 in. 2024]. Pelety charakteryzowaly si¢ najmniejszymi R; i Rqs oraz najwigksza
gestoscia, a pastylki najwiekszymi R; 1 Ry, natomiast granule najmniejsza gestoscig. Co wigce;,
pelety byly najbardziej wytrzymale sposrod aglomeratow, a granule najmnie;.

PodwyZszona temperatura podczas wytwarzania aglomeratow nie kompensowata
obnizonego cis$nienia zaggszczania, a granule byly mniej wytrzymate. Cho¢ w artykule
dyskutowano nad wytwarzaniem plyt widorowych bez zastosowania zywic w oparciu o
parametry granul, odwzorowywanie parametrow technicznych prasy matryca z otworem jest
dyskusyjnym podejsciem wigc watek ten nie byt kontynuowany w dalszych badaniach.

Pastylki charakteryzowaty si¢ wigkszymi L 1 ks od pelet, mniejsza gestoscia 1 mniejsza
wytrzymatoscia. Jednak ze wzgledu na mniejszg pracochtonno$¢ wykonania pastylek niz pelet

to na pastylkach wykonywano kolejne badania.
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No koniec, ciekawe zjawisko zaobserwowano przy zginaniu pelet. Poprzeczne
pekniecia byly gladkie dla pelet sosnowych co prawdopodobnie wskazywato na zerwanie
wigzan wodorowych i1 oddziatywan Van der Waalsa. Pelety topolowe miaty nieregularng
powierzchni¢ peknigcia z wystajgcymi czastkami, co wskazywato na inny mechanizm taczenia
materiatu, w oparciu o silniejsze ale rzadsze oddziatywania mostkami ligniny 1 blokowaniem
przestrzennym [Stelte i in. 2011]. Jest to o tyle interesujace, ze widry topolowe zawieraty mniej
ligniny niz widry sosnowe.

4.3.  Wplyw obrobki wstepnej na wytwarzane biopaliwa state 1 biogaz

W opisie [Tryjarski i in. 2025] nazwanie materiatow surowymi odnosi si¢ do materiatow
nie poddanych obrobce wstepnej boczniakiem ostrygowatym, a nie do materialow
nierozdrobnionych, jak to miato miejsce w artykutach 1 1 2. Cho¢ w artykule [Tryjarski i in.
2025] opisano charakterystyke zawartosci frakcji wtokna i sktadnikow strukturalnych, ponizej
skupiono si¢ na samych sktadnikach strukturalnych.

Na skutek obrébki wstepnej boczniakiem doszto do redukeji x,, co bylo najbardziej
widoczne dla widréw sosnowych (z 0,61 +0,01 do 0,42 £0,02 mm) a najmniej dla sosnowej
plyty widrowej, gdzie zmiany byly praktycznie niezauwazalne. Poréwnujac rézne materiaty,
wartos$¢ xg ulegta ujednorodnieniu.

Wigkszos$¢ parametrow wytrzymatosciowych ulegta istotnym statystycznie zmianom na
skutek obrobki wstepnej, przy czym zmiany te byly bardziej wyrazne dla ptyty sosnowe;j.
Nalezy jednak wspomnie¢, ze warto$ci ac szczegolnie odstawaty od tej reguly.

Parametry wytrzymatosci na $cinanie zwykle wzrastaly na skutek obrobki wstepnej
I, podobnie jak przed obrobka byly zwykle wigksze dla ptyt sosnowych. Wigkszy wzrost o1 i 7
widoczny byt dla sosnowej ptyty widrowej, a ¢ wzrosla bardziej dla ptyty topolowe;j. Takze kat
0 wzrést z 30,5° o prawie 4° i 2°, odpowiednio dla ptyt sosnowych i topolowych. Sypkos¢
wiorow z plyt na skutek obrobki biologicznej jednak spadta, a spadek ten byt wigkszy dla
widrow z ptyty topolowe;.

Poprawa wlasciwosci wytrzymatosciowych, szczegolnie katéw tarcia oraz C, 7 1 o1 pO
obrobce wstepnej sugeruje potencjalny jej wplyw na proces aglomeracji ci$nieniowe;j,
wytwarzanie bardziej wytrzymatych pastylek.

Obrobka wstepna spowodowata obnizenie HHV wszystkich materiatdw co jest
przypisywane gtownie redukcji zawartos$ci ligniny. Co ciekawe, spadek HHV byt wigkszy dla

wioroéw z ptyt niz samych wiorow, sugerujac rozktad zywicy podczas obrobki wstepnej. Wiory
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sosnowe i wiory z ptyt sosnowych , zardbwno surowe jak i po obrobce miaty wieksze HHV niz
odpowiadajace im widry topolowe.

Obrobka wstepna spowodowata wzrost wilgotnosci wszystkich materiatow. Dla drewna
wskazuje to na zwigkszong absorbcj¢ wody na skutek dziatania boczniaka. Boczniak jest zdolny
do zmiany struktury komoérkowej drewna [Badu i in. 2011], co skutkuje zwickszeniem
porowatosci materiatu [Anuj Kumar i in. 2021] co z kolei utatwia absorbcje wody [Banik i in.
2017]. Podobnego zjawiska mozna spodziewac si¢ w plytach widrowych, cho¢ wptyw zywicy
klejacej pltyty warty jest dalszych badan. Roznice w wilgotnosci miedzy materialami moga
wynika¢ tez z innych ich wiasciwosci. Cho¢ zmiany wilgotno$ci wszystkich materialéw byty
istotne statystycznie, byly to zmiany niewielkie.

Plyty widrowe i drewno sosnowe zdaja si¢ by¢ bardziej podatne na dziatanie grzyba,
szczegOlnie widocznego w ubytku ligniny, co moze powodowaé widoczne zmiany w absorbcji
wody. Na skutek dziatania grzyba doszto do ubytku ligniny i wzrostu zawartosci celulozy
(korelacja r =-0.906), widoczna jest wigc selektywna delignifikacja, dodatkowo wiory/ptyty
topolowe przed/po obrébce zawieraly zawsze mniej ligniny niz odpowiadajace im wiory/ptyty
sosnowe.

Poréwnujac proces aglomeracji ci$nieniowej surowej plyty widrowej sosnowej
i topolowej, widoczne byly spojnosci obserwowane dla surowego drewna sosnowego
1 topolowego, cho¢ roznice w L; byly niewielkie a zar6wno R; 1 Rs byly wigksze dla plyty
sosnowe] niz topolowej. Pastylki wykonane z sosnowych plyt widrowych byly bardziej
wytrzymate na $ciskanie promieniowe niz te z ptyt topolowych, uwzgledniajac o, 1 E;, podziat
ten nie rozrdzniat ptyt surowych i poddanych obrobce wstepnej.

Ogolnie pastylki o wigkszej wytrzymalosci g, osiggaty mniejsza warto$¢ E, dodatkowo
nie zaobserwowano statystycznie istotnej spdjnosci miedzy d, 1 E. Dalszg analize wzglgdem
czynnikow ograniczono do $ciskania promieniowego, poniewaz pastylki $ciskane osiowo
charakteryzowaty si¢ ponad rzad wielko$ci wigkszymi wartoSciami parametrow o, 1 E; niz te
Sciskane promieniowo, co wskazuje, ze obcigzenia promieniowe sg wazniejsze podczas
transportu pastylek.

Wraz ze wzrostem d,, stwierdzono statystycznie istotne zwickszanie si¢ Ly, podczas gdy
dla p, taki wptyw zrejestrowano dla d, z 6 do 8 mm. Wraz ze wzrostem d,, zmniejszata si¢
wytrzymato$¢ pastylek na $ciskanie promieniowe o), 1 E;. Mozna wigc przypuszczac, ze dla
rozdrobnionych ptyt widrowych zastosowanie najwiekszego dm, tj. 10 mm jest niepozadane.
Na koniec nalezy doda¢, Zze na proces zageszczania w zaleznosci od dn, miala tez wptyw dawka

materiatu, ktora byta odwrotnie proporcjonalna do d.
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Widry z ptyt poddane obrobce wstepnej boczniakiem wymagaty wiekszej L, mialy
jednak mniejsza warto$¢ ks. Cho¢ pastylki z materialdow po obrobce mialy troche wigksze
warto$ci R; 1 Ry, ich pa tez bylo wigksze. Wigksze naklady Ls; zwigzane byly z wigkszymi
wartosciami 0, ¢, ¢ 1 ff, nie thumaczy to jednak wigkszych wartosci p,. Prawdopodobnie zmiany
w zwigzkach lignocelulozowych na skutek dziatania grzyba pozwolity na efektywniejsze
wytwarzanie pastylek o wigkszej p.. Obrobka wstepna wplywala tez na zwigkszenie warto$ci
op 1 Ej pastylek przy rownoczesnym spadku E.

Patrzac od strony sktadnikow strukturalnych, £ nie wykazywato jasnych korelacji z
zawarto$cig hemiceluloz, celulozy 1 ligniny, jednak korelacja o, z zawartoscig ligniny na
poziomie 0,881 wskazuje na wptyw zawartos$ci ligniny na wytrzymato$¢ mechaniczng pastylek.
Cho¢ lignina wykazata pozytywny zwigzek z wytrzymatosciag pastylek, warto zauwazy¢, ze
pomimo spadku zawarto$ci ligniny pod wplywem dziatania boczniaka wytrzymato$¢ pastylek
wzrosta. Wynika z tego, ze dzialanie boczniaka, pomimo redukcji zawartosci ligniny jest
korzystne dla wytwarzania pastylek z ptyt wiérowych. Co ciekawe, wytrzymatos$¢ pastylek
wykazywata negatywng korelacje z zawarto$cig celulozy, a zawarto$¢ hemiceluloz nie
wykazata istotnej korelacji z E; and o).

Podsumowujac, obrobka wstepna boczniakiem pozytywnie wpltywata na wtasciwosci
fizykochemiczne rozdrobnionych ptyt widrowych i proces ich aglomeracji ciSnieniowej w celu
wytworzenia biopaliw statych. Cz¢$¢ z zaobserwowanych zmian w materiale ptyt wiérowych
moze tez mie¢ znaczenie dla wytwarzania kompozytow.

Obrobka wstepna doprowadzita do spadku s.m.o., bardziej wyraznego dla plyt
wiorowych, co swiadczy o ich wigkszym rozktadzie przez boczniaka, zmiany te jednak byly
niewielkie. Natomiast podczas fermentacji, pomimo mniejszego spadku s.m dla materiatow
surowych niz poddanych obrdbce wstepnej, wigkszy spadek s.m.o. wskazywatl na bardziej
efektywna biokonwersje materiatow po obrobce wstepnej [Karthikeyan i1 in. 2024] podczas
fermentacji [Chojnacka, Moustakas 2024]. Proces fermentacji byl ulatwiony m.in. przez
redukcje ligniny, ktéra go ogranicza. Takze redukcja zawartosci hemiceluloz by¢ moze
zwigkszyla porowato$¢ i1 absorbcje wody przez materiat [Manyi-Loh, Lues 2023] wplywajac
pozytywnie na proces fermentacji.

Skumulowana produkcja metanu dla badanych materiatow zostata pokazana na rys. 2.
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Rys. 2. Skumulowany uzysk metanu odpowiednio z: INOC — inokulum, POSR — wiory topolowe przed obrobka,
POST — wibry topolowe po obrobce boczniakiem ostrygowatym, POBR — topolowa ptyta wiorowa przed obrobka,
POBT — topolowa ptyta widrowa po obrobce boczniakiem ostrygowatym, PISR — widry sosnowe przed obrobka,
PIST — widry sosnowe po obrobce boczniakiem ostrygowatym, PIBR — sosnowa plyta widrowa przed obrobka,

PIBT — sosnowa plyta wiérowa po obrobce boczniakiem ostrygowatym

Dynamika skumulowanej produkcji metanu odpowiadata tej dla biogazu, a uzysk
biogazu po obrébce wstepnej materiatdw znaczaco wzrost. Najwigksza produkcja metanu
zostata osiagnieta dla topolowej ptyty widrowej po obrobce wstepnej, tj. 207 ml-g™! s.m.o. i
byla to warto§¢ 2,9 razy wyzsza niz dla materialu nie poddanego obrdbce boczniakiem.
Produkcja z ptyty widrowej topolowej po obrébce wstepnej trwata najdhuze; (26 dob), a
maksymalna produkcja dobowa zostata osiggnieta najwczesniej (4. doba). Natomiast surowe
drewno topolowe, pomimo najwiekszej produkcji metanu sposrdéd materiatow przed obrobka,
139 ml-g! s.m.0, po obrébce prezentowato najmniejszy procentowy wzrost produkcji tego
sktadnika. Cho¢ sosnowa ptyta widérowa charakteryzowata si¢ najwigkszym wzrostem
produkcji (3,7-raza w stosunku do materiatu surowego), produkcja z niej wyniosta 109 ml-g~
!'s.m.o. Wiéry i plyty widérowe sosnowe charakteryzowaty si¢ mniejszym uzyskiem metanu niz

odpowiadajace im wiory i plyty widrowe topolowe, co zwigzane byto z roznicami w zawartosci
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ligniny, a uzysk metanu byt negatywnie skorelowany z zawartoscig ligniny. Uzysk metanu z
ptyt widrowych, pomimo mniejszego uzysku przed obrobka w stosunku do odpowiadajacego
im rodzaju widréw drewna, po obrobce wstepnej osiggat wartosci odpowiednio wyzsze. Wzrost
uzysku metanu z wioréw/plyt sosnowych byl procentowo wigkszy niz dla topolowych, cho¢
wzgledny ubytek ligniny byl wiekszy o zaledwie 0,17%.

Analizujac sktad biogazu, udziat CH4 1 H2 w biogazie byt pozytywnie skorelowany z
zawartoscig ligniny w substracie, a udziat CO, odwrotnie. Zawartos¢ celulozy wykazywata
odwrotne korelacje a hemicelulozy nie korelowaty istotnie z tymi sktadnikami biogazu. Po
obrobce wstepnej spadta zawarto$¢ CH4 1 Ha w biogazie a zawartos¢ CO2 wzrosta co wskazuje
na pogorszenie jego jakosci, jednak ogolnie jako$¢ biogazu byta dobra.

Na podstawie otrzymanych wynikow badan pozytywnie uzasadniono sformutowane

hipotezy badawcze.

50



5. Podsumowanie
Niniejsza rozprawa doktorska zawiera kompleksowa oceng wlasciwosci

fizykomechanicznych wiérow i1 ptyt widrowych sosnowych i topolowych spajanych zywica
mocznikowo-formaldehydowa (UF), koncentrujagc si¢ na ich rozdrobnieniu, aglomeracji
ci$nieniowej i procesach fermentacji beztlenowej, z naciskiem na efekty biologicznej obrobki
wstepnej z uzyciem Pleurotus ostreatus.

W pierwszej cze$ci badan scharakteryzowano zuzycie energii i rozktad wymiarow
czastek (PSD) podczas rozdrabniania widréw sosnowych i topolowych. Stwierdzono, ze
podczas cigcia-mielenia zuzywano mniej energii na jednostke masy w porownaniu
z mieleniem, ale wymagalo to silnika o wigkszej mocy ze wzgledu na zwigkszony przeptyw
natgzenia strumienia masy. Wiory topolowe, mimo korzystnych wtasciwosci mechanicznych,
byly trudniejsze w rozdrabnianiu ze wzgledu na swoja plastyczno$¢, wymagajaca wickszej
energii. Analiza PSD, dopasowana przy uzyciu modeli matematycznych, wykazata, ze czastki
cigte-mielone byly bardziej kuliste 1 miaty wigksza sypko$¢ niz czastki mielone. Sugeruje to,
ze cigcie-mielenie, zwlaszcza w przypadku widrow utrzymywanych w wilgotnosci okoto 15%,
jest wskazang metoda rozdrabniania w celu poprawy wlasciwosci czastek.

W drugiej czgsci badan oceniono aglomeracje ci$nieniowg widré6w surowych,
mielonych i cigtych-mielonych na pelety, pastylki i granule. Aglomeraty z widréw sosnowych,
o wyzszej zawartosci ligniny (30,7% w poréwnaniu do 18,4% w topoli), wykazywaly wigksza
wytrzymato$¢ na Sciskanie promieniowe 1 modul sprezystosci. Pelety charakteryzowaly sie
najwigksza gestoscig (1081 kg'm™) 1 wytrzymaloScig sposrod wszystkich aglomeratow,
natomiast granule wytworzone pod nizszymi ci$nieniami (12 MPa) wykazywaly gorsze
wlasciwos$ci mechaniczne, co potwierdza konieczno$¢ stosowania w tego typu zastosowaniach
spoiw, takich jak zywica UF. Pastylki wytworzone z widrow cietych-mielonych
charakteryzowaty si¢ wieksza gestoscia, ale zmniejszong wytrzymatoscig na Sciskanie, co
podkresla ztozono$¢ optymalizacji parametrow aglomeracji dla roznych produktow.

Trzecia cze$¢ badan koncentrowata si¢ na wstepnej obrébee ptyt widrowych za pomoca
P, ostreatus w celu oceny jej wptywu na aglomeracje ci$nieniowq i fermentacje¢ beztlenowa. 17-
tygodniowa obrébka wstepna grzybem znacznie zmniejszyta zawartos¢ ligniny (o 6,8—-8,3%) 1
poprawita gestos¢ (1014 kg-m— w porownaniu z 959 kg-m) 1 wytrzymato$¢ na Sciskanie pelet,
mimo nieznacznego spadku ich modutu sprezystosci. Proces biodegradacji zwigkszyt
dostepnos¢ celulozy i hemiceluloz, umozliwiajac 3,7-krotny wzrost uzysku metanu z plyt
sosnowych 1 2,9-krotny wzrost z ptyt topolowych, osiggajac odpowiednio 206,7 ml-g* s.m.o. i

109,1 ml-g' s.m.o. Potwierdza to potencjat wstepnej obrobki boczniakiem ostrygowatym w
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celu zwigkszenia biodegradowalnosci drewna, a szczegoOlnie ptyt widorowych i poprawy
wydajno$ci metanu oraz pozytywnie uzasadnia hipotezy badawcze.

Jednak badanie to podkre$la rowniez wyzwania zwigzane ze wstgpng obrobka
boczniakiem ostrygowatym, takie jak dlugi czas rozktadu i potrzeba sterylizacji, zwigkszona
wilgotno$¢ 1 suplementacja sktadnikéw odzywczych w celu podtrzymania wzrostu grzybow.
Ograniczenia te podkreslaja potrzebe dalszych badan w celu optymalizacji i skalowania procesu
przez skrécenie czasu i kosztow obrobki wstepnej bez uszczerbku dla wydajnosci degradacii.
Podsumowujac wyniki badan mozna stwierdzi¢, ze biologiczna, wst¢pna obrobka boczniakiem
ostrygowatym odpadow ptyt wiorowych spajanych UF znacznie poprawia wlasciwosci
fizykochemiczne biomasy, zwicksza wydajnos¢ aglomeracji cisnieniowej 1izwigksza
wydajno$¢ metanu podczas fermentacji beztlenowej. Wyniki te przyczyniajg si¢ do rozwoju
zrbwnowazonych, przyjaznych dla srodowiska technologii recyklingu odpadéw drzewnych,
oferujac obiecujace rozwigzania w zakresie przeksztatcania odpadow lignocelulozowych w

wysokowartosciowe biopaliwa.

Na podstawie cato$ci rozprawy sformutowano nastepujace wnioski.

1. Proces cigcia-mielenia wiorow sosnowych i topolowych byt bardziej energooszczedny na
jednostke masy niz mielenie, ale ze wzglgdu na wyzsze natgzenia przeptywu masy
wymagat silnika o wigkszej mocy. Wiory topolowe, mimo korzystnych wtasciwosci
mechanicznych, wymagaly wigkszej energii ze wzglgdu na swoja plastycznos$cé.

2. Wiory cigte-mielone wykazywaly wigksza sypkosc¢ i miaty bardziej kuliste ksztalty czastek
w poréwnaniu do wioréw mielonych, co skutkowato lepszg wydajnoscig podczas procesu
aglomeracji ciSnieniowej.

3. Z widréw sosnowych, o wyzszej zawartosci ligniny (30,7% w poroéwnaniu do 18,4% w
przypadku topoli), wytworzono aglomeraty o wigkszej wytrzymato$ci na S$ciskanie
promieniowe 1 module sprezystosci, ale ich uformowanie wymagato wigkszej
jednostkowej pracy zageszczania.

4. Sposrod aglomeratow, pelety wytworzone przy 93°C i pod ci$nieniem 70 MPa mialy
najwyzsza gestos¢ (1081 kg-m™3) i wytrzymatos¢, podczas gdy granule wytworzone przy
nizszych ci$nieniach (12 MPa) bez spoiw wykazaly mniejsze wtasciwos$ci mechaniczne,
co podkresla konieczno$¢ stosowania dodatkdw, takich jak zywica UF w niektorych
zastosowaniach.

5. Biologiczna obrobka wstepna z wykorzystaniem Pleurotus ostreatus znacznie

zdegradowata ligning (o 6,8-8,3%), zwigkszyla zawarto§¢ celulozy 1 poprawita
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wlasciwosci mechaniczne 1 wydajno$¢ zageszczania biomasy, co skutkowato gestszymi
pastylkami o wigkszej wytrzymatos$ci na $ciskanie.

Wstepna obrobka grzybami poprawila wydajnos¢ metanu podczas fermentacji
beztlenowej, z 3,7-krotnym wzrostem z plyt widrowych sosnowych i1 2,9-krotnym
wzrostem z plyt topolowych, co potwierdza zwigkszong biodegradowalnos¢ 1 dostepnosc
mikrobiologiczng wstgpnie obrobionych substratow.

Pomimo swoich zalet, proces wstgpnego przetwarzania grzybami napotyka wyzwania,

takie jak dtugi czas obrobki i koniecznos¢ pasteryzacji, kontroli wilgotnosci i suplementacji

sktadnikow odzywczych. Dalsza optymalizacja jest konieczna, aby obnizy¢ koszty 1 poprawié

skalowalno$¢ przy jednoczesnym zachowaniu wydajnosci biodegradacji.
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1.

Dalsze kierunki badan
Optymalizacja czasu obrobki wstepnej. Zbyt dluga obrobka wstepna moze takze

ograniczy¢ zwigkszenie produkcji metanu [Basinas i in. 2022].

Adaptacja grzyboéw, w tym boczniaka ostrygowatego, do zanieczyszczen przez
przeszczepianie na podtoze z coraz wigksza iloscig zanieczyszczenia zostato takze
zaoferowane przez jedno z przedsigbiorstw [Axtell i in. 2000], co oznacza, ze proces
jest juz opanowany. Nalezatoby jednak sprawdzi¢, czy adaptacja do substratu, ktorym
jest plyta widrowa, rzeczywiscie zachodzi i czy pozwala ona na zwickszenie
efektywnosci obrobki wstepne;.

Oznaczenie zawarto$ci Zzywicy mocznikowo-formaldehydowej w ptycie widrowej oraz
zmian zawarto$ci zywicy na skutek dzialania grzybow biatego rozktadu drewna.
Zagospodarowanie odpadow ptyty widrowej zgodnie z koncepcja biorafinerii w ramach
gospodarki obiegu zamknigtego. Pozostalo$¢ po fermentacji anaerobowej ptyt
wiorowych mogtaby potencjalnie zosta¢ wykorzystana do wytwarzania biowegla lub
syngazu [Suksong i in. 2020]. Wykorzystanie pozostalosci po fermentacji w nawozeniu
[Suksong i1 in. 2020] w przypadku plyt widrowych powinno zosta¢ gruntownie
przebadane przed wprowadzeniem na szerokg skale ze wzgledu na potencjalne
szkodliwe dziatanie Zywic syntetycznych z ptyt wiérowych.

Dla bardziej miarodajnego opisu wptywu obrobki wstepnej na produkcje biogazu nalezy
przeprowadzi¢ bilans masy podczas obrobki 1 fermentacji anaerobowej, np. podobnie
jak w [Suksong i in. 2020].

Poniewaz zawarto$¢ celulozy negatywnie korelowata z wytrzymaloscig pastylek,
zawarto$¢ hemiceluloz nie byla istotnie skorelowana, a zawartos¢ ligniny byla
skorelowana pozytywnie, warto rozwazy¢ wykorzystanie grzybow brunatnej zgnilizny
w obrobee odpadoéw ptyt widrowych do wytwarzania biopaliw staltych. W odréznieniu
od grzybow biatej zgnilizny, rozktadaja one celulozg¢ i hemicelulozy tylko modyfikujac
ligning. Ubytek celulozy i1 hemiceluloz przy braku ubytku ligniny bytby korzystny dla

wytwarzania biopaliw statych.
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Abstract

The aim of this study was to assess the energy consumption during milling and cut-
ting-milling of pine and poplar shavings and the determination of particle size distri-
bution (PSD) characteristics and mechanical properties of these materials. Cutting-
milling process required less energy (in kJ-kg™) than milling but maximum mass
flow rate of shavings was significantly higher and thus the effective power require-
ment of the knife mill during cutting also was higher. Comminution of plastic pop-
lar shavings was more energy-consuming than harder pine shavings. These features
influenced PSD, which was approximated with four mathematical models: Rosin—
Rammler-Sperling-Bennett (RRSB), normal, logistic and lognormal. On the basis
of the best fitting (Radjz) for RRSB, detailed PSD parameters were calculated and
all PSDs were described as ‘mesokurtic’, ‘fine skewed’ and ‘well-graded’. In com-
parison to milled shavings, cut-milled shavings had higher density, but were less
compressible and had lower unconfined yield strength. However, cut-milled shav-
ings had higher flowability because of lower cohesion and internal friction angles,
because after cutting-milling particles were more spherical than elongated particles
after milling. Cut-milled poplar shavings had more favourable mechanical param-
eters and better PSD characteristics, but required more energy for comminution than
pine shavings.
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Coefficients for curves peaks in logistic,
lognormal, normal and Rosin—-Rammler-
Sperling-Bennett model, respectively
(mm)

Cohesion (kPa)

Coefficient of gradation

Carr’s Compressibility Index
Coefficient of uniformity

Energy consumption during shavings
comminution (kJ-kg™)

Flow index

Hausner ratio

Uniformity index (%)

Graphic kurtosis

Moisture content (% w.b.)

Mass of shavings comminuted in time ¢,
instantaneous and final, respectively (g)
Number of experimental data points in a
sample
Rosin—Rammler-Sperling-Bennett’s parti-
cle size distribution parameter

Size guide number, statistical particles
size (mm)

Number of parameters in distribution
density model

Idle power of knife mill (W)

Active power of three phases and active
powers of subsequent phases, respectively
(W)

Effective and instantaneous power of
knife mill, respectively (W)

Maximum mass flow rate (g-s™)
Coefficient of determination (%)
Adjusted coefficient of determination (%)
Standard deviation, dimensionless
Standard deviation (mm)

Inclusive graphic skewness

Mass relative span

Geometric STD of high and low and total
regions, respectively

Particle size variation ranges (%)
Comminution time (s)



Wood Science and Technology

X5, X100 X165 X255 X305 X505 X60> X75> Xg4» Xop and Xgs corresponding particle sizes

A tke’ A tkm

A
/’tlg’ Hins By,

Pc

b,
Dlin
pa’ pt

PICM
PIM
PIR
POCM
POM
POR

at 5, 10, 16, 25, 30, 50, 60,
75, 84, 90 and 95 percentile
of cumulative undersize mass
distribution, respectively
(mm)
Geometric mean of particle size (mm)
Graphic mean of particle size (mm)
Particle size for 63.2% of mass distribu-
tion, Rosin-Rammler-Sperling-Bennett
parameter (mm)
Angle of external friction for wood
shavings-chrome steel (°)
Time interval in power and mass meas-
urements, respectively (s)
Knife mill loads equalizing lag time (s)
Particle size arithmetic means in logistic,
lognormal and normal model, respec-
tively (mm)
Normal stress (kPa)
Major consolidating stress (kPa)
Unconfined yield strength (kPa)
Inclusive graphic standard deviation
(mm)
Particle size standard deviation in
logistic, lognormal and normal model,
respectively (mm)
Shear stress (kPa)
Angle of internal friction (°)
Angle of internal friction for determined
flowability (°)
Effective angle of internal friction (°)
Linearized angle of internal friction (°)
Aerated and tapped bulk density, respec-
tively (kg~m‘3)
Pine shavings, cut-milled
Pine shavings, milled
Pine shavings, raw
Poplar shavings, cut-milled
Poplar shavings, milled
Poplar shavings, raw
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Introduction

Wood shavings with particle size of 5-15 mm can be used directly to produce
briquettes, but pellets production requires smaller particles, below 3.2 mm (Mani
et al. 2003). In the mixture, smaller particles have higher specific surface, pore
size and number of contact points, which is beneficial for interparticle bond-
ing during agglomeration (Mani et al. 2004), increases bulk density and flowa-
bility of the biomass, decreases specific energy consumption during pelleting,
and improves granulator performance and pellet quality (Mayer-Laigle et al.
2018).

Material fragmentation requires energy consumption, which depends on the
biomass type, moisture, material properties, initial particle size, material feed
rates (Miao et al. 2011) and type and working parameters of the machine: tip
speed, milling yield, sieve size and clearance (Yu et al. 2003). The comminution
processes may include one or a combination of the following operations: cutting,
shearing, compressing, tearing (Miu et al. 2006) and coexisting fracture, break-
age, impact crash and twisting (Oyede;ji et al. 2020), friction and broken cohesion
mechanisms (Jung et al. 2018).

Hammer mills, knife mills and linear knife grid mills (Pradhan et al. 2018),
ball, beater, needle (pin) mills and shredders (Miao et al. 2011) were used for bio-
mass grinding. Knife and hammer mills are most useful for wood grinding (Miu
et al. 2006). Based on the literature, a hammer can be fixed or freely swinging
(Yu et al. 2003), but more logical is the assumption that a hammer is fixed and
a plate is freely swinging (Mugabi et al. 2019) and is termed as the beater. Knife
mills, where cutting is a main process, are useful for grinding the plant material
(Miu et al. 2006) and also work well at higher material moisture (Jewiarz et al.
2020). Hammer mills are able to grind harder materials with larger sizes (Miu
et al. 2006) and are more suitable for materials with lower moisture (Jewiarz et al.
2020).

The use of a knife mill instead of a hammer mill allowed for a double reduc-
tion in grinding energy consumption (in kJ-kg™!), with a slight deterioration of
the grinding effect of Scots pine, European beech, cup plant and giant miscanthus
(Jewiarz et al. 2020). Higher dust content in wood fuel powder was obtained by
four different hammer mills than by a knife mill (Paulrud et al. 2002). Mixtures
with higher dust content had stronger tendency to bridging, which was influenced
by the shape and size of the particles.

Influence of moisture content, particle size and shape of hammer-milled poplar
wood and corn stalks on the handling behaviour was analysed, and less bridging
for mixtures with lower content of long and hook-shaped particles and better flow
properties were found. Higher moisture is related to a greater angle of internal
friction and a greater tendency to form arcs or ratholes (higher normal stresses)
and more difficult rearrangement of particles, reducing the bulk density of the
mixture (Gil et al. 2013).
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Machines used in wood processing can perform various processes such as
cutting, chipping, hammering and shredding and, depending on the purpose,
various methods of measuring load and energy consumption are used (Warguta
et al. 2022). Throughput and specific energy consumption of chippers or saw-
mills strongly depend on the raw materials, machine size, machine type, and
specific machine settings, including knife (Kuptz and Hartmann 2014) and saw
blade sharpness. Power metres for checking the quality of power, data loggers for
a specific energy consumption trend (Gopalakrishnan et al. 2012) or electricity
metres (Kuptz and Hartmann 2014) are used for energy analysis and diagnostics
of electrical stationary woodworking equipment. The specific energy consump-
tion needed for wood processing by machines powered by combustion engines
can be determined on the basis of fuel consumption (Kuptz and Hartmann 2014)
or by measuring the torque and rotational speed of the tractor PTO. Targeted
research shows that individual machine settings, including regular knife sharpen-
ing or replacement, increase throughput and reduce energy consumption (Kuptz
and Hartmann 2014).

There are related processes in the comprehensive technology of pressure agglom-
eration of biomass such as feeding, grinding, fluidisation, mechanical/pneumatic
transport, blending, conditioning and storage in hoopers or bins (Xu et al. 2018).
A stable and continuous flow of comminuted material is important in these pro-
cesses, without the risk of its bridging, spontaneous agglomeration and separation.
Understanding the comminuted biomass properties related to the flowability allows
the design of reliable devices for its conversion. Stress caused by consolidation and
design solutions of technical devices used for transport, conversion or storage affect
the flow characteristics of the comminuted biomass (Stasiak et al. 2020).

Various test methods are used to assess the flowability of the comminuted bio-
mass (powders). In the test for a non-compacted mixture, angle of repose, AOR, is
determined (Stasiak et al. 2015). The particles packing properties in the mixture
are determined in the tapping test, and Hausner ratio, HR, and Carr’s Compress-
ibility Index, CI, are calculated (Rezaei et al. 2016). A more precise test for quan-
titative measurement of the comminuted biomass flowability is the consolidated
mixture test containing the standard shear procedure (Eurocode 1 2006), using
the Jenike shear cell tester or the Shulze ring shear tester (Salehi et al. 2017).
On the basis of shear results, materials can be quantified using unconfined yield
strength, o, flow index, ff,, cohesion, ¢ and angle of internal friction ¢ (Stasiak
et al. 2020). It is assumed that materials with the cohesion less than 2 kPa and an
angle of internal friction less than 30° can flow because of gravity (Fasina 2006).
Tests on non-compacted or tapped materials are better suited for the classifica-
tion of mixtures (powders), and the results of the shear tests can be helpful in the
design of technical equipment, such as silos and feeders. The properties of loose
materials allow to identify the cause of flow problems and differences between
materials (Fasina 2006). The choice of the analytical technique for comminuted
biomass assessment should be done on the basis of the ability to correctly restore
the state of stresses and densification in a potential technological process (Jin
et al. 2020). The result of the assessment of the comminuted material flowability
is influenced by material properties: texture and surface roughness and moisture
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content (Stasiak et al. 2020), particle size distribution and particles shape (Stasiak
et al. 2019), the level of consolidation (Stasiak et al. 2018) and temperature of the
system (Wilen and Rautalin 1995), (Tomasetta et al. 2014) and the ambient rela-
tive humidity (Ganesan et al. 2008).

However, there is a limited number of publications on the impact of the commi-
nution method on the energy consumption of the process (Jiang et al. 2017), com-
minution energy efficiency (Eisenlauer and Teipel 2021), particle size distribution
(Kratky and Jirout 2020) and flowability properties of wood shavings, intended for
the production of internal layers of chipboards or briquettes, and after further shred-
ding of the shavings for the production of pellets (Moiceanu et al. 2019).

The aim of this research was: (a) determination of energy consumption during
milling or cutting-milling of pine and poplar shavings; (b) quantification of the
effect of particle size on the wood shavings flowability properties; (c) development
of parameters characterising physicomechanical properties for raw and comminuted
wood shavings; (d) development of four mathematical models approximating PSD.

The novelty of this work is the comprehensive connection and analysis of PSD
characteristics approximated by mathematical models with mechanical properties of
pine and poplar shavings and with energy consumption during comminution of raw
shavings intended for the production of particleboards or moulded solid fuel.

Materials and methods
Materials

The starting material for the research was pine and poplar wood. Pine wood was cut
in a dedicated machine into shavings for production of particleboards, and poplar
shavings were made of sawmill residues in a laboratory shredder. The raw shav-
ings were obtained from the Research and Development Centre for Wood-Based
Panels, Ltd. in Czarna Woda. Physicomechanical properties of wood shavings were
investigated for three states: raw shavings, milled shavings and cut-milled shavings
(Fig. S1 of SI). Milling and cutting-milling were conducted in the knife mill at War-
saw University of Life Sciences.

Moisture content

The material moisture content was measured using the moisture analyser
(MA50/1.R, Radwag, Radom, Poland) with an accuracy of 0.001% (weight meas-
urement accuracy was 1 mg). Samples weighing approximately 2 g each were
automatically analysed. Moisture was analysed fivefold and results variability was
reported as a single standard deviation.
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Fig.1 Stand for measuring the energy consumption during biomass comminution; 1-knife mill, 2—elec-
tronic scales, 3—power quality analyser, 4-laptops for data acquisition, S—sample container, 6-feeding
piston, 7-knife disc, 8—sieve with 3 mm mesh diameter

Energy consumption measurements during raw shavings comminution

The stand for measuring the energy consumption of raw pine shaving comminu-
tion consisted of the knife mill (LMN-100, Alchem Group Ltd., Torun, Poland),
the power quality analyser EQUA Wally with WINEQUA software (Pro-Elektra,
Olsztyn, Polska), the electronic scales WPS 600/C with PomiarWin software
(Radwag, Radom, Poland) for mass recording via the RS 232 port and two lap-
tops for data acquisition (Fig. 1).

The knife mill worked both, in counterclockwise and clockwise rotation. In
counterclockwise rotation, the knives in cooperation with a 3 mm mesh sieve
comminuted the material by grinding and tearing, without cutting. In clock-
wise rotation, the knives cut the shavings on the counter-cutting edge and sub-
sequently ground, tore and cut them with 3 mm mesh sieve. These two shav-
ings comminution modes were called milling and cutting-milling, respectively.
The nominal rotational speed of rotor mill was 2880 rpm and peripheral cutting
speed was 15.39 m-s™'. The clearance between cutting and counter-cutting edge
was 1.15 mm and the knife blade angle was 45°. The knives were sharp. Com-
minuted shavings mass was weighed with an accuracy of 0.01 g and maximum
possible frequency of 2 Hz, and the voltage and current on the three phases were
measured with the maximum possible frequency of 50 Hz. A sample of raw shav-
ings with a mass of 55 g was milled for about 35 s and cut-milled for about 10 s.
Active power was measured in accordance with the PN-EN 50160 standard (PN-
EN 50160 2014). The power quality analyser measured three states (Fig. 2); after
turning on the power—power supply, after turning on the knife mill- idle power,
during comminution—power required to drive the mill under load.

The active power on the engine was determined as a sum of the power from the
three phases.
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Fig.2 Example of knife mill power characteristics with marked areas: turning on the power supply, the
idle power and the power of work under load; P,;;, P,;,, P, ;—power on the three consecutive phases,
t—time (points on the graph represent the instantaneous power values measured with 0.02 s interval)

Py,=Py+ Pyt Ppys )

where P, is the active power of three phases, W; P, P,, and P, are the active pow-
ers on the three consecutive phases, W.

The difference between the active power of knife mill under load P, and the
idling power P; is the effective power, which is a work (energy) performed by the
mill during comminution of shavings per unit of time.

P,=P,—-P, )

where P, is the effective power of the knife mill, W; P, is the active power of the
knife mill under load, W; P; is the idling power of the knife mill, W.

Comminuted shavings mass was measured with an electronic scale as a cumu-
lated value, therefore cumulated mass distribution m,. approximated by the modi-
fied Gompertz model (Velazquez-Marti et al. 2018), Eq. 3, was recalculated into
the instantaneous mass distribution m; (Fig. S2 of SI). After synchronisation against
time, it can be superimposed on effective instantaneous power distribution P,
(Fig. S3 of SI).

qm€
my =mmexp<—exp<m—(ﬂ—t)+ 1)) 3)

where my is the mass of comminuted shavings in time ¢, g; m,, is the final mass of
comminuted shavings, g; ¢,, is the maximum mass flow rate, g-s‘l; A is the knife
mill load equalizing lag time, s; ¢ is the comminution time, s; e is the Euler number,
e=2.71.
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An area under instantaneous power distribution is the work that needs to be done to
mill shavings in the knife mill and the work-to-mass ratio is the energy consumption
of the process, in kI'kg™!. Energy consumption of comminution is the mean amount
of energy used in the process of wood shavings comminution (milling or cutting-mill-
ing) per unit of dry matter. The areas under the curves of the instantaneous effective
power and mass distribution were calculated by numerical integration using trapezoidal
method and the energy consumption of wood shavings comminution, E; (Eq. 4) was
determined.

[ Pudt <N Poigr-1) + Pei() > (N MiGy—1) + Mi())
E=10321" 103 ¥ L N Ny Y Wy,
“4)

were E; is the energy consumption of shavings comminution, kl-kg™'; P, is the
instantaneous effective power of the knife mill, W, m; is the instantaneous shav-
ings mass, kg; ¢ is the comminution time, s; Af,, is the time interval in power
measurements, s; A, =0.02 s; Az, is the time interval in mass measurements, s;
At,,=0.5s; k=1, 2, 3, ..., N; N is the number of measurements for the analysed
distribution.

Shavings moisture was measured before and after each series of 8-9 measurements
for a given comminution system (wood species, comminution method). A moisture
analyser (MA 50/1.R, Radwag, Radom, Poland) with a mass measurement accuracy of
0.1 mg was used to control the material moisture content.

Particle size distribution

Raw shavings mixture samples with a volume of 10 I each were separated using the
oscillating screen separator (Fig. S4 of SI), according to ANSI/ASAE S424.1 standard
(ANSI/ASABE S424.1 2008). The sieve mesh sizes of 1.65, 5.61, 8.98, 18.0, 26.9 mm
and a pan at the bottom in the set were used. The sample separation time was 120 s. The
shavings after milling or cutting-milling were separated on a vibrating screen separator
(LAB-11-200/UP, Eko-Lab, Brzesko, Poland) according to ANSI/ASAE S319.4 stand-
ard (ANSI/ASAE S319.4 2008). A double set of six sieves with dimensions of: 0.056,
0.1, 0.15, 0.212, 0.3, 0.425, 0.6, 0.85, 1.18, 1.6, 2.36, 3.35 mm and a pan at the bottom
of each sieve set were used. 55 g samples were sieved for 600 s. The mass of the sam-
ple and separated fractions were weighed on an electronic scale (WPS 600/C, Radwag,
Radom, Poland) with an accuracy of 0.01 g. Each separation was conducted in fivefold.
Mass distribution in fractions and the mesh size allowed to calculate geometric mean of
particle size (xg), standard deviation (s,, dimensionless) and characteristic parameters
of particle size distribution. Particle size distribution density was approximated by four
models: Weibull (Weibull 1951), Rosin—Rammler-Sperling-Bennett (RRSB) (Rosin
and Rammler 1933), Eq. 5, normal, Eq. 6, lognormal, Eq. 7 (Yang et al. 2012) and
logistic, Eq. 8 (Weipeng et al. 2015), with modification of Su and Yu (2019).
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where f(x; xz, n) and f(x; u, o) are the density functions of the probability distribu-
tion, %; x is the particle size, mm; Ag, A,, A;, and Alg are the coefficients for curve
peaks in respective distributions, mm; x is the particle size for 63.2% of mass distri-
bution, mm; #n is the RRSB particle size distribution parameter (dimensionless); y is
the particle size arithmetic mean (index indicates distribution model), mm; o is the
standard deviation (index indicates distribution model), mm; indexes ,, ;, and ;, are
the indexes of normal, lognormal and logistic distribution models, respectively.

Selected models are widely used to describe particle size distributions of commi-
nuted materials (Su and Yu 2019), whose cumulative distributions have a sigmoidal
shape (Piatek et al. 2016). On the basis of the best-fitted RRSB density distribution
model, the particle size distribution parameters were calculated. Calculation formu-
las are shown in supplementary material (Table S1 of SI).

Packing properties test

In order to calculate parameters characterising packing indexes of wood shavings, aer-
ated bulk density and tapped bulk density were calculated. Raw shavings density was
tested in the cylinder with 154 mm diameter and 250 mm height, and the comminuted
shavings’ density was tested in the cylinder with size 53 mm and 160 mm, respectively,
taking into account the requirement of tenfold cylinder size in comparison to average
particle size. After putting shavings into cylinders, excess material was cutoff with a
sharp steel plate with caution to not densify loose particles. Cylinder with shavings
was weighted on an electronic scale (WPS 600/C, Radwag, Radom, Poland) with an
accuracy of 0.01 g, and aerated bulk density p, was calculated. Then, the cylinder with
the shavings was mounted on the vibrating separator LAB-11-200/IP with a tapping
frequency of 25 Hz and 2 mm vibration amplitude for 30 s tapping, with 750 stocks.
Tapping parameters were based on the preliminary results, as after this time no density
changes in the cylinder were observed. This criterion was used by Xu et al. (2018).
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After tapping, the distance between the upper edge of the cylinder and the surface of
material was measured using an electronic calliper with an accuracy of 0.01 mm. The
measurements were taken on nine points: four at regular distance on each of two per-
pendicular diameters and one on the axis of the cylinder, similar to research conducted
by Chevanan et al. (2010). The diameters of the circles were 82% and 58% of the cylin-
der diameter, dividing the surface into equal parts. The free volume above the shavings
surface was subtracted from the total volume of the cylinder and with known shavings
mass the tapped bulk density p, was calculated. Measurement was taken fivefold. Based
on these results, two important flowability parameters of wood shavings were calcu-
lated. One of them is a Hausner ratio (HR), which is the ratio of tapped bulk density to
aerated bulk density, calculated according to Eq. 9 (Xu et al. 2018).

P
HR = —
Pq ©

where HR is the Hausner ratio (dimensionless); p, is the tapped bulk density, kg-m™;
p, is the aerated bulk density, kg-m™.

The second parameter is a Carr’s Compressibility Index (CI), which is the ratio of
difference between tapped bulk density and aerated bulk density to tapped bulk density,
Eq. 10.

P = Pa

cr="2"ta
Pt (10

Strength and flowability

The materials strength and flowability were determined using a direct shear tester with
a cylindrical cell with 60 mm internal diameter and 170 mm height. The tester was
designed and manufactured according to Eurocode 1 standard (Eurocode 1 2006). The
concept of this tester was based on Jenike apparatus and was improved using more
modern technological solutions. The tester was powered by an AG 5089 hydraulic
device (Fig. 3). Both devices were made by Rockfin Ltd., Nowy Tuchon, Poland. Tests
were conducted for normal pressures of 20, 30, 40, 50 and 60 kPa, taking into account
the mass of piston and analysed material bed above the shear plane, similar to Sta-
siak et al. (2015). Bed height after consolidation in each of the upper and lower cell
parts was 11.0+0.2 mm. The lower cell part was being pushed with servomotor with
0.048 mm-s~! speed, and shear force was measured using a CL 17 strain gauge trans-
ducer with a measuring range up to 100 kN. The horizontal displacement of the lower
cell part was measured with a laser distance gauge (LDS 100-500-S, Beta Sensorik).
Fivefold tests were conducted for each combination of parameters. The data acquisi-
tion and control system consisted of a personal computer that controlled input/output
(I/0) modules through a Hottinger Baldwin DMCplus (HBM, Darmstadt, Germany)
high-speed digital interface card. The measurement and control systems were driven by
CATMAN 2.1 software (HBM, Darmstadt, Germany), ensuring simultaneous acquisi-
tion of data and motion control at a sampling rate of 50 Hz.
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Fig.3 Test stand for direct shearing of comminuted material: 1-data acquisition system, 2-hydraulic
attachment to drive the screw mechanism moving the lower part of the shearing cell, 3—screw mecha-
nism driven by a hydraulic motor with a reductor, 4-laser distance gauge for lower part of shearing cell
displacement measurements, 5—strain gauge for measuring shear force, 6-movable, lower shear cell with
spacer discs to adjust the height of the material layer, 7-fixed, upper shear cell with a strain gauge, 8—pis-
ton with weights for material consolidation in the cell

With assumed normal stress values and experimental shear force—displacement
curves, tangential stress 7, Eq. 11, unconfined yield strength o,, Eq. 12, major consoli-
dating stress oy, Eq. 13 and flow index ff,, Eq. 14, were calculated (Littlefield et al.
2011).

7 = tan(p)o + ¢ (11)
2¢(1 + sin
5, = 2+ 5In9) (12)
cos@

) 2
A— \/Azsm - Tszspcos 17

(1 + sing) — —— (13)

c, =
! cos2p tang

f.=2
c= o (14)
where A = Ogp + c/tang, t is the shear stress, kPa; ¢ is the normal stress, kPa; ¢
is the angle of internal friction, °; c is the cohesion, kPa; o, is the unconfined yield
strength, kPa; o, is the major consolidating stress, kPa; ff. is the flow index and sub-
script ssp designates the value at the steady state point.
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Moreover, based on the experimental curves, the angle of internal friction was
calculated (Stasiak et al. 2019). To characterise the material flow, Jenike (1961)
proposed to use a major consolidating stress ¢, to unconfined yield strength o,
ratio, called the flow index ff,, a reciprocal of flow function FF. The flow index
allows to classify materials as non-flowing: ff, <1, very cohesive: 1<ff . <2,
cohesive: 2 < ff. <4, easy flowing: 4 < ff, < 10 and free flowing: ff.>10.

Angle of external friction shavings-chrome steel

The angle of external friction 6 for various forms of wood shavings on the chrome
steel plate surface, a material of which the agglomeration die was made, was deter-
mined by measuring the angle with an electronic protractor. The angle was deter-
mined as the minimal slope when particles of material started moving as the plate
slope increased. A material sample was evenly distributed over the plate surface,
while maintaining a layer thickness close to that of single particles. Measurements
were taken five times for each system.

Parameters selection

Parameters assessing physicomechanical properties of wood shavings were selected
by a feature correlation method to eliminate parameters whose values were strongly
correlated. The selection aimed to reduce the parameter number to the proposed
7+2 (Miller 1994), increasing information processing perception by humans.

The input to analysis was the correlation coefficient matrix R determined for the
analysed parameters, for which the inverse matrix R™! was created, R™! = R"/det(R),
where RT is the transposed matrix R, det(R) is a determinant of the matrix R (condi-
tion det(R)# 0 must be satisfied). For parameter strongly correlated with others, ele-
ments of R™! exceeded the value of 10. That meant wrong numerical determination
of the R matrix. The parameter was removed from the starting parameters set if the
diagonal value was > 10. Parameters were cyclically eliminated after one parameter
strongly correlated with others had been removed, the procedure was repeated. The
correctness of the obtained results was checked by calculating the identity matrix I,
I=RR".

Correlation coefficient matrices were calculated in Statistica v.13.3 software
(StatSoft Poland Ltd., Cracow). The determinant of matrix R (det(R)), inverse
matrices R™' and identity matrix I were calculated in Excel.

Statistical analysis

For the calculated parameters, characterising physicomechanical properties of shav-
ings, normality distributions were analysed using Kolmogorov—Smirnov (K-S) and
Lilliefors correction (K—S-L) and Shapiro—Wilk (S—W) tests. Homogeneity of vari-
ance for these parameters for different factors (wood species and shavings forms)
was tested with Levene and Brown—-Forsythe tests. According to K-S test results,
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H, hypothesis assuming normal distribution of these parameters (the p value was
greater than 0.20 for all cases) cannot be rejected. Based on the results of the Lev-
ene and Brown—Forsythe tests, it can be concluded that for most of the analysed
parameters there is no reason to reject the H,, hypothesis of homogeneity of variance
between the analysed factors.

The data were analysed for the influence of factors (wood species, form of shav-
ings (raw, milled, cut-milled)) on the physicomechanical properties of mixtures
(energy consumption parameters, particle size distribution parameters, flowability
and direct shear strength) with multivariate analysis of variance MANOVA with
Fisher-Snedecor (F) test. Statistical significance of differences between mean values
of parameters was checked by the Tukey’s test. Pearson correlation coefficient value
matrices were analysed and evaluated by synonyms for the descriptors (Hopkins
2000). The analysis was conducted at the significance level p=0.05. Cohesion and
angle of internal friction were determined with linear regression and parameters of
nonlinear models with nonlinear estimation procedure. Goodness of fit for models to
experimental data was evaluated with adjusted coefficient of determination, Radj2 (Su
and Yu 2019), which is a better criterion than coefficient of determination, Eq. 15.

(1-R*)(N-1)

WN-p-D
where ij2 is the adjusted coefficient of determination (expressed in %); R* is the
determination coefficient (dimensionless); N is the number of experimental data
points in a sample; p is the number of parameters in distribution density model.
Statistical analysis of research results was done in Statistica v.13.3 software (Stat-

Soft Poland Ltd., Cracow, Poland).

Ridj =1- (15)

Results and discussion
Comminution energy consumption of pine and poplar shavings

The starting physical parameters of raw pine and poplar shavings were similar as
their moistures were 7% (Table 1) and geometric means of particle size x, were
6.21 mm and 5.94 mm, respectively (Table S2 of SI). Comminution times of raw
shavings samples weighing 47-50 g were almost 4-times longer during milling than
cutting-milling and were 26.5-28.0 s and 6.9-7.9 s, respectively (Table 1).
Extending the milling process in comparison to cutting-milling substantially
reduced the load of the knife mill in the time domain (Fig. 4), and the effective
power requirement of the mill was almost 3-times lower during milling than cutting-
milling and amounted to 428—675 W and 1352-1660 W, respectively (Table 1). With
such reversed relations of effective power against comminution time, the energy
consumption of milling was 29% and 40% higher than those of cutting-milling for
pine and poplar shavings, respectively. The energy consumption for milling the pine
and poplar shavings was 234 and 417 kJ-kg™' (189 and 521 kWh-t™"), respectively,
and for cutting-milling 182 and 293 kJ-kg™' (23 and 33 kWh-t™!), respectively. In

@ Springer



Wood Science and Technology

Table1 Average values and standard deviations of shavings moisture content, milling and cutting-
milling parameters of pine and poplar shavings and modified Gompertz model parameters and their fit
assessment

Parameter Milled shavings Cut-milled shavings
Pine Poplar Pine Poplar

Moisture content, MC, % 6.90* +0.12 7.02*+0.04 6.90+0.12 7.02¢+0.04
Sample mass, m,, g 48.3*+1.2 47.0°+2.8 50.1*+0.9 48.4%+2.1
Comminution time, ¢,,, s 26.5°+1.1 28.0°+1.1 6.9°+0.6 7.9°+0.3
Effective power, P,, W 428425 675°+36 1352°+99 1660° + 160
Energy consumption, Ej, kl-kg™' 234"+ 14 417935 1827+ 18 293°+25
Maximum mass, m,,, g 493+1.8 50.6+3.7 48.8+0.7 47.6+2.3
Mass flow rate, g, g-s™! 4.45+0.47 2.88+0.17 28.77+2.39 31.99+1.64
Lag feed, 4, s 6.89+0.86 3.85+£1.86 0.95+0.27 0.53+0.27
Coefficient of determination, R?, % 99.90+0.06 99.84+0.07 99.53+0.16 99.39+0.58
Global error, dg, % 1.83+0.65 2.06+0.58 3.35+0.91 2.22+0.62

*In each row, differences between values with the same letter are statistically insignificant at p <0.05

Fig.4 Mass distribution of 4.5
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comparative pine wood comminution studies, the energy consumption of the ham-
mer mill is twice as high as that of the knife mill (Jewiarz et al. 2020) although abso-
lute values are significantly lowered and probably false.

Under optimal working conditions of hammer mills, the energy consumption of
milling pine wood to particle size of ds,=0.5 mm was 170 kWh-t™' and for poplar
130 kWh-t™! (Esteban and Carrasco 2006), therefore it was a reverse relation to the
present results. This was due to almost twice the moisture contents of these materi-
als (14.25% and 11.89%, respectively) and the inverse relationship of moisture to our
shavings. As mentioned, the energy consumption of milling depends on many fac-
tors, including the degree of particle size reduction. Hammer grinding of pine par-
ticles from 3.59 mm to 2.19 mm consumed 15.9 kJ-kg™! energy (Naimi et al. 2016).
Other studies indicate that the energy consumption of milling loblolly pine shavings
with 4.7% moisture on 1.20 mm and 3.18 mm sieve size was 125 and 82 kJ-kg™!,
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respectively (Hehar 2013). For comparison, a typical milling energy consumption of
hard coal is 7-36 kWh-t™".

Cutting-milling was more energy efficient, when sharp cutting edges of the knife
were cutting shavings and subsequently cut-off particles were mashed through a
sieve, than milling, when shavings were probably crushed, torn, bent, sheared and
twisted by the beats of the knife plates and later mashed through a sieve (Miu et al.
2006). These complex processes were probably dependent on instantaneous posi-
tion of the particles in relation to the knife, as well as the sieve and the counter-cut-
ting edge, which also participated in comminution. The longer milling time allows
the conclusion that the raw shavings were repeatedly rotated before fragmentation
into particles with sizes that allowed them to pass through the sieve of the knife
mill. Comminution of poplar shavings was more energy-consuming than pine shav-
ings and was 78% and 61% greater during milling and cutting-milling, respectively.
In comparison to pine shavings, longer milling time of poplar shavings and higher
energy consumption during comminution were caused by lower strength param-
eters of poplar wood than pine wood. Energy consumption and particle size can be
different for the same material with different moisture content, because the strength
properties of wood depend on the moisture content, and what is important not
always linearly dependent (Gerhards 1982). Poplar wood vs. pine wood at 16.1%
and 13.5% moisture, respectively, has a hardness of 27 MPa and 29 MPa, compres-
sion strength perpendicular to grain of 1.9 MPa and 2.2 MPa, compression strength
parallel to the grain of 18.2 MPa and 26.9 MPa, bending strength in the direction
perpendicular to the grain of 40.2 MPa and 56.8 MPa, bending strength in the
direction parallel to the grain of 2.2 MPa and 2.8 MPa, and modulus of elasticity
of 5 860 MPa and 12 750 MPa, respectively (Aydin et al. 2007). This variability in
the strength properties of wood significantly affected the variability in energy con-
sumption in the comminution process. Under the pressure of the milling elements,
the more plastic poplar vs. pine wood was crushed and macerated to a greater
extent, without splitting it into smaller particles. The harder pine cracked and crum-
bled more than poplar wood. These crushed and squeezed particles required more
force cycles than the milling elements in order to achieve the size that allowed the
particles to pass through the sieve. The consequence of the particles flattening was
a longer size of the milled poplar vs. pine shavings. A bigger particle size of milled
poplar vs. pine shavings was a result of particles squeezing. The explanation of this
process has not been presented in the available literature so far.

Although, the pressure on the feed piston was the same, the maximum mass flow
rate g,, was 6-11 times greater during cutting-milling than cutting. The maximum
mass flow rate g,, was determined on the basis of the modified Gompertz model,
which approximated the cumulative mass flow rate very well; R*=99.39-99.90%
and a global error of fit was 1.83-3.35% (Table 1). The results of the analysis
showed that a more powerful electric motor is required during cutting-milling than
during milling. However, the energy consumption during cutting-milling is lower
and more favourable and more plastic poplar shavings are more difficult to commi-
nute than harder pine shavings.
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PSD of milled and cut-milled pine and poplar shavings

PSD of raw pine and poplar shavings was bimodal and unimodal, respectively
(Fig. S5 of SI).

In the bimodal PSD of raw pine shavings, there was a large share (29.5%) of fine
particles with a size of 3.04 mm and large particles of 12.71 mm (37.0% share).
These shares exceeded the share (26.9%) for geometric mean of particle size value
of 6.21 mm. The bimodal distribution could result from the wood cutting pro-
cess involving the cutting of large shavings 30-100 mm length, 20-25 mm width,
4-6 mm thickness, a varied pine wood structure or a variable tearing mechanism of
solid pine wood with clear heartwood is visible harder than sapwood. In raw pop-
lar shavings the PSD share of particles around maximum value was more aligned,
which resulted from the less differentiated hardwood and sapwood compared to pine
wood. Since the bimodality was not very high, the PSD was analysed as stochastic
homogenous distribution (Rasteiro et al. 2008).

The PSDs differed according to the species of wood and the method of commi-
nution by milling and cutting-milling during energetic conversion of raw shavings.
Milled pine shavings PSD had a lower geometric mean of particle size x, (0.60 mm)
than poplar shavings (0.62 mm) and similarly the dimensionless standard deviation,
§, (2.06 and 2, 10, respectively) and standard deviation s,,, (2.29 mm and 2.49 mm,
respectively). Different PSDs were obtained after cutting-milling, as x, for pine
shavings was 0.51 mm, and for poplar shavings was 0.45 mm, respectively; however,
s, was 1.89 and 2.03, and s, was 1.63 mm and 1.70 mm, respectively. It was prob-
ably a result of the domination of cutting and tearing instead of cutting by knives,
where clearance of knife to counter-cutting edge was 15 mm and harder pine wood
was crumbling into relatively larger particles than plastic poplar wood.

Among the four models, the RRSB was the best fit to the PSD as adjusted coeffi-
cient of determination Radj2 was the highest and amounted to 81.19-98.66%, average
94.37% (Table 2). In the matched ranking, the next places were taken by the follow-
ing models: normal (on average Radj2=93.03%), logistic (90.70%) and lognormal
(88.41%).

The characteristics of particle sizes determined in models were oversized in rela-
tion to the geometric mean of particle size X, which is determined at 50% of mass
distribution. According to the theory by Rosin and Rammler (1933), the x; param-
eter is determined particle size for 63.2% of cumulative mass distribution undersize,
and, g, s 4, are the particle size arithmetic means in logistic, lognormal and nor-
mal models, respectively, which by definition are greater values than the geometric
mean. The PSD of raw shavings was relatively flatter than the PSD of milled and
cut-milled shavings, because n values in RRSB model were 1.88-1.94, 3.00-2.55
and 2.53-2.75, respectively. Larger standard deviations of the particle size in models
represent wider PSD and for raw and milled shavings, they were proportional to the
standard geometric dimensional deviations s,,,. Comparing the PSD characteristics
of shavings, it can be stated that cutting-milling caused more even PSD than mill-
ing. During the cutting-milling process, raw shavings were cut and smaller particles
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Table 2 Fitting of the coefficients of the RRSB, normal, lognormal and logistic models of PSD densities

for pine and poplar shavings, raw, milled, cut-milled and goodness of fit evaluation with Radj2

Model Parameters Raw shavings Milled shavings Cut-milled shav-
ings
Pine Poplar Pine Poplar Pine Poplar
RRSB Ag, mm 5.46 4.95 0.23 0.26 0.21 0.18
Xg, Mm 12.39 10.24 0.98 1.12 0.86 0.76
n 1.88 1.94 3.00 2.55 2.53 275
Radjz, % 81.19 93.56 97.79 98.66 96.65 98.39
Normal A,, mm 5.60 491 0.23 0.25 0.21 0.18
M, mm 9.96 8.16 0.86 0.95 0.74 0.66
0,, mm 5.95 4.72 0.33 0.41 0.33 0.27
Radjz, % 82.03 85.01 98.35 98.57 95.26 98.94
Lognormal Aj,, mm 6.57 5.56 0.25 0.29 0.23 0.20
g, MM 12.34 9.20 0.92 1.07 0.81 0.72
0}, MM 2.43 2.11 1.54 1.73 1.78 1.64
Radjz, % 70.33 93.46 93.74 91.17 89.85 91.93
Logistic Ay, mm 3.85 3.47 0.15 0.17 0.14 0.12
Hig» MM 10.08 8.23 0.85 0.95 0.75 0.66
0, MM 4.94 4.17 0.25 0.33 0.27 0.22
Radjz, % 78.71 81.58 98.81 96.24 90.96 97.91

Alg, A, A, A, coefficients for curve peaks in logistic, lognormal, normal and RRSB, respectively; xp,
particle size for 63.2% of mass distribution, RRSB parameter; n, RRSB particle size distribution param-
eter; G, G, G, particle size standard deviation in logistic, lognormal and normal model, respectively;
Hig> Hin» My Particle size arithmetic mean in logistic, lognormal and normal model, respectively; Radjz,
adjusted coefficient of determination

were impacted, abraded, and pressed against the sieve for further reduction in parti-
cle sizes.

Detailed distribution parameters were calculated on the basis of the best-fit
RRSB to PSD model (Table S2 of SI). 24 parameters in a feature correlation pro-
cedure were removed because they had very high positive values of Pearson cor-
relation coefficients, r=0.728-0.999. Five parameters were left after this elimi-
nation: geometric mean of particle size x,, standard deviation, dimensionless s,,
uniformity index /,, coefficient of gradation C, and graphic kurtosis K,. The first
two parameters; x, and sjare described above. The best uniformity of the par-
ticle sizes was characteristic for cut-milled pine shavings, I,=11.57%, in con-
trast to the lowest value of 1,=8.00% for poplar shavings. More uniform were
poplar than pine shavings after milling with I, of 9.75% and 8.61%, respectively.
Raw shavings were more diversified in case of uniformity as the I, was 9.41%
and 6.65% for pine and poplar, respectively. A reversed correlation characterised
the coefficient of gradation Cg, which was within the narrow range of 1.17-1.22
for all mixtures and it indicated that PSD was well-graded, as it was within the
range of 1-3 (Budhu 2007). The inverse relations of /, to C, are logical as PSD
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of good particle size uniformity had large proportions of particles with sizes adja-
cent to the mode value (Figs. S5b, d, e of SI). For milled and cut-milled shavings,
the proportion of particles around the mode value ranged from 73-79%, and for
raw shavings it was even higher and amounted to 93-97%. Particle size grada-
tion sequence could not be expected with such aligned particles, around mode
value. The more uniform PSD, the less leptokurtic the distribution with lower
graphic kurtosis K,. The PSD of cut-milled pine shavings was the least leptokur-
tic, K,=0.97. Since the K, values were in the very narrow range of 0.97-1.00, all
PSDs can be classified as “mesokurtic” (0.90<K,<1.11) (Blott and Pye 2011).
Moreover, the inclusive graphic skewness was 0.20-0.30, and the lowest was for
cut-milled pine shavings PSD (S;,=0.20) and for all PSDs was within the range
of 0.20-0.30, so all PSDs can be classified as ,,fine skewed” (4 0.1 gSig < +0.3).

Packing properties and shear test

Raw shavings, with significantly larger particles than comminuted shavings, were
characterised by a lower compressibility (HR=1.15-1.17 and HR=1.38-1.57,
respectively, and CI=0.14 and CI=0.27-0.36, respectively), lower flowabil-
ity (ff,=4.29-4.45 and ff.=4.29-15.22, respectively) and greater cohesion
(c=8.5-11.0 and ¢=2.3-8.7, respectively), and met the practical requirements:
HR < 1.25 and CI=0.05-0.15 (Table 3) (Stasiak et al. 2015).

Raw shaving can be classified between cohesive and easy flowing materials.
In relation to the raw shavings, both packing indexes HR and CI increased with
decreasing particle size of shavings, which was reflected in negative Pearson cor-
relation coefficients, —0.8875 and —0.9188, respectively (very high and almost
full correlation, respectively). Cut-milled shavings with particles smaller than the
particles of milled shavings had a higher tapped bulk density (by 14%) and aer-
ated bulk density (by 24%), but the ratios of these densities, HR were opposite
and amounted to 1.52 and 1.39, respectively. In comparison to the larger milled
particles, the voids formed between smaller cut-milled particles were more easily
filled by fine particles, whose share in the mixture was high.

Tapping caused easier dislocation, collapsing and consolidation in case of
smaller cut-milled particles vs. larger ones, increasing the density. The finer cut-
milled particles were more spherical than elongated particles left after milling
and therefore, HR was lower, confirming Hausner’s observations (Beaunac et al.
2022). Cut-milled poplar shavings had higher packing and flowability than cut-
milled pine shavings, because poplar shavings were smaller and, as mentioned,
were more plastic than pine shavings. Larger differences in the flowability prop-
erties were found for cut-milled shavings than for milled ones, as the cohesions
were 2.3 and 3.9 and 8.3 and 8.7, respectively and it was caused by differences
in particle sizes. As x, dimensions decreased, the ff, increased (negative correla-
tion, r=-0.410) and ¢ decreased (positive correlation, r=0.438), which indicates
that cohesion of finer cut-milled shavings decreased and their flow became better.
Similar results were found by Xu et al. (2018) in case of coal and glass powders.
The ff, and ¢ were strongly influenced by preconsolidation stress, o, which caused
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Table 3 Average values and standard deviations of mechanical parameters of raw, milled and cut-milled
pine and poplar shavings

Parameter Raw shavings Milled shavings Cut-milled shavings

Pine Poplar Pine Poplar Pine Poplar
P kgm™  116% 14 120°+ 1 2006 +2 155°+4 2299+ 1 213°+1
ppkgm™  135°+4 139°+2 294°+5 243%+5 3159+4 297°+5
HR 1.17°4£0.04 1.15°+0.01 147°£0.04 15794003 1.38°+0.01  1.39°+0.02
CI 0.14°+0.03 0.14°+0.01  0.32°+0.02 0.36Y+0.01 0.27°+0.01  0.28°+0.01
7, kPa 38.00+2.6 27.7°+0.7  354%+32  31.8°+08  26.8°+0.3 19.82+0.2
¢, kPa 11.0°+5.7  85%+24  87%+55  83®+18 39°x1.7 2.3*+0.7
R % 98.61 99.02 98.71 99.85 99.83 99.99
o, kPa 140°+19 109 +6 134427 119413 120™°+5 9842
o,, kPa 40.09+18.1 268%™ +6.1 30.1%+149 288*+49 134®+55 7.1242.0
ff, 44524295 429°+1.14 6.15°+4.40 429°+1.15 10.92°+6.42 1522°+6.11
@, ° 40.09+1.7 3152409 37.9%+47 350*+17 324406 25.32+0.2
®,° 239°42.6  17.8°+1.6 23.0°+6.1 21.0°°+1.6 21.0™+12  16.2°+05
P © 33.8°+42  25.6%+2.7 33.1™+84 304422 29.7%+17  23.7°+0.6
5, ° 151°+0.7  19.1°+0.8  29.7°+1.0  28.1°+0.5  34.7°+0.7 3220+ 1.4

*In each row, differences between values with the same letter are statistically insignificant at p <0.05

P aerated bulk density; p,, tapped bulk density; HR, Hausner ratio; CI, Carr’s Compressibility Index;
7, shear stress; ¢, cohesion; Rz, coefficient of determination; o;, major consolidating stress; o,, uncon-
fined yield strength; ff., flow index; ¢,, effective angle of internal friction; ¢, angle of internal friction
for determined flowability; ¢;,, linearized angle of internal friction; &, angle of external friction wood
shavings-chrome steel

shavings rearrangement creating tight, packed beds, which resulted in an increase
in shear stress 7 (Fig. S6 of SI). The highest 7 vs. ¢ characterised the raw pine
shavings and higher 7 values and bigger dynamic of changes were in the case
of pine shavings rather than poplar ones (Fig. 5), and the evidence for that is
@yin values (Table 3). Together with the decrease in particle size of comminuted
shavings, v decreased (positive correlation, r=0.363). The highest consolidat-
ing stress o, and unconfined yield strength o, were greater in case of pine shav-
ings than poplar shavings and decreased with x,; however, positive correlation
r=0.461 was noticed only between o, and x,. The finer the shavings, the lower
the unconfined yield strength.

The angles of internal friction ¢,, . and ¢;, were greater in case of pine shav-
ings than poplar shavings and were characterised by high correlation coefficients
values between them, r=0.873-0.983. These friction angles tended to decrease
with particle size decrease (Table 3), but no correlation was noticed between these
parameters. The angles of internal friction ¢,, ¢ and ¢;;, very highly correlated with
7 (r=0.720-0.958) and with ¢, (r=0.881-0.952). The results of internal friction
angles were generally consistent with the results presented by Miccio et al. (2011)
for woody biomass and by Stasiak et al. 2015) for sawdust and wood shavings.

On the other hand, the external friction angle 6 was negatively correlated with
X, (r=—-0.945, almost full correlation) and with effective angle of internal friction
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Fig.5 Shear stress (7) related to the consolidating stress (o) for pine and poplar shavings; raw, milled and
cut-milled; PIR-raw pine shavings, PIM-milled pine shavings, PICM—cut-milled pine shavings, POR-
raw poplar shavings, POM-milled poplar shavings, POCM-cut-milled poplar shavings

@,, r=—0.435. The shavings with larger particles and complex shape had a smaller
actual contact surface area with chrome steel surface and probably touched the
peaks of roughness, while the finer shavings were able to contact on a relatively
larger surface, which increased adhesion and external friction 6. Comminuted bio-
mass with larger particles and irregular shapes had worse flowability characteristics,
because it had tendency to create bridges and get stuck with protrusions (Mattsson
and Kofman 2003). The tendency to creating bridges depends on the share of long
and hook-shaped particles (Stasiak et al. 2015). Raw shavings were characterised by
such features, but after comminution processes the shavings were uniform and had
regular shapes, without hooks and therefore, their flowability increased.

Microscopic analysis of particles is needed for a better explanation of the con-
nection between shapes and sizes of particles with mechanical properties of wood
shavings.

Conclusion

The energy consumption during comminution of raw pine and poplar shavings was
determined. PSD characteristics of raw and comminuted shavings, their mathemati-
cal models and the influence of particle size on the mechanical properties of wood
shavings were determined. Estimated parameters are important in the design and
operation of technological machines. The energy consumption (in kJ-kg™!) of cut-
ting-milling was lower than milling and amounted to 182 kJ-kg™' and 234 kJ-kg™",
respectively, and 293 kJ-kg~'and 417 kJ-kg™!, respectively, but because the ratio
of maximum mass flow rate was a few times higher for this process, cutting-mill-
ing requires a much more powerful electric motor. Plastic poplar shavings were
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more difficult to comminute than hard pine shavings. Wood species and commi-
nution mode influenced the PSD. In the milling process, the harder pine shavings
were ground into smaller particles easier than plastic poplar shavings, which were
crushed. In the cutting-milling process, pine shavings split into relatively larger par-
ticles vs. plastic poplar shavings, which were easier to cut. The PSD was approxi-
mated with four mathematical models, which were ranked by goodness of fit based
on Radj2 evaluation, and the ranking was: RRSB (94%), normal (93%), logistic (91%)
and lognormal (88%). On the basis of the best-fitted RRSB model, detailed PSD
parameters were determined and all PSDs were defined as ,,mesokurtic”, ,.fine
skewed” and ,,well-graded”. Raw shavings, with larger particle sizes than com-
minuted ones, were characterised by lower compressibility (21%) and flowability
(55%). In comparison to the milled shavings, cut-milled shavings had a higher den-
sity (24%), but were less compressible (9%) and had lower unconfined yield strength
(65%). However, they had higher flowability (150%) because of lower cohesion
(63%) and angles of internal friction (18%), because after cutting-milling, the parti-
cles were more spherical than elongated particles after milling. Poplar shavings had
more favourable mechanical parameters but required more energy for comminution
than pine shavings. In conclusion, it can be suggested to improve a more favourable
cutting-milling process than just milling of raw pine and poplar shavings by keeping
them moister (about 15%), because such shavings are easier to cut. It is also reason-
able to use higher mass flow rates, as a result of which a lower specific energy of
comminution will be achieved.
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Abstract

The aim of the study was to investigate the densification characteristics of raw, milled, and cut-milled pine and poplar shav-
ings and determine the strength parameters of pellets, pastilles, and granules. In producing agglomerates from hard pine
shavings compared to plastic poplar shavings, 19% more specific compaction work was required with over 2-times more
specific work to push the agglomerate out of the die opening. Pine agglomerates exhibited lower linear expansion than poplar
agglomerates, achieving a higher single density. Due to the elevated content of thermoplastic lignin in the wood (30.7 and
18.4%, respectively), pine agglomerates demonstrated superior radial compression strength parameters, including specific
deformation energy, maximum tensile stresses at which agglomerates cracked, and the highest modulus of elasticity. Agglom-
erates made of cut-milled shavings had the highest single density, but their tensile strength was significantly lower than that
of agglomerates made from raw shavings. The susceptibility to densification of the shavings during sequentially repeated
densification of small doses during pellet production was the highest, resulting in pellets characterised by the smallest linear
and radial expansion, as well as the highest single density of 1081 kg-m™ and tensile strength among agglomerates. The
smallest single density and strength were observed in granules produced with parameters recommended for particleboard
production: a temperature of 170 °C and an agglomeration pressure of 12 MPa, compared to 93 °C and 70 MPa for pellets and
pastilles, respectively. The higher temperature did not compensate for the much lower pressure. Shavings compaction param-
eters for granules are not recommended for particleboard production without a binder, typically urea—formaldehyde resin.

List of symbols E, Energy needed to evaporate water in
AC Ash content in shavings (%) standard conditions per 1% water from
dy, d, Agglomerate diameters in two perpen- wet shavings (kJekg™)
dicular directions (mm) F,F, Compaction force; current and maxi-
d,d, The diameter of the agglomerate and the mum, respectively (N)
die opening, respectively (mm) F,, Fp,. Fp, Bending force; current, in the range of
E,E, Ep Modulus of elasticity; general, in bend- elastic load and maximum, respectively
ing and compression of the agglomerate, ™)
respectively (MPa) FC Fixed carbon content (%)
Ej, Ejb, Ejp Specific energy; deformation, bending F » F pe> F om Compressive force; current, in the range
and compression until the agglomerate of elastic load and maximum, respec-
cracks, respectively (mJ-mm™2) tively (N)
h Agglomerate height in the die chamber
after its compaction (mm)
P< Aleksander Lisowski H Hydrogen content (%)

aleksander_lisowski @sggw.edu.pl

Department of Biosystems Engineering, Institute
of Mechanical Engineering, Warsaw University of Life
Sciences, Nowoursynowska 166, 02-787 Warsaw, Poland

Department of Production Engineering, Institute
of Mechanical Engineering, Warsaw University of Life
Sciences, Nowoursynowska 166, 02-787 Warsaw, Poland

Published online: 22 February 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00107-024-02046-6&domain=pdf

European Journal of Wood and Wood Products

HHV, LHV
1

IS

kS

ll’ lz
l,d,

Ly

[,

L,

L,L,

m, m,, my

My, M, My, Mg

MC

Mo

P> P> Py

P1-P2

Rl, Rd

Sy S,

@ Springer

Higher heating value and lower heating
value, respectively (MJ-kg™")

Moment of inertia of the cross-sectional
area of the pellet (mm®)

Degree of shavings compaction (—)
Coefficient of shavings susceptibility to
compaction (J-m*kg™)

Agglomerate length in two perpendicu-
lar directions (mm)

Length and diameter of the agglomerate
after its expansion, respectively (mm)
Distance between the pellet support
points (mm)

Die height (mm)

Total compaction work (J)

Specific work; compacting and pushing
the agglomerate out of the die opening,
respectively (kJ-kg™)

Mass; sample, agglomerate and single
material dose, respectively (g)

Mass; crucible with shavings after heat
test, empty crucible, with shavings
before heat test and solids after shavings
annealing, respectively (g)

Material moisture content (% w.b.)
Mass of water produced in the com-
bustion process per unit of hydrogen
(kgekg™)

Pressure; current compaction, maximum
compaction and maximum of pushing
the agglomerate out of the die opening,
respectively (MPa)

Pressure; in the measuring and reference
cells, respectively (MPa)

Agglomerate expansion rates relative to
its length and diameter, respectively (%)
Cross section of the agglomerate during
bending and compression, respectively
(m?)

Piston displacement; to the maximum
compaction pressure and to push the
agglomerate out of the die opening,
respectively (mm)

Die temperature (°C)

Volume; measuring and reference cells,
respectively (mm?)

Volatile matter content in the shavings
(%)

Piston displacement during shavings
compaction (mm)

Outer fibres distance from the pellet
neutral axis (mm)

e Relative punch displacement in the
range of elastic load (-)
Al Punch stroke until the agglomerate

cracks under the load (mm)

Pa> P Ps Density; single agglomerate, shavings
volume and wood substance shavings
(specific density), respectively (kg-m™)

0, Op, O, Maximum strength; general, bending

and tensile, respectively (MPa)

List of symbols

AF Agglomerate form; (pellet (P), granule
(G), pastille (T))
TL Type of load; (axial compression, AC,

radial compression, RC, bending, B)
™ Species of wood; (pine, PI, poplar, PO)
WS Shavings condition; (raw, R, milled, M,

cut-milled, CM)

1 Introduction

Comminuted wood biomass is characterised by a low
bulk density of 150-200 kg-m~, and can be significantly
increased during the pelleting process, resulting in fuel
with higher energy density (Tumuluru et al. 2011b). This
enhancement makes unit operations of transport, loading
and storage more effective and economically viable (Pradhan
et al. 2018). During combustion, pelleted biomass generates
fewer particulate emissions compared to its original form or
other traditional biomass fuels (Demirbas 2004). Chemical
parameters undergo slight changes during pelleting, primar-
ily dependent on the raw material, while physical parameters
fundamentally hinge on the process. Consequently, the pel-
leting process should be optimised for each material con-
cerning criteria such as maximum durability, strength and
energy density of pellets, or minimum energy consumption
during the compaction process (Monedero et al. 2015).
Numerous studies have explored pelleting using different
wood species (Lestander et al. 2012), including bark (Fil-
bakk et al. 2011), logging residues and wood processing
residues in the form of shavings or sawdust (Serrano et al.
2011; Mediavilla et al. 2012). Pine, a widely available source
of biomass, is one of the most popular wood species. Poplar,
cultivated in short rotation, boasts advantages such as high
yield, 15-75 t DM-ha™! (DM—dry matter) and low fertilisa-
tion requirements, although it demands a substantial amount
of water (Monedero et al. 2015). Pine and poplar biomass
in the form of chips, shavings, sawdust, or processed into
pellets or briquettes, is widely used as a renewable energy
source (Stasiak et al. 2020). Shavings from this wood bio-
mass are also used in the production of furniture boards.
The mechanical properties of particleboard predominantly
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depend on the size and shape of the particles and blending
particles of different sizes is considered advantageous for
increasing particleboard strength (Bergstrom et al. 2008).
It is generally accepted that pelleting biomass with small
particles, featuring a high specific surface area, numbers
of contact points between particles, high bulk density and
good flow properties, enhances the density and durability of
pellets (Serrano et al. 2011). A large surface-to-volume ratio
of a small particle allows better penetration of moisture and
heat, consequently improving the strength properties of the
pellet. Observations during the production of poplar wood
pellets indicated increased pellet density, reduced expansion
and enhanced tensile strength when the particle size was
reduced from 3.2 mm to 0.8 mm (Shaw et al. 2009). When
considering particle size reduction, it is essential to account
for the energy consumption of milling. Milling is energy
intensive and excessive comminution increases dust produc-
tion, leading handling issues in the pelleting process and
reducing pellet abrasion resistance (Obernberger and Thek
2004). Therefore, using coarsely milled materials for pellets,
although less prone to die blockage, may result in lower
packing density than smaller particles (Holm et al. 2006).
The fundamental properties of pellets, including mois-
ture, bulk and single pellet density, tensile strength and dura-
bility (mechanical resistance to external loads), depend on
both the raw material composition and the variables involved
in the pelleting process (Kaliyan and Morey 2010). The
quality of the densified pellet is crucial, relying on the physi-
comechanical and chemical properties of the raw biomass
and the technical densification conditions (Mediavilla et al.
2012). The origin of the raw material also affects the pellet-
ing efficiency, with beech sawdust proving more challenging
to pelletise than pine sawdust due to structural differences
between hardwood and softwood (Arshadi et al. 2008).
There are no studies on the susceptibility to densification
of single doses of thick wood shavings for the production of
single-layer particleboards under specific technological con-
ditions. Additionally, there are no results from research on
the pelleting process of raw wood shavings and those after
milling and cutting-milling. The research problem addresses
the question: is it possible to produce pellets from raw shav-
ings with a geometric mean particle size of 6-10 mm, with-
out comminution into fine shavings? When pelleting Scots
pine sawdust, it was found that the particle size distribution
had no effect on the single and bulk density of the pellets but
did affect the strength of the pellets. It was suggested that
there is no need for milling the sawdust below 8 mm when
producing pellets with a diameter of 8§ mm (Bergstrom et al.
2008). Similarly, when pelleting barley straw milled with
sieves with a mesh size of 4 mm or 7 mm (Serrano et al.
2011), and maize straw, sorghum stalks and wheat straw
with a particle size of 6.5 mm vs. 3.2 mm (Theerarattana-
noon et al. 2011), no significant effect on pellet strength was

observed, although the density of the pellets made of smaller
particles increased. From the above discussion, it can be
concluded that reducing the particle size below a certain
limit has a negligible effect on the pellet's quality. Neverthe-
less, particle size has a major impact on the process param-
eters such as energy consumption, throughput and reliable
manufacturing (Pradhan et al. 2018).

In pelletising technology, one of the limitations is the
maximum requirement for mill power and the related spe-
cific energy needed for pelleting (Nielsen et al. 2010). Pro-
duced pellets should be characterised by high mechanical
durability or resistance to external loads that appear during
the transport or handling of pellets. The pellet's strength can
be closely related to the particle size and the bonding surface
between the particles, which develops as a result of pres-
sure and temperature in the die channel under the piston
pressure. Production of pellets from pine wood, which is
harder than poplar wood, can result in pellets with greater
strength but requires higher compaction pressure (Nielsen
et al. 2009a). The fundamental difference between softwoods
and hardwoods and between wood species in general, is the
type, quantity and composition of the extractives, including
resin acids, fatty acids, fatty alcohols, sterol esters, waxes
and phenols (Orozco et al. 2021). Increasing the content of
long-chain fatty compounds, resin acids and sterols reduces
the material friction coefficient (Nielsen et al. 2010) and the
wood strength (Svensson et al. 2006). Meanwhile, removal
of eastern white pine and yellow-poplar sawdust extracts sig-
nificantly increased pellet strength and energy requirements
(Nielsen et al. 2010). As a result of friction during pelleting
at a high pressure of 300 MPa and a generated temperature
of up to 120 °C, lignocellulosic compounds decrystallise,
bonding conditions between particles improve and high den-
sities of individual pellets of 1200-1300 kg-m™ are achieved
(Nielsen et al. 2010).

Wood is an anisotropic material because its mechanical
properties are strongly related to the orientation of the fibres.
Crystalline cellulose microfibres are characterised by high
compressive and tensile strength. Therefore, the strength of
pellets depends on the angle of fibres orientation in relation
to the load, influencing the shape and dimensions of the par-
ticles (Nielsen et al. 2009b). For the perpendicular orienta-
tion of the fibres relative to the press channel, a model based
on Poisson’s ratios and coefficients of friction, describing the
pressure required to compact wood of different species was
developed (Holm et al. 2006, 2007). However, this assump-
tion cannot be made for wood shavings that are cut or milled
in different directions of fibres orientation. Furthermore, the
arrangement of the shaving particles in the die is unknown.

Improving the density and strength of pellets comes at
the expense of higher energy consumption during shaving
compaction. The increase in densification energy expendi-
ture is due to greater friction and cohesive forces between
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adjacent particles and between particles and the die wall
(Yeom et al. 2019). The heat from the die through convec-
tion, radiation and diffusion, is accumulated by the shavings,
resulting in an increase in the viscosity of the polysaccha-
rides. Increased viscosity promotes frictional interaction and
at the same time, more viscous shavings require increased
pressure for compaction.

The characteristics of pellets, regarding mechanical dura-
bility, compressive or bending strength, depend on the type
of biomass, moisture, particle size and shape distribution,
pretreatment, applied adhesive additives, storage of raw
biomass, method and parameters of pelletisation, method
of cooling and storage. The single pellet’s density and the
lignin content may affect the mechanical durability of the
pellets. Pellet density vs. durability or tensile strength of the
pellet is true only for the same type of biomass because the
pellet density is also determined by the specific biomass den-
sity. On the other hand, lignin largely affects the viscoelastic
properties of wood and, therefore, may influence the pellets’
durability. The lignin part of the cell wall undergoes a glass
transition at about 60 °C, depending on the moisture and
type of biomass. Therefore, the material is likely to change
properties during pelleting and interact more effectively
between cells (Holm et al. 2006).

The aim of this study was to investigate the process of
pressure agglomeration in dies with closed chambers of
different diameters (6, 8, and 10 mm) and to compare the
quality and strength of agglomerate made from raw, milled
and cut-milled pine and poplar shavings, considering their
physicochemical characteristics. The agglomerates, included
pellets, pastilles and granules. Pellets and pastilles were
produced at a densification pressure of 70 MPa and a die
temperature of 93 °C, while granules were produced at
12 MPa and 170 °C, respectively. It was assumed that the
pellets should be approximately 20 mm long for testing in
three-point bending. The pastilles had a length equivalent
to the diameter of the die channel and their small height
facilitated axial compression, without the risk of buckling.
Granules were formed with parameters used in particle-
board production, targeting thickness of 16 mm, to assess
the possibility of shavings densification at a low pressure
of 12 MPa compensated by a high temperature of 170 °C.
All agglomerates underwent testing for radial compression
strength. The assessment of the agglomeration process was
conducted based on specific compaction work L, the degree
of compaction / and the coefficient of shavings susceptibil-
ity to compaction k,. The process of pushing the agglomer-
ates out of the die was characterised by the specific work
of pushing L,, the maximum pressure p,, and the piston
stroke needed to push the agglomerate out of the die s,.
The produced agglomerates were analysed for linear expan-
sion R, diametrical expansion R, and single density p,. The
strength of agglomerates under external loads was assessed
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using specific deformation energy Ej;, maximum stress o, and
modulus of elasticity E.

The novelty of this study lies in determining the den-
sification characteristics of the pine and poplar shavings
and the pushing out characteristics of various agglomerates
(pellets, pastilles, granules), formed from raw, milled and
cut-milled shavings from the die opening. The analysis con-
sidered the expansion and density of agglomerates and their
strength under the influence of external loads in relation to
the physicochemical properties of shavings. The study aimed
to explore the potential use of pellets and pastilles as a solid
fuel and granules were examined for the possibility of form-
ing an agglomerate with a target height of 16 mm, equivalent
to a particleboard produced at a pressure of 12 MPa and a
temperature of 170 °C.

2 Materials and methods
2.1 Materials

The following shavings conditions, including raw, milled
and cut-milled pine and poplar shavings with an aver-
age moisture content of 7.2% (relative to the wet basis,
w.b.), were utilised in the research (Table 1). The wood
from which the shavings were produced was debarked.
The geometric mean particle sizes of pine shavings were
6.21, 0.60, and 0.51 mm, while those of poplar shavings
were 5.94, 0.62 and 0.45 mm (Table 1), respectively, cor-
responding to the shavings conditions (Tryjarski et al.
2023). The shavings’ moisture content was measured
using a moisture analyser (MA50/1, Radwag, Radom,
Poland), with a 2 g sample weighed with an accuracy of
0.1 mg. Shavings from both wood species reached equi-
librium moisture content, falling within the narrow range
of 6.90-8.19% w.b., and did not differ statistically signifi-
cant between wood species and shavings forms (Table 1).
Given that water serves as a binder and lubricant, main-
taining biomass moisture content between 8—20% is rec-
ommended (Kaliyan and Vance Morey 2009). Therefore,
a higher moisture content in the poplar shavings might
contribute to creating more attractive forces that bind the
wood particles together. On the other hand, to produce
high-quality wood pellets, the wood particles’ moisture
content should be kept between 8—12%, as deviating from
range could result in poorer pellets quality (Obernberger
and Thek 2004).

2.2 Determination of biomass chemical
composition

The milled shavings were sieved to extract an analytical
fraction of 0.5-1.0 mm. These fractions were oven-dried
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Table 1 Wood shavings and technical parameters of the pressure agglomeration

Parameter Raw shavings Milled shavings Cut-milled shavings
Pine Poplar Pine Poplar Pine Poplar
Moisture content MC, % 7.15% £0.24 8.19°+0.15 6.90*+0.12 7.02*+0.04 6.90*+0.12 7.02*+0.04
Particle size x,, mm 6.21°+0.18 5.94°+0.16 0.60"+0.03 0.62*+0.01 0.51*+0.01 0.45*+0.01
Bulk density p,, kg-m™ 116°+4 120°+ 1 200°+2 155°+4 229¢+1 213°+1
External friction coefficient y 0.42*+0.16 0.44*+0.10
Wood substance density p,, kg-m™ 1447%+2 1444% +2
Lignin LI, % 30.7°+0.2 18.4°+£0.9
Cellulose CE, % 50.8°+0.7 52.4+0.1
Hemicelluloses HE, % 23.6°+0.9 30.1°+0.3
Extractives, % 2.70°+0.14 2.29°+0.48
Hydrogen content H, % 6,41*+0.12 6,31°+0.11
Ash AC, % 0.57°+0.05 0.37*+0.06
Volatile matter VM, % 77.3*+0.1 81.1°+0.2
Fixed carbon FC, % 16.0°+0.3 12.4*+04
Higher heating value HHV, MJ-kg™! 18.6°+0.1 17.22+0.3
Lower heating value LHV, MJ-kg™! 15.7°+0.1 14.22+0.2
Granules for radial compression; die temperature: t=170 °‘C, compaction pressure: p=12 MPa
Shavings dosage, m,, g

For die opening, d,,=6 mm 0.35 0.4 0.5

For die opening, d,,=8 mm 0.6 0.7 0.8

For die opening, d,,=10 mm 1.0 1.1 1.1

Pellets for radial compression and bending; die temperature: t=93 °C, compaction pressure: p =70 MPa
Shavings dosage, m,, g

For die opening, d,,=6 mm 0.1
For die opening, d,,=8 mm 0.2
For die opening, d,,=10 mm 0.3

Pastilles for axial and radial compression; die temperature: t=93 °C, compaction pressure: p=70 MPa

Shavings dosage, m,, g
For die opening, d,,=6 mm 0.2
For die opening, d,,=8 mm 0.3
For die opening, d,,=10 mm 0.5

m

“Values in each row with the same letter are statistically insignificant at p <0.05

at 103 °C until mass equilibrium was reached. For these
fractions, structural carbohydrates and acid-insoluble lignin
were determined, while hemicelluloses were calculated
according to the standard procedures of biomass analy-
sis of the National Renewable Energy Laboratory (NREL
2008; Rabemanolontsoa et al. 2011). The lignin content in
pine shavings was statistically significantly higher than in
poplar shavings and amounted to 30.7% and 18.4%, respec-
tively. These results suggest that due to the lower content
of lignin in poplar (18.4%) compared to pine (30.7%), the
increase in pressure agglomeration temperature may have a
smaller impact on the durability of poplar agglomerate than
in the case of pine agglomerate. The content of holocel-
lulose was higher in poplar shavings than in pine shavings
and amounted to 52.4% and 50.8% for cellulose, respec-
tively, and 30.1% and 23.6% for hemicellulose, respectively

(Table 1). Pine sawdust contains 27.4% lignin, 49.1% cellu-
lose and 13.3% hemicelluloses (Kamstra et al. 1980). Cellu-
lose and hemicelluloses contents were inversely correlated to
lignin, with Pearson correlation coefficients of — 0.891 and
—0.987, respectively. Cellulose and hemicellulose (xylan)
contain around 40-43% carbon and are mainly composed
of carbohydrates (CH,0),, while lignin has a higher aver-
age carbon content of 50-53% by weight (Pasangulapati
et al. 2012). The content of extractives did not differ sta-
tistically significantly between wood species and for poplar
and pine shavings, it was 2.29% and 2.70%, respectively.
Extractives include low molecular weight organic com-
pounds like fatty acids, waxes, terpenes and tannins (Ahn
et al. 2014). These compounds improve the lubricity of the
material particles in the die channels, but this phenomenon
reduces the durability of the agglomerates (Stelte et al.
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2011a). Lignin, hemicelluloses and cellulose form unique
and complex structures in wood. Softwood species include
33-42% cellulose, 22-40% hemicelluloses, 27-32% lignin,
and 2-3.5% extractives (Nhuchhen et al. 2014). Hardwood
species contain 38-51% cellulose, 17-38% hemicelluloses,
21-31% lignin, and 3% extractives (Menon and Rao 2012).
In the summary of the research results of several authors, it
was found that various poplar clones contain: 78.4—-80.3%
holocellulose, 42.7-51.0% cellulose, 21.2-31.7% hemicel-
luloses, 15.9-19.9% pentosans, 17.6-20.9% lignin, 3.3-3.8%
extractives and 0.4% ash (Fengel and Wegener 2003). The
elemental composition of poplar wood in dry matter is C
49.6%, H 6.31%, N 0.08% and S 0.09%. The lignin content
reported in the literature for each biomass varies because
different methods were used (Serrano et al. 2011). It should
be noted that poplar wood is a type of hardwood and its
main hemicellulose component is xylan (Dong et al. 2012),
consisting linearly of f-1,4-xylopyranosyl units (Severian
2008). Hardwood lignin monomers are both guaiacol and
syringol, while softwood lignin is mainly guaiacol (Liu et al.
2008). In general, softwood lignin shows better thermal sta-
bility than hardwood lignin (Chen et al. 2019).

2.3 Wood substance density

The wood substance density (specific density) was deter-
mined for the smallest dimensions of cut-milled shavings to
reduce the measurement error. Wood substance density was
measured by a gas Stereopycnometer (Quantachrome Instru-
ments, Boynton Beach, FL, USA). The shavings sample was
placed in a measuring cell with a capacity of V=100 cm’.
In this state, the helium gas pressure p; was recorded in the
measuring cell. Subsequently, a valve was opened, directing
gas to a reference cell with a volume of V,, and its pressure
p, was measured (Gilvari et al. 2019). Wood substance den-
sity was calculated using Eq. 1.

10%m
Ve v (=) 0

where p, is the wood substance density, kg-m~; m is the
cut-milled shavings sample mass, g; V- is the volume of the
measuring cell, mm?; V, is the volume of the reference cell,
mm?>; p, is the pressure in the measuring cell, MPa; and p,
is the pressure in the reference cell, MPa.

The wood substance density in relation to dry mat-
ter did not differ statistically significantly between wood
species and amounted to 1447 kg-m™ and 1444 kg-m~
for pine and poplar shavings, respectively (Table 1). The
density p, depends on various factors, such as tree species,
region, growing conditions and tree age (Jakubowski and
Dobroczyniski 2021). The density p, for various pine species'

pS:
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wood is 1524-1529 kg-m™, and for yellow poplar (Lirioden-
dron tulipifera), it is 1510 kg-m~ (Kellogg and Wangaard
1969). However, prevailing information suggests that the
specific density of the cell wall is practically constant and
amounts to 1500 kg-m— (Holmberg and Sandberg 1997).

2.4 Higher heating value, lower heating value, ash,
volatile matter, and fixed carbon

A1 g shavings sample was weighed on an analytical balance
(WPA 40/160/C/1, Radwag, Radom, Poland) with an accu-
racy of 0.01 mg. Using a calorimeter (KL-10, Precyzja-BIT,
Poland), the Higher Heating Value HHV of the shavings was
determined, followed by the calculation of the Lower Heat-
ing Value LHV using Eq. 2 (Alakangas 2016).

100 — MC
100

LHV = HHV —E,(MC+ Hmy ;) )
where LHYV is the lower heating value, J -kg’l; HHYV is the
higher heating value, J-kg™'; MC is the shavings moisture,
%; E,, is the energy needed to evaporate water under stand-
ard conditions for 1% water from wet shavings, kJekg™' for
1% (weight), E, =24.43 kJekg™! for 1% (weight); H is the
hydrogen content, %; ny,q is the mass of water produced in
the combustion process per unit of hydrogen (8.94 kgekg™);
hydrogen content in biomass was determined following
PN-EN 15407:2011.

The HHV and LHV of pine shavings were statisti-
cally higher than for poplar shavings and amounted to
18.6 MJekg™! and 17.2 MJekg™!, and 15.7 MJekg™! and
14.2 MJekg, respectively (Table 1). The LHV of the mate-
rial is linearly related to the lignin content (the LHV of
lignin is 23-27 MJekg™"), while cellulose and hemicellu-
lose (19 MJekg™') are less important for the overall LHV
(Demirbas 2004).

The ash content was determined by burning a dry
shavings sample in an open crucible in a laboratory muf-
fle furnace (FCF 5SM, Czylok, Jastrzgbie-Zdr6j, Poland)
at a temperature of 550 °C for 2 h following PN-EN ISO
18122:2016-01 standard. Volatile content in the shavings
was determined according to PN-EN ISO 18123:2016-01
standard. A dry shavings sample was placed in a closed
crucible and annealed at 900 °C for 7 min in a laboratory
muffle furnace. The HHV, ash and volatile matter content
were measured five times for each type of shavings. Ash
content AC was determined from Eq. 3, and volatile mat-
ter VM from Eq. 4, both included in the above-mentioned
standards (Dyjakon and Noszczyk 2020).

my —Mc

AC = 100 3)

My, —me
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where AC is the ash content of the shavings, % (dry basis);
my is the crucible mass with shavings after the thermal test,
g; mis the empty crucible mass, g; m,, is the crucible mass
with shavings before the thermal test, g; VM is the volatiles
matter content in shavings, % (dry basis); my is the crucible
mass with the solid fraction after shavings annealing, g.

The AC was statistically significantly lower in poplar
shavings than in pine shavings amounting to 0.37% and
0.57%, respectively, while VM was 77.3% in pine and 81.1%
in poplar.

The fixed carbon content FC of the dry shavings sample
was calculated from AC and VM using Eq. 5 (Dyjakon and
Noszczyk 2020).

FC =100 - AC — VM )

where FC is the fixed carbon content, % (dry basis).

The FC was statistically significantly higher for pine
wood than for poplar wood, amounting to 16.0% and 12.4%,
respectively (Table 1). A higher proportion of FC in pine
shavings had a significant effect on the HHV (correlation
coefficient was 0.814), and the content of VM and AC did not
statistically affect HHV. This conclusion is supported by the
linear relationships of HHV to FC and VM, where the impact
of FC is twice as large as that of VM (Dueck et al. 2017).

2.5 Pressure agglomeration of shavings

Shavings compaction tests were conducted using the TIRAt-
est universal testing machine with dies made of chromium

height of 200 mm. Each die was equipped with three heating
elements totalling 1.3 kW in power, controlled by a 3710
ESM regulator. The die temperature during agglomeration
was measured at the die opening with a diameter of 3 mm,
positioned 15 mm from the base of the die using a J-type
thermocouple. The hole for the thermocouple in the die was
radially made, leaving a steel wall thickness of 1 mm to the
compaction channel for technical and safety reasons.

Wood shavings pellets and pastilles were produced at a
die temperature of 93 °C and a densification pressure of
70 MPa, determined based on preliminary trials, with the
criterion of acceptable agglomerate durability. According
to this criterion, a single shavings dose ranged from 0.1 to
0.3 g during pellet production, depending on the die diam-
eter (Table 1). Additionally, wood shavings were tested for
densification with the assumption that the target height of
the agglomerate (granule) should be 16 mm, equivalent to a
particleboard thickness produced at a densification pressure
of 12 MPa and a temperature of 170 °C. For the assumed
agglomerate height, a single shavings dose ranged from
0.35to 1.1 g, depending on the die hole diameter (Table 1).
Preliminary tests of shavings densification were conducted
for this purpose and the shavings densification diagrams are
presented in Fig. 1 alongside the densification charts for pel-
lets, pastilles and granules.

It was assumed that the pellets would be subjected to a
bending moment using the three-point method and their
length should not be less than 20 mm. To create a single
pellet, 7-8 doses of shavings were utilised. The pastilles
were produced with the assumption that their height would
be equal to the diameter of the agglomerate and therefore,
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a single dose ranged from 0.2 to 0.5 g depending on the
die diameter (Table 1). The material dose was weighed on
an analytical balance (WPA 40/160/C/1, Radwag, Radom,
Poland) with an accuracy of +£0.1 mg.

The heating elements were activated half an hour before
the measurement to standardise the die temperature. The
pressure agglomeration process was controlled by the Matest
program. The compaction speed was set at 100 mm-min~",
and force—displacement coordinates were recorded in inter-
vals of 0.03 mm. The maximum densification pressure was
maintained by configuring the control system to the maxi-
mum densification force for a given die diameter, as per
Eq. 6.

4F,,
Pm = (6)

wd>
m
where p,, is the maximum compaction pressure, MPa; F,,
is the maximum compaction force, N; d,, is the die opening
diameter, mm.

2.6 Compaction parameters

The efficiency of shavings compaction was assessed using
specific compaction work L, (in J-kg™!), dimensionless index
of compaction degree I, coefficient of susceptibility to com-
paction k, (in J-m>-kg™?) and single agglomerate density Pp

The L, of shavings was determined based on force—dis-
placement data during pressure agglomeration, as depicted
by the force—displacement curve of the piston (Fig. 1), fol-
lowing Eq. 7 (Matkowski et al. 2020).

L, = XfmFdx/ [my(1 —MC/100)] (7
0

where L, is the specific compaction work of shavings in the
die, related to dry matter, J-kg™'; s,, 1s the piston displace-
ment until the maximum compaction force is reached, mm;
F is the compaction force, N; m, is the material mass single
dose, g; MC is the shavings moisture, related to wet basis,
%; x is the piston displacement during shavings compac-
tion, mm.

The expansion ratios of the agglomerate relative to its
length R; and diameter R; were calculated using Eqs. 8 and
9, respectively (Kong et al. 2012).

1,—h
R =

100 ®)

du _dm
Ry = ——=—"100 ©)

m

where R, and R are the expansion ratios of the agglomerate
relative to its length and diameter, respectively, %; & is the
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agglomerate height in the die chamber after its compaction,
mm; d,, is the die opening diameter, mm; /, and d, are the
length and diameter of the agglomerate after its expansion
in 2 min, respectively, mm.
The degree of shavings density /, was calculated from
Eq. 10 (Lisowski et al. 2020).
Pa
I =—
=0, 10)
The coefficient of shavings susceptibility to compaction
k, was calculated using Eq. 11 (Lisowski et al. 2020).

LC
~ my(1 = MC/100)(p, — py) (1n

s

where I, the degree of shavings compaction, —; &, is the shav-
ings compaction susceptibility coefficient, J-m?-kg™?; Pa 18
the single agglomerate density, kg-m™; P 1s the initial shav-
ings density in the die chamber (bulk density), kg-m™; L. is
the compaction work, J; m,, is the agglomerate mass, g; MC
is the shavings moisture content related to the wet basis, %.
The p, was determined 2 min after their formation (by
measuring the expansion). The agglomerate length, and in
the agglomerate middle, the diameter in two perpendicu-
lar directions was measured using the MAUa-E2 4F elec-
tronic calliper (FK Vis, Warsaw, Poland) with an accuracy
of +0.01 mm. The agglomerate was weighed on an electronic
balance (WPS 600/C, Radwag) with an accuracy of 0.01 g.
The single agglomerate density converted to the mass of dry
matter was calculated using Eq. 12 (Matkowski et al. 2020).

_10°32m,,(1 — MC/100)
7(d, +d,)’ (I +1,)

12)

where p,, is the single agglomerate density related to dry
matter, kg'm‘3; m, is the agglomerate mass, g; MC is the
shavings moisture content, related to the wet basis, %; d,
and d, are the agglomerate diameters in two perpendicular
directions, mm; /; and /, are the agglomerate lengths in two

perpendicular directions, mm.
2.7 Tensile and bending strength of agglomerates

Agglomerates are primarily subjected to compressive and
bending loads. Each individual agglomerate underwent
radial compression with a 20X 50 mm punch at a speed of
5 mm-min~! until the piston displaced by half the diameter
of the agglomerate. Additionally, pastilles were compressed
in the axial direction, while 20 mm long pellets were bent
with a punch situated midway between two supports spaced
15 mm apart. Measurements were conducted at least three
times for each agglomerate formation combination. Using the
trapezoidal method based on force—displacement data, specific
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compression energy E;,, Eq. 13, bending energy E;,, Eq. 14,
modulus of elasticity in compression Ep, Eq. 15, modulus of
elasticity in bending E,, Eq. 16, maximum tensile strength
0,, Eq. 17, and maximum bending strength ¢, Eq. 18 were
calculated until the agglomerate cracked (Gilvari et al. 2019).

1000 2/
Ep = —— [ Fpdx (13)
P
1000 4!
Ejp == [ Fydx (14)
b 0
F
E =
= 5. (15)
3
= Lol (16)
481y
2F
J— pm
0, = - il 17)
Fplyy
o, = % (18)

where E;, and Ej, are the specific energies of compression
and bending, respectively, until the agglomerate cracks,
mJ-mm2; S, and S, are cross-sections of the agglomerate
during compression and bending, respectively: in radial
compression S, =rd,l,/2, in axial compression SP=7rd¢,2/4,
and in bending S, = 7d,*/4, mm?; d, is the agglomerate diam-
eter before loading, mm; [, is the agglomerate length, mm;
€ is the relative punch displacement in the range of elastic
load: for radial compression e =Al/d, and for axial compres-
sion e =Al/l; Al is the punch stroke until the agglomerate
cracks, mm; F' » and F,, are the current forces of compres-
sion and bending of the agglomerate, respectively, N; x is
the punch displacement, mm; E,, and E), are the modulus of
elasticity in compression and bending, respectively, MPa;
F,, and F), are the compressive and bending forces, in the
elastic range of the agglomerate material, respectively, N;
0, and o, are the maximum tensile and bending strength,
respectively, during agglomerate fracture, MPa; F,, and F),,,
are the maximum compressive and bending forces, respec-
tively, N; /, is the distance between the pellet support points,
m; [ is the moment of inertia of the pellet cross-sectional
area, / :da4/64, mm*; y is the distance of the outer fibres
from the neutral axis of the pellet, y=d /2, mm.

2.8 Statistical analysis

The data were analysed in terms of the influence of factors
(wood species, shavings condition, agglomerate form, die
hole diameter) on the pressure agglomeration process and
agglomerate strength based on the multi-criteria analysis of
variance MANOVA using the F (Fisher-Snedecor) test. Prior
to the analysis of variance, the variables were checked for
adherence to assumptions. The Kolmogorov—Smirnov (K-S)
and Lilliefors (K-S-L) tests, as well as the Shapiro—-Wilk
(S-W) test, were conducted to assess the normality of dis-
tribution, while the Levene and Brown-Forsythe tests were
employed to verify variance homogeneity. Based on the
K-S test results, it can be inferred that the variable distri-
bution aligns with a normal distribution. The outcomes of
the Levene and Brown-Forsythe tests provide no basis for
rejecting the hypothesis of variance homogeneity among the
analysed factors. To determine the statistical significance
of differences between mean parameter values, the Tukey
test method was applied. All analyses were carried out at
the assumed significance level of p <0.05 using Statistica
v. 13.3.

3 Research results and discussion
3.1 Compaction parameters

The compaction pressure versus piston stroke shape (Fig. 1)
was dependent on the single shavings dose (Table 1) and lim-
iting pressure (70 MPa for pellets and pastilles, and 12 MPa
for granules). Shavings heating temperature was a covari-
ate; 93 °C when forming pellets and pastilles and 170 °C
for granules. At the lowest dose for pellet production the
maximum densification pressure of 70 MPa was achieved
with the shortest piston stroke (about 11 mm; in the example
diagram (Fig. 1) for pine shavings compacted in an 8§ mm
die). During pastille production, the shavings dose was on
average 67% higher than for pellets, and the piston stroke
extended to 13 mm. For granules versus pellets these values
were 264% and 28 mm, respectively. Increasing the dose
mass with the same die hole diameter resulted in a propor-
tional increase in the shavings' height for compaction. At
a small dose, the shavings particles were displaced with a
relatively small stroke of the compacting piston. During pel-
let formation at a small shavings' height in the die opening,
their elastic effect was much smaller than at a higher shav-
ings' height during the pastille formation. After regrouping
the shavings, filling the voids between them, removing air

@ Springer
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Fig.2 Examples of agglomer-
ates (pellets, pastilles, granules)
before (W) and after deforma-
tion (RC, B, AC) made of pine
and poplar raw shavings, milled
and cut-milled in dies with hole
diameters of 6, 8, and 10 mm:
RC radial compression, B bend-
ing, AC axial compression

Raw shavings |

illed shavings

from the voids between adjacent particles, and overcoming
the elasticity of the biomass, the shavings underwent plastic
deformation, requiring a rapid increase in the compaction
pressure gradient. It was the reaction of the compaction sys-
tem to the increasing resistance of the deformed shavings,
reinforced by increasing transverse pressure proportional to
the axial pressure (Miao et al. 2015) and the agglomerate
expansion in the radial direction. The expansion in the axial
direction was removed during the compaction of the next
shavings dose. The evidence for these logically considered
phenomena during pressure agglomeration was slightly
longer piston strokes for subsequent doses of densified shav-
ings during pellet production, as the preceding agglomerates
from cyclic shavings doses underwent axial expansion and
were compacted again after adding a new dose. Relatively
greater expansion of the agglomerate occurred in its upper
zone and could only slightly increase with the length of the
formed pellet. The lower zones of the pellet did not expand
due to existing external friction, preventing the agglomerate
from moving upwards (Hejft 2002).

When compacting a single shavings dose into the granule
form with a maximum pressure of 12 MPa, the compaction
characteristics exhibited a relatively flat and ended at the
inflection point for the pellet and pastille compaction char-
acteristics. Under these densification conditions, shavings
particles were predominantly displaced, likely a result of
the higher temperature of 170 °C and an extended densi-
fication time, leading to the vitrification of lignin. In this
amorphous state, plasticised shavings were easily deformed,
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consequently yielding a granule with a certain durability.
The glass transition temperature of lignin can range from 50
to over 100 °C (Stelte et al. 2011b), and water adsorption can
lower it (Lisowski et al. 2017). An elevation in temperature
and duration of agglomerate formation can close contact
between wood components at low pressure (Angles et al.
2001). The enhanced durability of agglomerates produced at
higher temperatures and longer durations is likely attributed
to the increased self-adhesive effect of the thermally sof-
tened wood particles. Lignin, functioning as a natural binder
in wood, softens at elevated temperatures and extended pel-
leting times, contributing to enhanced lignin binding func-
tionality (Lee et al. 2013).

Examples of agglomerates after compaction and subse-
quent deformation under compression or bending (limited
to pellets) are presented in Fig. 2, while the average values
of compaction parameters are detailed in Table 2. All tested
compaction parameters exhibited statistically significant
differentiation concerning the main factors (wood species,
shavings condition, agglomerate form and the die hole diam-
eter), with p-values not exceeding 0.05. Hard pine shavings
posed a greater challenge for compaction compared to plas-
tic poplar shavings (Tryjarski et al. 2023), evident in a 20%
higher specific compaction work and a 12% higher coeffi-
cient of susceptibility to compaction. Softwoods such as pine
require a higher pelleting die than hardwoods like poplar due
to the high compressive strength of the hard material, ena-
bling the use of a lower die (Monedero et al. 2015). The L,
values for poplar shavings (13.64 kJ-kg™!), and pine shavings
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(16.31 kJ-kg™!), can be compared with other biomass types.
The L, of wheat straw was 18.09 kJ-kg™! (Matkowski et al.
2020), spent coffee grounds ranged from 4.2 to 23.8 kJ-kg!
(Lisowski et al. 2019a), walnut shells varied from 9.9 to
33.3 kJ~kg’1 (Lisowski et al. 2019b), while miscanthus and
switchgrass were lower ranging from 2.5 to 7.7 kJ-kg™!
(Miao et al. 2015).

Milled shavings, with a size of 0.62 mm, and especially
cut-milled shavings, sized at 0.48 mm with lower cohesion
and internal friction angles (Tryjarski et al. 2023), demon-
strated superior compaction parameters compared to raw
shavings with a size of 6.07 mm. Some authors do not spec-
ify the impact of particle size on the energy consumption of
biomass compaction from various pine species (Bergstrom
et al. 2008). The I, exhibited a very strong correlation with
L, (correlation coefficients in the range of 0.774-0.827,
Table 3). The k,, representing the relationship between com-
paction work and the change in the density of the shavings
dose, showed more variation between the shaving's condi-
tions. For cut-milled and milled shavings, k, was higher
than for raw shavings, by 104% and 35%, respectively. This
variability in k, was most influenced by the results of pel-
lets compaction compared to pastilles and, in particular,

Table2 Results of the analysis of variance and mean values with
standard deviations (SD) for specific compaction work (L), degree of
shavings compaction (I;), compaction susceptibility coefficient (k,),
agglomerate expansion index in relation to its length (R)) and diam-
eter (R;), maximum pressure to push the agglomerate out of the die
opening (p,), specific work to push the agglomerate out of the die

granules, with k, multiples of 3.5 and 57, respectively. These
substantial differences in k, between agglomerate forms were
associated with a lower material dose during pelleting than
pastilling, averaging 60%. Conversely, during the granule
production, where the shavings dose was much higher than
for pastilles and pellets by 120% and 260%, respectively, the
compaction pressure was 483% lower at 12 MPa compared
to 70 MPa. In granule production, the shavings' heating tem-
perature was higher, at 170 °C compared to 93 °C for pellets
and pastilles. While temperature was not factored into the
k, equation, it practically influenced shaving agglomeration,
as a higher temperature, especially lignin, resulted in more
plasticisation, making them easier to compact in this form.

The formation of pastilles required the highest L,
(27.69 kJ-kg™") because the wood shavings dose was 60%
higher than during pellet formation and with the same die
hole diameter, the compacted shavings' height was greater.
The increased compaction height leads to greater material
elasticity and shear deformation, resulting in higher pressure
on the side die walls. Lateral pressures generate more fric-
tion, required more work during piston presses against the
shavings (Hejft 2002). As a consequence, more compaction
work is needed, but it may also lead to lower durability or

opening (L,), piston displacement to push the agglomerate out of the
die opening (s,), DM single agglomerate density (p,), elasticity mod-
ulus (E), specific agglomerate deformation energy (£), and maximum
strength during agglomerate cracking (o) concerning wood species
(TW), shavings condition (WS), agglomerate form (AF), and die
opening diameter (d,,)

Factor L, kI'kg™! I, k,Jmikg? R, % R, % p.» MPa L,kIkg! s, mm Po kgm™
W <0.0001 0.0359 0.0178 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0013
S <0.0001 <0.0001 <0.0001 0.0009 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
AF <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
d, <0.0001 0.0015 0.0014 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0058
Mean and + SD for wood species (TW)

Pine 16.31°+12.93 436°+2.07 392°+425 6.08°+2.73 3.32°+139 3.45°+4.06 0.46°+0.53 8.56°+6.65 945°+187
Poplar 13.64°+9.86  437°+1.85 351°+393  7.19"+3.87 298'+1.39 191°+2.63 021°+026 7.05°+570 934%+162
Mean and + SD for shavings condition (WS)

Raw 20.20°+14.07 5.84°+2.28 268*°+281  6.35+337 3.35+1.39 4.16°+4.87 0.57°+0.57 9.95°+6.6  912°+214
Milled 11.13*+7.94  3.49°+1.09 363°+399  6.69°+3.34 320°+145 1.76°+2.07 0.22°+029 7.30°+572 935°+150
Cut-milled 12.91°+8.54 3.49*+0.73 547°+526 7.11°+3.58 2.89°+1.32 2.15°+2.52 023*+0.30 6.37°+581 966°+151
Mean and + SD for agglomerate form (AF)

Pellet 631°+1.16  599°+2.16 963°+286 4.60°+1.71 2.85'+1.21 6.46°+3.84 0.67°+0.52 12.94°+4.76 1081°+29
Pastille 27.69°+8.57 440°+1.59 278°+90  7.95°4£3.90 3.61°+1.65 0.64°+0.48 0.05°+0.05 1.10°+0.83 978" +28
Granule  7.81°+£3.56  3.09°+0.95 17.0°+8.0 6.85°+3.10 3.01°+1.19 0.97°+0.58 0.30°+0.32 10.06°+3.78 676*+75
Mean and + SD for die opening diameter (d,,, mm)

6 14.04°+11.48 429°+2.14 311°£389  7.31°+3.25 4.67°+£093 3.69°+4.55 043°+£047 7.57°+5.02 93244177
8 14.67°+11.10 4.37°+1.82 377°+353  7.92°+3.82 2.72°+0.26 2.85°+3.58 0.49°+0.54 10.93°+7.77 946°+176
10 1579°+11.82 4.42°+1.92 412°4462  5.10°+2.46 1.75*+0.36 1.80°+2.15 0.14°+0.15 5.49°+4.25 940°+168
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§ T I AP strength of the agglomerates. The I.Js for producing pelrllets
S8¥RERIS5E7528S8 and granules were similar, amounting to 6.31 kJ-kg™" and
eSS ss e ses - 7.81 kl-kg™!, respectively. Therefore, it was significantly
= 3 a - lower compared to pastilles, being 4.4 and 3.5 times lower,
H28F28Ra0288% .
w|S222T32572 228 respectively.
The characteristic criterion parameters of shavings den-
Zodzez2383Fc88 1@ ?[c:x sification increased proportionally to the d,,. The I, values
@ SesSecSceScSs s ~cS< increased the least, by 3.0%. This implies that the p, to the
pyp ratio was similar and amounted to 4.29—4.42 for the d,,, of
= = I 6-10 mm. The L, and the k, increased significantly, by 12.5%
=R RE8cscss388 37 and 32.5%, respectively, as both parameters include the dose
B mass, and k; additionally includes the relation of L, to the
S v % — ¥ Ly &= difference in material density after and before compaction.
I8R5 &8a2ag0z3gdF G . .
Jssesss=288scss<s The smallest heights of single doses were for pellets and
Sttt treEsse s amounted to 13.3+0.8 mm for milled and cut-milled shav-
RS . =B 3gn ings and 27.6 + 1.6 mm for raw shavings. For pastilles, the
Jozoddadd8desdcsz dose heights were 22.7 +2.0 mm and 47.2 +4.1 mm, respec-
ol e tively, and for granules, the dose heights were the highest,
o n < N amounting to 52.3+3.1 mm and 90.2 +2.9 mm, respec-
g E 8 3 E 38 :E % § 2 % % tively. The p, had a significant effect on the dose height in
Sl ie~SsS 1SS the die opening (Table 1). Since the p,, of raw wood shavings
- - a - was 1.7 times lower than that of milled and cut-milled shav-
. % E § E E § % é 2 E § § = ings, the doses of raw wood shavings were almost twice
LKl 11l s -sSss8s 1SS S as high. The considerations and interpretations presented
o e PR _ above explain the large values of standard deviations for the
2238285288 xe 3y analysed compaction parameters. The standard deviations
<|T595722779582°5¢2 at each mean (Table 2) indicate a wide range of criterion
L. parameter values for other factors and should not be associ-
cosoS W mEanbn ated with the scattering of measurement values for a given
SF558sssdscs Y AR
SlsSss 2T T3 1 13833 factor level.
R E §§ R 3.2 Agglomerate pushing parameters
<|2E=223552TT8E23
In the initial phase of pushing the agglomerate out of the
ag k3 % = g § E@ SN die,.the pressure rapidly increaseq FO the maximum value,
gslzsczgissssssses equivalent to the back pressure arising from the developed
static friction force between the agglomerate and the die
g q g:" E Z§ % % é % ?E Z58 wall. Subsequently, it rapidly decreased due to the break-
=l - M R A A ing of adhesion on the contact surfaces of the agglomerate
and the die opening wall (Fig. 1). As the agglomerate began
m kool y kY Y to move, kinetic friction emerged, which was lower than
= g|> ; ; ; g| gl S s g gl ; ;: ?:: static friction. Simultaneously, the total area of effective
contact between the agglomerate and the die opening sur-
. :ﬁ % . 5 “§ % ‘%o ‘(‘g o 9 ‘agc ‘% .face systematically decr’eased (Rossouw et al.. 2003), lead-
2 § s < § § ss<3 2 S< < ing to tbe regular cleaning of the tops of p'artllees adhered
to the die surface. The maximum pellet ejection pressure
Coanaedagan %o was the highest due to the longer agglomerates, resulting
=l s 2SszZzZz8sczzszz in a higher back pressure from external friction and shear
§ & ! ‘ bt bt stresses developed over the total contact surface. The resist-
§ alegegeegeeeeey ance to the pellet's movement wa.s further enhalllced by the
~ increased lateral pressure, proportionate to the axial pressure
9 8 (Miao et al. 2015) and the R,. These phenomena exhibited
@ E S v ST S I E b a feedback loop: with the gradual reduction of the pellet's
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contact surface with the die opening, the negative gradient
of the push-out pressure decreased almost proportionally.
Similar phenomena occurred when pushing out granules and
pastilles, but the effects were smaller in scale, proportional
to the height and compaction pressure. As pastilles were the
shortest, the p, was the lowest and changes in the ejection
pressure gradient occurred with the shortest piston stroke
among the agglomerate forms.

The L, strongly correlated with p, and s,, with correla-
tion coefficients ranging from 0.624 to 0.867 (Table 3). The
ejection parameter most clearly influenced by the main fac-
tors was the maximum pressure p,,, while piston stroke s,
exhibited the least stability, particularly concerning the die
hole diameter. Higher values of L, and k,, were associated
with greater values of the pushing parameters. Pine agglom-
erates required over twice the work L, compared to pop-
lar agglomerates, measuring 0.46 kJ-kg™! and 0.21 kJ-kg™!,
respectively. This accounted for 2.8% and 1.5% of work L,
indicating the high efficiency of the compaction process in
pushing out agglomerates. The main factors, WS and AF,
had a more pronounced impact on L, values for pine agglom-
erates than for poplar agglomerates. Pushing agglomerates
made from raw shavings required the most work L,, almost
2.6 times more than that from milled or cut-milled shav-
ings. The most significant differences in L, were observed
across AF, with pellets being the most challenging to push
out, L,=0.67 kJ-kg™!, followed by granules, 0.30 kJ-kg!,
and pastilles being the easiest, 0.05 kJ-kg™!. Surprisingly,
L, did not show significant dependence on compaction pres-
sure but was most influenced by agglomerate length. For
instance, pastilles, granules and pellets had lengths of 5.7,
17.3, and 22.0 mm, respectively, resulting in ejection work
gradients of 8.8, 17.3, and 30.5 J-kg™'-mm™". L, was highest
at 0.49 kJ-kg™! for the intermediate die opening diameter
of 8 mm, whereas for diameters of 6 mm and 10 mm, it
was 0.43 kJ kg™! and 0.14 kJ-kg™!, respectively. The differ-
ences in L, values for 6 mm and 8 mm were insignificant,
suggesting a decreasing trend in L, concerning the opening
diameter.

Given that p, and s, correlated with L,, similar factors
directions influenced the differentiation of p, and s,. Nota-
bly, p, was statistically significantly higher when pushing
pine agglomerates compared to poplar ones, with pellets
showing the highest p, values. For granules and pastilles, the
differences were small but statistically significant. Param-
eter p, decreased with the die opening diameter, especially
for pine agglomerates and pellets, whereas the dynamics
of changes were prominent for pine agglomerates than for
poplar agglomerates and for pellets than for granules and
pastilles.

The s, was slightly greater for pine agglomerates than
for poplar agglomerates, measuring 8.56 mm and 7.05 mm,
respectively. Pushing out agglomerates made from raw
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shavings required the greatest piston stroke of 9.95 mm,
while milled and cut-milled shavings required a smaller
stroke, measuring 7.30 mm and 6.37 mm, respectively. The
largest variation in s, values occurred across AF, with the
pellet expulsion requiring the longest stroke, 12.94 mm, fol-
lowed by granules, 10.06 mm, and pastilles, which swiftly
exited the die opening with a stroke of 1.10 mm after piston
pressure.

3.3 Agglomerates expansion and density

The linear expansion R, and diametrical expansion R, val-
ues of agglomerates exhibited a positive correlation rang-
ing from 0.236 to 0.493. In terms of density p,, a negative
correlation was observed solely for pellets, with corre-
lation coefficients of — 0.475 and — 0.604, respectively
(Table 3). It follows logically that pellets, which increase
in size along both length and diameter, are character-
ised by lower density, attributed to some bonds breaking
after leaving the die (Nielsen et al. 2020). Similar trends
appeared for pastilles and granules, but a statistically sig-
nificant correlation between expansion and density was
absent. This may result from opposing changes in R, and
R, concerning wood species. Parameter R, was greater for
poplar wood agglomerates than for pine wood agglomer-
ates, measuring 7.19% and 6.08%, respectively, while R,
was 2.98% and 3.32%, respectively. Notably, larger dif-
ferences and a greater dispersion of results occurred for
R;, especially for poplar wood agglomerates made from
cut-milled shavings. Pellets exhibited the smallest expan-
sion, both axially (4.60%) and radially (2.85%), and had
the highest density at 1081 kg-m~. During pellet forma-
tion, previously compacted material doses were re-com-
pacted, leading to increased external friction due to side
pressure, internal friction and the cohesion of attractive
forces between adjacent shavings, resulting in mechanical
internal bonds (Tumuluru et al. 2011a). As mentioned, the
expansion occurred mainly in the upper zone of the pel-
let. Pastilles had the highest expansion, measuring 7.95%
axially and 3.61%, radially, with a density of 978 kg-m™.
Granules were 15% lower than pastilles, but their density
was 31% lower, reaching only 676 kg-m~. Both R, and R,
decreased with the d, but greater differences occurred for
R,. The changes in R, followed an exponential function
with a base less than 1, indicated by a two-fold greater
gradient in the 6-8 mm compared to the 8—10 mm range,
measuring 0.97%-mm™" and 0.48%-mm™', respectively. The
influence of the d,, on p, was minimal. Only the density
of granules formed from raw shavings increased with d,,,
attributed to the large dimensions of raw shavings' par-
ticles and the low densification pressure of 12 MPa dur-
ing granule formation. Raw pine shavings, with a mean
geometric particle size of 6.21 mm in a 6 mm diameter
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die accumulated vertically. Under the influence of a small
piston pressure of 12 MPa, these shavings were challeng-
ing to deform by cracking or bending, despite being highly
plasticised at a high temperature of 170 °C. The location
of raw shavings along the axis of 6 mm diameter gran-
ules is clearly visible in the photograph (Fig. 2). Larger
gaps and voids between the shavings are also visible,
especially for pine granules. With a d,, of 6 mm, the p,
of raw pine shavings was the lowest at 512 kg-m~, and
for pine shavings, it was higher by 18%, amounting to
604 kg-m™. Increasing the die diameter to 10 mm resulted
in a proportional increase in p,, reaching 587 kg:m~ and
690 kg-m™, respectively. The densities of granules formed
from milled and cut-milled shavings, with a particle size
of 0.45-0.62 mm and d,, of 6-10 mm, were higher than
those from raw shavings. However, these differences were
not statistically significant, and those made from poplar
wood had higher values than those from pine, measuring
723 kg-m~> and 690 kg-m~>, respectively. These results
align with experiments showing a reduction in biomass
particle size, an increase in specific surface area, and the
number of contact points between particles, leading to an
increase in the p, (Shaw et al. 2009). During the forma-
tion of pellets and pastilles, the high compaction pressure
of 70 MPa was sufficient to deform even raw shavings
into the smallest d,, of 6 mm. The densities of pellets and
pastilles did not change unequivocally with respect to d,,,
measuring 1094 kg-m™ and 982 kg-m™ for pine shavings,
and 1070 kg-m~ and 975 kg-m~ for poplar shavings,
respectively.

3.4 Agglomerate strength

The specific compression energy E;,, modulus of elasticity
E, and maximum tensile strength o, for radial compression,
to which all agglomerates were subjected, showed statis-
tically significant differences concerning the main factors:
TW, WS, AF, and d,, (Table 4). Pine agglomerates exhib-
ited higher values for these parameters compared to poplar
agglomerates, and those made from raw shavings outper-
formed those from milled and cut-milled shavings. The
deformation of pellets required significantly more energy
E;, than pastilles, especially granules. Pellets also exhib-
ited higher stresses o, at 4.19 MPa, compared to pastilles
at 1.47 MPa and granules at 0.11 MPa. However, pellets
had a lower modulus E, at 12.47 MPa than pastilles at
17.62 MPa, with granules being the smallest at, 1.83 MPa.
The strength parameters of agglomerates decreased dur-
ing radial compression with d,,, and this trend was mainly
related to stresses for granules. Strong correlations were
observed between the strength parameters of agglomerates
during radial compression, with correlation coefficients

Table 4 Results of analysis of variance, mean values, and stand-
ard deviation (SD) for modulus of elasticity (E), specific agglomer-
ate deformation energy (E;), and maximum tensile strength during
agglomerate cracking (o) considering wood species (TW), shavings
condition (WS), agglomerate form (AF), die opening diameter (d,,),
and type of agglomerate load (TL)

Factor E, MPa Ej, mJ-mm™ 6, MPa

Radial compression—all agglomerates

™ 0.0019 <0.0001 <0.0001

WS <0.0001 <0.0001 <0.0001

AF <0.0001 <0.0001 <0.0001

d, 0.0005 <0.0001 <0.0001
Mean and + SD for wood species (TW)

Pine 10.55°£0.84  1.90°+0.21 1.97°+0.18

Poplar 8.30*+0.57 1.31*+0.18 1.27*+0.13
Mean and + SD for shavings condition (WS)

Raw 10.58°+1.13  2.53°+0.31 2.41°+0.25

Milled 8.80"+0.80 1.11*+0.18 1.18%+0.15

Cut-milled 8.63"+0.52 1.09%+0.16 1.19+0.15
Mean and + SD for agglomerate form (AF)

Pellet 1247°+038  4.81°+0.32 4.19°£0.22

Pastille 17.62°+1.14  0.97°+0.14 1.47°+0.15

Granule 1.83*+0.10 0.04*+0.00 0.11*+£0.00
Mean and + SD for die opening diameter (d,,, mm)

6 10.13°+0.95 1.69°+0.21 1.92°+0.21

8 9.97*+0.96 1.78°+0.28 1.69°+0.21

10 7.91*+0.61 1.28%+0.21 1.15+0.15
Axial compression—pastille

™ 0.0502 0.1031 0.0553

WS 0.0579 <0.0001 <0.0001

d, <0.0001 0.0042 <0.0001
Mean and + SD for wood species (TW)

Pine 5,02*+0,35 57,63*+6,14 58,12%+3,82

Poplar 5,16+0,28 52,68"+4,93 54,99%+3,19
Mean and + SD for shavings condition (WS)

Raw 4,83*+0,39 17,82%+1,23 29,64+ 1,44

Milled 5,29+0,38 83,45°+6,07 77,04°+2,70

Cut-milled  5,22°+0,36 68,54°+581  66,21°+3,20
Mean and + SD for die opening diameter (d,,, mm)

6 7,33°£0,24 52,22°+4,51  58,61°+3,71

8 4,66°+0,19 65,90°+£9,95  63,45°+5,55

10 2,85+0,09 49,50*+6,40 48,35 +3,57
Bending—pellets

™ <0.0001 <0.0001 <0.0001

WS <0.0001 0.0026 0.0130

d, <0.0001 0.0695 0.0015
Mean and + SD for wood species (TW)

Pine 40.73°+3.38  1.90°+0.30 0.004"+0.001

Poplar 15.74* +1.85 0.52%+0.08 0.001*+0.000
Mean and + SD for shavings condition (WS)

Raw 2423*+4.12  1.55°+0.39 0.004"+0.001

Milled 24.84*+3.53 1.45°+0.26 0.003%* +0.001

Cut-milled 34.04°+3.66 0.58*+0.10 0.002%+0.000
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Table 4 (continued)

Factor E, MPa E/-, mJ-mm> o, MPa

Mean and + SD for die opening diameter (d,,, mm)
6 44.65°+4.42 1.21°°+0.19 0.004°+0.001
8 25.67°+2.57 1.59°+0.46 0.003%+0.001
10 11.57*+1.05 0.79*+0.15 0.001*+0.000

ranging from 0.656 to 0.961, the highest being between E),
and o, (Table 3).

Pastilles loaded with an axial compressive force demon-
strated the highest strength. It was observed that the strength
parameters of pastilles loaded axially did not differ statisti-
cally significantly between wood species. Still, a tendency
could be indicated that pine pastilles required more energy
E;, for their deformation and these pastilles were charac-
terised by higher stresses o than poplar pastilles. Pastilles
made from raw shavings showed the lowest axial o, whereas
pastilles made from milled shavings presented the highest
axial o,. The axial o, of pastilles tended to decrease with
their diameter, but only E, decreased unequivocally.

Destruction of pellets subjected to a bending load
required very little energy Ej,. Pellets showed the lowest
stresses o, but had the highest modulus, E,. Pine pellets
were more durable than poplar pellets, with energy Ej,
measuring 1.90 mJ-mm~ and 0.52 mJ-mm™>, respectively,
o, at 0.004 MPa and 0.001 MPa, respectively, and the most
significant differences were observed in E,, measuring
40.73 MPa and 15.74 MPa, respectively. Positive correla-
tions were noted between o, and E, and E;,, with correlation
coefficients of 0.407 and 0.837, respectively. Pellets made
from raw shavings were more resistant to bending than those
made from milled shavings, with the lowest strength values
found in pellets made from cut-milled shavings, which were
characterised by the highest E,. The o, of pellets decreased
with their diameter, with the most distinct changes observed
in E, and o), (correlation coefficient-0.466), especially for
pine pellets. Transverse fracture of pine pellets during bend-
ing displayed a flat surface, likely indicative of a failure
mechanism based mainly on hydrogen bonding and Van der
Waals. Poplar pellets exhibited an irregular surface with par-
ticles protruding, attributed to a different binding mechanism
based on stronger but less frequent interactions due to lignin
bridges and mechanical interlocks (Stelte et al. 2011a).

In summary, it can be stated that the higher content of
thermoplastic lignin in pine wood (30.7%) than in poplar
wood (18.4%) was the main factor influencing the higher
strength of pine agglomerates (Table 1). Among the three
structural biopolymers of wood—Ilignin, cellulose and hemi-
cellulose—Ilignin is one of the main natural binders, and
its concentration in wood can be up to twice as high as in
herbaceous materials (Serrano et al. 2011). There is a strong
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positive relation between pellet durability and lignin content
(Lehtikangas 2001). Microscopic images of biomass parti-
cles with a lower percentage of lignin showed a lower degree
of modification during pelleting. Pellets obtained from wood
raw materials, characterised by a lower extractives content
and a higher lignin content displayed higher physical quality
(Castellano et al. 2015). The outer coating of pine agglom-
erates was shinier than that of poplar agglomerates due to
the higher content of lignin undergoing thermal transforma-
tions in pine wood than in poplar wood (Fig. 2). The lignin
coating imparts an external gloss to the agglomerates and
may result in higher water resistance due to the hydrophobic
nature of lignin (Anglés et al. 2001). Compared to poplar
shavings, pine shavings with higher lignin content, under
the influence of temperature and plasticisation, were more
easily modified during the piston pressure. As a result, the
voids and gaps between the shavings were reduced (Stelte
et al. 2011a), and the contact between them was increased,
contributing to bonding (Castellano et al. 2015), and conse-
quently, the strength of agglomerates increased. This mecha-
nism allows the inter-diffusion of fibres and the formation
of new bonds.

With a higher die temperature during granulation 170 °C
vs. 93 °C, lignin underwent greater softening. Despite the
lower compaction pressure 12 MPa instead of 70 MPa,
the diffusion of particles, particularly crushed ones, was
more pronounced and facile between the fibres (Stelte et al.
2011a). Consequently, it was possible to form granules,
although these granules were more susceptible to disinte-
gration (Fig. 2). The elevated temperature did not compen-
sate the lower compaction pressure. These parameters, in
conjunction with a substantial dose of densified shavings,
are not recommended for the production of particleboards
without a binder. Therefore, to prevent the crumbling of
particleboards, the urea—formaldehyde resin is employed to
adhere the wood shavings, and the blend is heated to 150 °C,
resulting in the creation of a durable particleboard (Kevin
et al. 2018). Pine pellets, produced from comminuted shav-
ings with both particle sizes, exhibited fewer gaps and voids
between the particles, indicating superior particle agglom-
eration compared to poplar shavings. This positive effect of
densification and more robust binding of pine shavings, as
opposed to poplar ones, was reflected in lower linear expan-
sion and higher density of agglomerates. However, achieving
improved agglomerates parameters required a higher input
of work L. Hardwood lignin tends to contain fewer phenolic
hydroxyl groups and more methoxy groups compared to
softwood, thereby lowering the glass transition temperature
(Whittaker and Shield 2017). Consequently, when pellet-
ing at the same temperature (93 °C), pine shavings parti-
cles formed more solid bridges, and pine pellets exhibited
greater tensile strength compared to poplar pellets. Similarly,
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at 100 °C, beech pellets demonstrated greater durability than
Norwegian spruce pellets (Stelte et al. 2011a).

4 Conclusion

The physicochemical properties of pine and poplar shav-
ings were thoroughly examined, revealing the most signifi-
cant disparity in lignocellulosic compounds composition,
particularly in lignin content, which plays a pivotal role in
pressure agglomeration and strength. The respective lignin
contents were 30.7% for pine and 18.4% for poplar.

Raw, milled, and cut-milled shavings of both pine and
poplar underwent compaction in dies within a closed
chamber, featuring diameters of 6, 8, and 10 mm. Pel-
lets were crafted under a compaction pressure of 70 MPa
and a die temperature of 93 °C. Similarly, pastilles were
produced with identical parameters, albeit using a shav-
ings dose 67% higher than that employed for pellets.
Despite the increased shavings dose, pastille exhibited
lower strength than pellets. Notably, pastilles maintained
a length equivalent to the die channel diameter during
axial compression without the risk of buckling. Granules
were formed using parameters akin to the production of
particleboard with a target thickness of 16 mm, evaluating
the possibility of shaving densification at a low pressure
of 12 MPa, compensated by a high temperature of 170 °C.
All agglomerates underwent testing for radial compression
strength. The assessment of the agglomeration process
considered work L, compaction indices /, and k,, and the
process of pushing agglomerates out of the die was char-
acterised by work L, pressure p,, and piston stroke s,. The
produced agglomerates were analysed for expansion R, R,
and density p,, while their strength to external loads was
assessed using energy Ej, stress o and modulus E.

In production of agglomerates, utilising hard pine shav-
ings compared to plastic poplar shavings, required 19% more
compaction work and over twice as much work for pushing
the agglomerate out of the die opening. Pine agglomerates
exhibited lower linear expansion, higher single density,
and superior radial compression strength parameters owing
to the higher content of thermoplastic lignin in the wood.
Milled shavings, especially those with a size of 0.62 mm,
and cut-milled shavings with a size of 0.48 mm and lower
cohesion and internal friction angle, demonstrated superior
compaction parameters compared to raw shavings with a
size of 6.07 mm.

Agglomerates crafted from cut-milled shavings dis-
played the highest single density, but their tensile strength
was markedly lower than that of agglomerates made from
raw shavings. The susceptibility of shavings to compaction
during sequentially repeated compaction of small shavings
doses in pellet production was highest, resulting in pellets

characterised by minimal linear and diametrical expansion,
a single density of 1081 kg-m~, and the highest strength
among agglomerates. The addition of 67% more shavings
for pastilles production compared to pellets proved disad-
vantageous, demanding significantly more compaction work,
with single pastille density being lower by 9.5%, and their
strength under radial load substantially reduced. Granules
produced at a low compaction pressure exhibited the lowest
single pellet density and radial tensile strength. The higher
temperature did not compensate for the significantly lower
pressure, hence, the shavings' densification parameters for
granules (pressure of 12 MPa and temperature of 170 °C)
cannot be recommended for particleboard production with-
out a binder, typically urea—formaldehyde resin. Alongside
the die opening diameter, radial expansion and modulus
of elasticity decreased, but other compaction and strength
parameters remained practically unchanged.

Cutting-milling, compared to milling wood shavings, is
more beneficial for the compaction process and the strength
of agglomerates.
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Abstract

This study, which evaluated the effects of biological pretreatment on comminuted pine and poplar shavings and particleboards
with urea—formaldehyde resin (UF), utilising Pleurotus ostreatus (P. ostreatus), holds statistically significant implications
for the future of waste management and biogas production. The 17-week fungal pretreatment was followed by a physico-
mechanical and chemical analysis of raw and pretreated materials and pressure agglomeration to produce pastilles and an
anaerobic digestion process to produce biogas. The specific density and strength parameters in radial and axial compression
were determined for the produced pastilles. The pretreatment notably reduced lignin content by 6.8-8.3%, which increased
mechanical parameters, angles of internal friction, cohesion, shear, and consolidation stresses and positively affected agglom-
eration efficiency and increased pellet density. Values for the specific compaction work of treated biomass were higher than
those of raw biomass (24.03 vs. 21.70 kJ kg™!), correlating with the production of denser pastilles (1014 vs. 959 kg m~>).
After pretreatment, enhanced structural properties of the biomass (lignin and hemicellulose components decreased, and
cellulose content increased) facilitated increased methane yields, showing up to a 3.7-fold increase for pine and 2.9-fold for
poplar UF particleboards. This research advances the potential for developing recycling and biogas technologies, offering
novel insights into UF degradation via fungal pretreatment. The findings underscore the necessity for further detailed studies
to analyse changes in resin content post-pretreatment and their impact on the properties of wood materials.

Abbreviations POBT Comminuted poplar
INOC Inoculum particleboards after
PIBR Comminuted raw pine P. ostreatus pretreatment
particleboards POST Comminuted poplar
PIBT Comminuted pine shavings after P. ostreatus
particleboards after pretreatment
P. ostreatus pretreatment MT Material state (raw, R, after
PISR Comminuted raw pine P. ostreatus pretreatment, T)
shavings after cutting-milling ~ PT Product type (shavings, SH,
PIST Comminuted pine particleboard, PB)
shavings after P. ostreatus TL Load type (axial
pretreatment compression, AC, radial
POBR Comminuted raw poplar compression, RC)
particleboards ™ Wood species (pine, PI,
poplar, PO)
List of symbols
ADF Acid detergent fibre (%)
D4 Aleksander Lisowski ADL Acid detergent lignin (%)
aleksander_lisowski @sggw.edu.pl c Cohesion (kPa)
. C, G, Correction of the empty bag
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Concentration of methane,
carbon dioxide, oxygen, and
hydrogen in biogas,
respectively (%)

Corrected concentration of
the dry biogas component
(%)

Crude fibre (%)

Hydrogen sulphide
concentration in biogas
(ppm)

Diameter of the agglomerate
and the die opening,
respectively (mm)
Modulus of elasticity in
agglomerate compression
(MPa)

Specific energy of
compression until the
agglomerate cracks

(mJ mm™?)

Flow index

Higher heating value

(MJ kg™

Degree of biomass
compaction

Coefficient of shavings’
susceptibility to compaction
dm’kg™)

Specific work; compacting
and pushing the
agglomerate out of the

die opening, respectively
(kJ kg™")

Specific work; compacting
and pushing the
agglomerate out of the

die opening, respectively
(K kg™")

Mass; empty bag,

sample, bag with sample
after extraction (drying), bag
with sample after ashing,
empty bag after extraction
(drying), empty bag after
ashing, single material dose,
and saturated sodium
chloride solution,
respectively (g)

Moisture content (% w.b.)
Neutral detergent fibre (%)

P> Pn> Pyws Py

Rl’ Rd

t

N

TS, TS 0. TS,y

V, Vd, N

VS, VS VS,.s

P cH4> PNaCl

Pressure of the biogas

phase at the time of read-
ing, normal; p5=1013 hPa,
vapour pressure of the water
as a function of the ambi-
ent temperature (hPa) and

a maximum of pushing the
agglomerate out of the die
opening, respectively (MPa)
Agglomerate expansion rates
relative to its length and
diameter, respectively (%)
Piston displacement to push
the agglomerate out of the
die opening (mm)
Temperature; ambient and
normal; T,=273 K,
respectively (K)
Temperature of the biogas at
the volume meter (°C)
Anaerobic fermentation time
(h)

Total solids in the
comminuted material, blends
of comminuted material and
inoculum before and after
fermentation (%)

Volume of the biogas ready
off and dry biogas in the
normal state, respectively
(mL)

Volatile solid in the com-
minuted material, blends of
comminuted material and
inoculum before and after
fermentation (%)

Geometric mean of particle
size (mm)

Yield; volatile solid, biogas,
and methane, respectively
(mL g™)

Angle of external friction for
wood comminuted
shavings-chrome steel (°)
Density; single

agglomerate (kg m~>) and
saturated sodium

chloride solution (g mL™"),
respectively

Stress; maximum normal,
major consolidation,
respectively (kPa)
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o, Unconfined yield strength
(kPa)

o, Maximum tensile strength
(MPa)

T Shear stress (kPa)

@, Prs Pos Piin The angle of internal

friction; general, in steady
state, effective, linearised,
respectively (°)

1 Introduction

The production of particleboards globally has nearly dou-
bled from 1995 to 2021, reaching 103,955,051 m3, highlight-
ing a growing challenge in waste management for this type
of biomass (FAOSTAT 2024). Mainly, waste particleboards
containing urea—formaldehyde resin UF pose a severe chal-
lenge to the environment and recycling technology, and their
energy use through incineration may be limited due to the
emission of harmful substances such as formaldehyde (Ihnat
et al. 2020). Following the Directive of the European Par-
liament and the Council (2008/98/EC), which emphasises
waste prevention, preparation for reuse, recycling, and other
recovery methods over disposal, the management of parti-
cleboard waste has become increasingly crucial (EP 2008).

Given these challenges, it is essential to explore new
methods for managing particleboard waste that are both
effective and environmentally sustainable. One such poten-
tial method is their biological pretreatment with white rot
fungi, such as the oyster mushroom (P. ostreatus) (Bellet-
tini et al. 2019), followed by biofuel production (Jafari et al.
2011). These fungi can delignify lignocellulosic biomass,
potentially increasing the accessibility of cellulose and
hemicellulose for subsequent enzymatic conversion into sug-
ars (Kainthola et al. 2021). However, the effect of P. ostrea-
tus on cellulose and hemicellulose is less significant, as
shown by studies on beech and oak wood (Bari et al. 2015a,
2015b; Karim et al. 2016). P. ostreatus contributes to reduc-
ing wood mass and the thickness of its cell walls, which
was confirmed by various techniques, including microscopy
and FT-IR spectroscopy (Bari et al. 2018). These results are
consistent under different experimental conditions and for
other wood species. Of particular interest are the observa-
tions on oak wood, in which P. ostreatus caused soft rot type
I, suggesting that local variations in cell wall composition
and chemical properties modulate its degradation capacity.
These results indicate the potential of this fungus to gen-
erate a wide range of enzymes and adaptive mechanisms
in response to the diversity of lignocellulosic substrates
(Bari et al. 2020). In addition to its degradative capacity,
P. ostreatus shows potential in biopulping, reducing energy

consumption, and improving the quality of cellulose pulp
(Bari et al. 2021, 2024).

Oyster mushrooms can degrade particleboards containing
UF by breaking down hemicellulose, cellulose, and lignin,
aided by specific microbial species, particularly Actinomyc-
etales (Liu et al. 2022). The enzymatic capabilities of oyster
mushrooms and their potential for biodegradation of indus-
trial wastewater, including lead tolerance and biosorption of
heavy metals (Bhatnagar et al. 2021), showcase their broad
potential. These fungi produce a range of industrially signifi-
cant enzymes in paper production (Skocaj et al. 2018), such
as cellulase, xylanase, lipase, peroxidase, amylase, protease,
laccase (which degrades lignin) (Kumar et al. 2009), and
manganese peroxidase (Banfi et al. 2015). However, there
is no information about enzymes produced during the deg-
radation of UF. Enzyme activity varies with the different
growth stages of fungi and in response to other substrates
(Devi et al. 2024). Spent edible mushroom substrate is an
economical and convenient resource for sustainable bioetha-
nol production with efficient recovery of lignocellulolytic
enzymes (Devi et al. 2022). Although UF acts as a binder
in board production and provides fungal resistance (Amini
et al. 2018), the oyster mushroom, being a robust fungus, has
the potential to decompose, keeping in mind the mentioned
mycoremediation potential. While the pretreatment with
white rot fungi has been extensively studied concerning agri-
cultural waste (Kainthola et al. 2021), applying it to waste
particleboard containing synthetic resins is a novel area.

In particleboard waste management, it is crucial to under-
stand the effect of biological pretreatment on the mechanical
properties of biomass, which plays an essential role in the
pressure agglomeration process, i.e., during biomass den-
sification under the influence of external pressure. Oyster
mushroom improves the biomass properties, including its
susceptibility to densification, which facilitates the agglom-
eration process and pellets production (Girmay et al. 2016;
Bari et al. 2020; Lee et al. 2022; Olughu et al. 2021), which
are biomass conversion into biofuels. Anaerobic digestion,
although an alternative, may be limited by UFs, which neg-
atively affect methane-producing microorganisms (Wang
et al. 2011). Biogas production is another way of convert-
ing biomass pretreated by oyster mushrooms, significantly
reducing lignin and increasing enzymatic efficiency sacchar-
ification and biomethane production (Kumar and Sharma
2017; Ma et al. 2021; Vasilakis et al. 2023), which requires
further investigation for commercial applications.

The scientific question posed by this research is: Can
biological pretreatment with the oyster mushroom effec-
tively decompose pine and poplar shavings, particularly
those in particleboards containing UF? Will pretreatment
enhance the mechanical properties of the comminuted bio-
mass, thus improving the strength of pastilles (the agglom-
erates have the same height as their diameter, obtained by
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compacting a single biomass dose) and the efficiency of
biogas production? This study aims to identify the specific
alterations in biomass’s structure and chemical composi-
tion following biological pretreatment and to explore how
these changes enhance pressure agglomeration processes
and anaerobic fermentation efficiency. The primary scien-
tific objective is to acquire novel, insightful information
on the role of the oyster mushroom and evaluate the effec-
tiveness of its use in decomposing particleboard shavings,
its impact on the mechanical properties of biomass (shear
stress, unconfident yield strength, internal and external
friction angles, cohesion, and flow index), and the effi-
cacy of pressure agglomeration (specific compaction work,
degree of compaction, compaction susceptibility coeffi-
cient, pastille expansion index concerning its length and
diameter, maximum pressure to push the agglomerate out
of the die opening, specific work to push the agglomerate
out of the die opening, piston displacement to push the
agglomerate out of the die opening, single pastille den-
sity) and biogas production processes (biogas and meth-
ane yields and contents of methane, carbon dioxide, oxy-
gen, hydrogen, and hydrogen sulphide). Ultimately, the
research seeks new insights and knowledge regarding the
potential advantages of biologically processing particle-
boards for producing solid fuels and biogas.

The research hypotheses formulated for this study are
as follows:

(1) Biological pretreatment within a specified timeframe
using the P. ostreatus leads to significant decomposi-
tion of lignin and hemicelluloses in wood shavings and
particleboards, thereby increasing cellulose availability
and enhancing the comminuted biomass’s mechanical
properties.

(2) Structural and chemical alternation during the pretreat-
ment of wood and particleboard with P. ostreatus will
improve the processed material’s mechanical properties
(angles of internal friction, cohesion, shear, and consol-
idation stresses), thus increasing compaction capacity
during the pressure agglomeration process, resulting in
greater pastilles strength. The material alternation will
also facilitate more effective anaerobic fermentation in
biogas production.

The article’s novelty resides in its unique approach to
addressing the ecological utilisation of particleboard waste
containing synthetic resins. Biological pretreatment with
white rot fungi has not yet been harnessed for these mate-
rials. Moreover, this study offers a comprehensive analysis
of the impact of biological pretreatment on the mechani-
cal properties of the waste, the efficiency of the pressure
agglomeration process, and the parameters of biogas
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production. This represents a substantial contribution to
the advancement of environmentally friendly technologies.

2 Material and methods
2.1 Material

The source material comprised two shavings: one suit-
able for producing particleboard inner layer and consisting
mainly of pine wood. These shavings were later called
“pine shavings”. The second type was poplar shaving from
sawmill waste specially shredded to be suitable for pro-
ducing the inner layer in multilayer particleboards. These
pine and poplar shavings were obtained from the Research
and Development Centre for Wood-Based Panels, Ltd. in
Czarna Woda. A detailed analysis of the physicochemical
parameters of these shavings is outlined in the first article
(Tryjarski et al. 2023), with the densification process and
strength of agglomerates discussed in the second article
of this series (Tryjarski et al. 2024). Poplar shavings were
used to produce single-layer poplar particleboard. Com-
mercial particleboards were purchased from the market
and tested as pine particleboards. Both pure poplar and
pine shavings were used as reference materials for the anti-
fungal pretreatment of individual particleboards. For the
present study, wood shavings and particleboards with UF
were comminuted using a knife mill (LMN-100, Alchem
Group Ltd., Torun, Poland) equipped with a 3 mm mesh
sieve to ensure a uniform particle size distribution. Com-
minuted material underwent 17 weeks of biological pre-
treatment using the P. ostreatus. The two wood species,
TW, pine (PI), and poplar (PO), were differentiated into
product types PT, SH shavings, and PB particleboards, and
material state MT as raw (R) and after fungal pretreatment
(T). Eight averaged samples were designated as follows:
POSR—comminuted raw poplar shavings, POST—com-
minuted poplar shavings after pretreatment, POBR—com-
minuted raw poplar particleboards, POBT—comminuted
poplar particleboards after pretreatment, PISR—commi-
nuted raw pine shavings, PIST—comminuted pine shav-
ings after pretreatment, PIBR—comminuted raw pine par-
ticleboards, PIBT—comminuted pine particleboards after
pretreatment. An analysis of physicochemical properties
was conducted for these eight materials to facilitate the
interpretation and elucidation of features influencing pres-
sure agglomeration and anaerobic fermentation.
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2.2 Procedure for pretreatment of material with P.
ostreatus

The pretreatment of comminuted shavings and parti-
cleboards with fungi lasted over 17 weeks at a temper-
ature of 28 °C and a relative air humidity of 97% in a
climate chamber. The tests were conducted in laborato-
ries where air conditions were monitored and controlled
by an air conditioning system maintaining a temperature
of 22-23 °C and relative air humidity of 65+ 5%. The
medium, jars, and jar seals were sterilised in an autoclave
at 126 °C. Material samples weighing between 48 and
49 g, with moisture increased to 20-30% by the addition
of demineralised water, were placed in polyamide nets
and polyethylene bags, which were hermetically sealed.
The moisture content of samples was performed using an
MAS50/1.R moisture analyser (Radwag, Radom, Poland).
These samples were then sterilised using ionising radiation
at a dose of 28 kGy at the Institute of Nuclear Chemistry
and Technology (Andres and Wojciechowska 2017).
Following our experience (Tryjarski et al. 2022), P.
ostreatus mycelium, obtained from MycoLabs (MycoLabs
Aleksandra Jarczok, Pszczyna, Poland), was inoculated
into 0.5-L preserving jars filled with a thick layer of Malt
Extract Agar medium (Pol-Aura Ltd., Morag, Poland). Jars
were filled with medium up to about 18 mm from the base,
about 100 mL per jar. The concentration of the medium
was 50 g in 1 L of tap water. The reason for pouring many
media into jars was to prevent overdrying. These previ-
ously sterilised containers provided a secure environment
for further mycelial growth. Lids, sealed with cellulose
cotton wool encased in sterile gauze, were fitted to the
jars, which were then placed in a bacteriological incuba-
tor (Incudigit 80, JP Selecta, Barcelona, Spain). A vessel
of water was included to maintain humidity. The multi-
plication of the mycelium occurred at 24 °C; upon com-
plete coverage of the medium surface, the sample grids
were introduced into the jars. These were then put into a
climate chamber (2MXM, PHU Refrigeration, Warsaw,
Poland), controlled by computer software to ensure opti-
mal climatic conditions. Additionally, two water vessels
were placed within the chamber to prevent sample drying,
as verified in preliminary multi-week studies. Based on
the literature (Li et al. 2018), the relative air humidity set
at 75% proved too low, reducing the material’s moisture
from 24 to 10% after 8 weeks. According to the litera-
ture, the required conditions for cultivating oyster mush-
rooms is 80-90% relative humidity, with temperatures
ranging from 24 to 28 °C (Setiawati et al. 2021), or even
80-100% r.h. and 20-30 °C (Soares et al. 2022). However,
for material pretreatment, lower relative humidity levels
of 65-85% are expected (Mustafa et al. 2016). The effect

of temperature and relative humidity on fungal activity is
well-documented (Aghajani et al. 2018).

After the biological pretreatment, sample particles
were self-agglomerated in bags and roughly separated
and mixed. The material was air-dried for four weeks, and
averaged samples from approximately a dozen identical
original samples were prepared for further study.

2.3 Physical properties of comminuted material

Physical parameters were determined for comminuted shav-
ings and particleboards in both the raw state and after fungal
pretreatment. These parameters included moisture content
relative to the wet basis (MC), particle size distribution,
external friction angle (8), and higher heat value (HHV).
Each of the eight averaged samples was stored in individual
plastic bags before further analysis.

On each day of testing, MC was determined for samples
weighing 2 g using the MA50/1.R moisture analyser (Rad-
wag, Radom, Poland), as the measurements were performed
over a more extended period. The samples were stored in a
room with a controlled temperature of 22-23 °C and relative
air humidity of 65 +5%.

The particle size distribution of comminuted materials,
with each sample weighing 80, 40, 70, 70, 20, 50, 100, and
50 g for PISR, PIST, PIBR, PIBT, POSR, POST, POBR,
POBT, respectively, was conducted using a vibrating sepa-
rator (LAB-11-200/UP, Eko-Lab, Brzesko, Poland), based
on the ANSI/ASAE S319.4 standard. A set of sieves with
mesh sizes of 0.15, 0.212, 0.3, 0.425, 0.6, and 0.85 mm and a
bottom pan were used. These mesh sizes were chosen based
on preliminary tests to ensure the middle sieve contained the
most mixture, aiming to achieve a particle size distribution
close to a normal distribution. For a detailed description of
the methods, see Tryjarski et al. (2023). Considering the
research aims and article limitations, the particle size dis-
tribution analysis included the geometric mean of particle
size (x,). The full particle size distribution comprised over
20 parameters and was analysed in the previous paper (Try-
jarski et al. 2023).

The angle 6 for comminuted pine and poplar particle-
boards, both in raw form and after fungal pretreatment,
was determined using a thin layer (equivalent to a single
particle thickness) of material resting on a chromium steel
plate. The chromium steel was chosen as further pressure
agglomeration was done in dies made of this material. The
plane’s inclination, where the particle movement on the plate
surface was recorded, was measured using an electronic pro-
tractor with an accuracy of 0.1°. The HHV for all material
samples was determined for dried material, as described in
the article on pressure agglomeration of raw and commi-
nuted shavings (Tryjarski et al. 2024).
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2.4 Mechanical properties of the material: strength
and flowability

The strength and flowability of comminuted pine and pop-
lar particleboards, both in raw form and after fungal pre-
treatment, were determined using a direct shear tester. The
tester featured an internal shear diameter d,, of 60 mm and a
height of 170 mm. The procedure was carried out following
the requirements of Eurocode 1 (Eurocode 1 2006) and is
described in detail in the article on the physicomechanical
properties of raw and comminuted shavings (Tryjarski et al.
2023).

2.5 Analysis of crude fibre, detergent fractions,
and lignocellulosic components

Chemical reagents were purchased from ANKOM Technol-
ogy Corporation (USA, NY). Weighting was conducted with
an MAS50/1.R moisture analyser (Radwag, Radom, Poland)
with an accuracy of 0.1 mg. Crude fibre and detergent frac-
tions were determined according to ANKOM 200 fibre ana-
lyser manual (A200 manual; Method 8 2022). Samples were
kept with MC levels below 10% because moisture can dilute
the added acid (NREL 2008). All eight material samples
were ground in a knife mill to reduce the risk of overheating.
The particle size distribution was assessed on a vibrating
separator (LAB-11-200/UP, Eko-Lab, Brzesko, Poland). The
geometric mean value x, was below 1 mm. Representative
samples containing the entire spectrum of particle sizes were
taken from each batch of material by dividing it with a strip.

Analytical samples and control alfalfa (ALF-2022-001),
provided by the supplier ANKOM Corporation (USA, NY),
were sealed in mesh bags (F57, ANKOM Technology)

Table1 Summary of equations used to determine CF, NDF, ADF,
ADL, and biogas production parameters (the remaining equations for
determining the analysed parameters can be found in articles on the

with an electric welder. Sample mass was 0.95-1.00 g for
crude fibre (CF) determination and 0.45-0.50 g for neutral
detergent fibre (NDF), acid detergent fibre (ADF), and acid
detergent lignin (ADL). Each set of 22 samples of the tested
materials included two control samples and one empty bag
to establish a correction factor for the empty bag (C,) or the
ashed bag (C,). Since the tests were conducted in two series,
two bags, instead of three, were randomly used for two bio-
mass samples to assess all eight distinct materials within a
single series while maintaining consistent test conditions.

During the determination of CF, samples were first
extracted in a 0.255N sulphuric acid (H,SO,) solution, fol-
lowed by a 0.313N sodium hydroxide (NaOH) solution. Both
extractions were conducted at 100 °C for 40 min using an
ANKOM 200 fibre analyser (ANKOM Technology Corpo-
ration, USA, NY). After each extraction and the removal of
the solution, the samples were rinsed twice in demineral-
ised water at temperatures between 50 and 90 °C for 5 min,
and excess water was removed by placing the bags on filter
paper. The bags were then soaked in a beaker with acetone
for 5 min, air-dried on wire mesh, and finally dried in a
laboratory dryer (SLW 115, Pol-Eko Aparatura, Wodzistaw
Slaski) at 102+2 °C for 4 h. Bags containing samples and
the empty control bag were put into crucibles and ashed in
a muffle furnace (FCF 5SM, Czylok, Jastrzgbie Zdr6j) at
600 °C for 2 h. Crucibles and ash were cooled in a desicca-
tor and weighed. The CF content was calculated from Eq. 1,
and the correction for the empty bag after ashing (m ) from
Eq. 2 (Table 1).

To determine the NDF content, samples with bags were
extracted in a mixture of 0.01 g mL~! sodium sulphite and
alpha-amylase at 2 mL L~! in a neutral detergent solution
(ND) for 75 min. After extraction, the samples were rinsed
twice with alpha-amylase at 0.002 g mL~" in demineralised

physical properties of biomass (Tryjarski et al. 2023) and pelleting
(Tryjarski et al. 2024))

Parameter Equation No  Source
CF; ADL, % CF(ADL) = 100[m4;l(m|02)] 1 A200 manual; Method 8 (2022)
Correction of empty bag after ashing C,, — C,="a

m
NDF;, ADF, % NDF(ADF) _ 100[1113;(m1C|)] 3
Correction of empty bag after extraction C;, — C =22 4

my
Cellulose, % Cellulose = ADF — ADL 5 Wolfrum et al. (2009)
Hemicellulose, % Hemicellulose = NDF — ADF 6
Lignin, % Lignin = ADL 7
Volume of dry biogas, mL Vyy=V- =P )Ty vy = Mvact 8 VDI 4630 (2016)

i T PNaci

Water vapor pressure in biogas, hPa P, = 6.11231 - e(17‘5043‘24%2+t") 9
Corrected concentration of the dry biogas component, % 100 10 VDI 4630 (2016), modified

Cd,corr = CCH4(C02~02~H2) ’ Ceny+Ceo,+Co, +Cpy
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water at 7090 °C for 5 min, then in hot demineralised water
for 5 min. After rinsing and drying, the samples were soaked
in acetone for 5 min. The samples were air-dried and finally
in a laboratory dryer, similar to the CF determination pro-
cess. The dried samples were cooled in desiccant punches
and weighed. The NDF content was calculated from Eq. 3,
and the correction for the empty bag after extraction (drying)
(C,) from Eq. 4 (Table 1).

For the ADF determination, samples were extracted
with AD for 60 min. After extraction, the samples were
rinsed three times in demineralised water at a tempera-
ture of 70-90 °C in five-minute intervals, with the pH
of the water checked using litmus paper after the final
rinse. The rest of the procedure was the same as for NDF
determination.

The ADL determination followed the ADF process. Dry
samples were immersed with 72% (w/w) sulphuric acid
and agitated thirty times over 3 h at 30-min intervals.
Extracted samples were thoroughly rinsed under running
water until all traces of acid were eliminated, as verified
by the pH of the rinse water using litmus paper. The water
was removed from the samples by immersing them in
acetone for 3 min, then drying them in a laboratory dryer
at 105+ 2 °C for 4 h. The dried samples were cooled in
desiccant punches, weighed, and ashed in crucibles in a
muffle furnace at 525 °C for three hours. The crucibles
with ash were cooled down in a desiccator and weighed.
The ADL was calculated according to Eq. 1 (Table 1). The
correction for an empty bag after ashing (C,) was derived
from Eq. 2 (Table 1). The results from the biomass tests
for CF, NDF, and ADF were compared with those for the
control sample. For CF of crushed poplar particleboard
after biological pretreatment, the results were validated
in interlaboratory tests conducted at the Institute of Ani-
mal Sciences WULS in Warsaw, with relative errors from
these studies below 1%.

The cellulose content was calculated from the differ-
ence between ADF and ADL, as per Eq. 5, hemicellu-
lose from the difference between NDF and ADF, as per
Eq. 6, and lignin content is equivalent to ADL, as per
Eq. 7 (Table 1).

CF, crude fibre, %; ADL, acid detergent lignin, %;
my, My, M3, My, My, My, My, the mass of the empty
bag, sample, bag with sample after extraction (drying),
mass loss of the bag with sample after ashing, mass of
the empty bag after extraction (drying), mass loss of the
empty bag after ashing, and saturated sodium chloride
solution, respectively, g; C,, C,, correction of the empty
bag after extraction and ashing, respectively, —; NDF,
neutral detergent fibre, %; ADF, acid detergent fibre, %;
Pract the density of a saturated sodium chloride solution,
1.158 mL g_l; P»> Pn» Py Py the pressure of the biogas
phase at the time of reading, normal; p,, = 1013 hPa, the

vapour pressure of the water as a function of the tempera-
ture of the ambient space, hPa; T, Ty, the temperature of
the ambient space and normal; 7, =273 K, respectively,
K; ¢,, the temperature of the biogas at the volume meter,
°C; Ccpacor, 02, m2)> concentration in biogas of methane,
carbon dioxide, oxygen, and hydrogen, respectively., %;
C corr» corrected concentration of the dry biogas compo-
nent, %.

2.6 Physical properties of substrates
before and after anaerobic fermentation

The total solid (7'S) was calculated based on the determined
MC of the material. For volatile solid (VS) determination,
randomly dried inoculum and anaerobic fermentation
residues were collected from glass jars and milled to pass
1.02-2 mm sieves. VS was determined as mass loss dur-
ing ash determination of material based on the PN-EN ISO
18122:2016-01 standard.

2.7 Pressure agglomeration of comminuted
material

The compaction tests for comminuted pine and poplar par-
ticleboards, both in their raw form and after fungal pretreat-
ment, were conducted using a universal TIRAtest testing
machine equipped with chrome steel dies. These dies fea-
tured a closed chamber with an external diameter of 30 mm,
internal diameter d,, of 6, §, and 10 mm, and a height of
200 mm. While tests for raw and comminuted shavings
encompassed a broader range of outputs, including agglom-
erates: pellets, pastilles, and granules (Tryjarski et al. 2024),
this article focused specifically on the impact of fungal pre-
treatment by exclusively producing pastilles from crushed
particleboards, aligning with the study’s aims and avoids
increasing the volume of this paper. The process of pressure
agglomeration of materials during pastilles formation, along
with equations for determining the parameters of pastilles
compaction and strength under radial and axial loading, were
detailed in the article about pressure agglomeration of raw
and comminuted shavings (Tryjarski et al. 2024).

2.8 Anaerobic fermentation and biogas yield
and composition

Biogas yield tests were conducted using the VDI 4630:2016-
11 standard (VDI 4630 2016). Blends containing agricul-
tural inoculum (INOC) were prepared to maintain a mass
ratio of VS from substrates to inoculum not exceeding 0.5.
The 2 L bioreactors, with 1800 g blends each, were checked
for airtightness, and the air was expelled over the solution’s
surface by nitrogen purging. The bioreactors were put in
water baths (Fig. 1) and connected to glass containers filled
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Fig. 1 Set-up of 2-L bioreactors with inoculum blends, pine and pop-
lar substrates, agricultural inoculum, and microcrystalline cellulose in
water baths at 37 °C during anaerobic fermentation

with a saturated sodium chloride (NaCl) solution to prevent
the dissolution of carbon dioxide (CO,) from the biogas.

Three samples were prepared for each material type,
along with controls of INOC and a blend of INOC with
microcrystalline cellulose (CM) as a reference substance.
The bioreactors were submerged above blend level in a water
bath maintained at 37 + 1 °C by a thermostat. Biogas produc-
tion was monitored daily by weighting the displaced sodium
chloride solution on an accurate electronic scale to 0.1 g.
The biogas mass was then calculated using a conversion
factor of 0.8635 derived from the inverse value of sodium
chloride density. Following this, the biogas composition
was analysed using two gas analysers. The DP-28 BIO gas
analyser (Nanosens Ltd., Wyskogotowo, Poland) measured
the percentages of methane (CH,), carbon dioxide (CO,),
oxygen (O,), and hydrogen (H,) in the biogas over 75 s. The
Gas Data GFM 400 gas analyser (OMC Envag Ltd., Warsaw,
Poland) assessed hydrogen sulphide (H,S) concentration in
ppm (mL m™) within the biogas, requiring at least 50 s for
measurement. These measurements were taken sequentially.
During the biogas efficiency tests, the temperature and air
pressure in the laboratory were recorded daily. The actual
volume of produced biogas or methane was converted to
the volume of dry gas or methane under standard conditions
using Eq. 8. Water vapour pressure (p,,) was calculated using
the Magnus equation, Eq. 9, and the corrected concentration
of biogas components in dry gas was derived from Eq. 10
(Table 1). The yield of biogas (Y) and methane (Y y,) was
expressed in the dry gas volume per unit of VS.
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2.9 Statistical analysis

Most measurements were conducted in triplicate. The
assessment of lignocellulosic compounds in the materials
was carried out in two series, adhering to the recommenda-
tions of the NREL method (NREL 2008). During pressure
agglomeration, 20 pastilles were produced, with 8-10 each
subjected to radial and axial compressive loading and further
analysed.

Dependent variables were verified against the assump-
tions. The Kolmogorov—Smirnov (K-S), Lilliefors-corrected
(K-S-L), and Shapiro—Wilk (S—W) tests were applied to
assess the normality of distributions, alongside Levene and
Brown-Forsyth tests for homogeneity of variance. Based on
the K-S test results, the distributions of variables were found
to conform to the normal distribution. The results of the
Levene and Brown-Forsyth tests confirmed the homogeneity
of variance across the analysed factors.

The impact of the pretreatment of comminuted shav-
ings and particleboard with oyster mushroom, wood spe-
cies, and product type (shavings or particleboard) on the
physicochemical properties of the materials was analysed in
contrast to the corresponding material without such pretreat-
ment. Additionally, the influence of die diameter d,, on the
pressure agglomeration process and the strength of pastilles
under radial and axial loading was evaluated. The effects of
the biological pretreatment on the efficiency of anaerobic
fermentation, as indicated by methane yield and biogas com-
position, were also assessed. Statistical analyses were con-
ducted using multivariate analysis of variance (MANOVA)
with the Fisher-Snedecor F test. Differences between mean
values were evaluated using the Tukey test at a significance
level of p <0.05, using Statistica version 13.3.

3 Results and discussion

3.1 Physicomechanical properties of comminuted
biomass

After the fungal pretreatment, particle size was slightly
reduced, particularly in the case of comminuted shavings.
Differences between wood species were marginal, below
the statistical error value. The particles of comminuted
shavings and particleboard particles had an average size of
0.44 +0.06 mm, with a median of 0.43 mm. The size X,
was notably higher for raw pine comminuted shavings at
0.61 mm (Table 2).

The impact of fungal pretreatment on the material’s
mechanical properties from comminuted particleboards
was statistically significant in most instances. These changes
were more pronounced for pine than for poplar. Notably,
the results concerning the strength o, were particularly
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Table 2 Parameters (mean values and + standard deviations, SD) of physicomechanical properties of pine and poplar comminuted shavings and
particleboards in the raw state and after 17 weeks of pretreatment with P. ostreatus

Parameter Pine Poplar
Shavings Particleboard Shavings Particleboard
Raw Treated Raw Treated Raw Treated Raw Treated

X, mm 0.61" +0.01  0.42°+0.02 042°+0.02 0.42°+0.01 0.51°+0.03 0.44°+0.01 0.43°+0.01 0.40° +0.03
MC, % 580°+0.06 6.60°+0.05 511°+0.04 6.73°+0.01 557°+0.07 5.65°+0.03 531°+0.08 6.60"+0.03
8,° 30.5°+2.5  34.6°+09 30.5°+2.5 324420
o), kPa 12322 +2.5  161.6"+12.2 117.5*+20.7 141.7°+11.3
0., kPa 33.7°+39 48.7°+7.3 421°+95 64.4°+138
o 3.70°+0.46  3.39*°+0.62 2.99%+1.1 2.31°+0.68
7, kPa 348 +04  46.1°+1.6 349407 444412
¢, kPa 9.25°+1.25 11.19*+2.39 12.74*+4.38  17.57°+5.44
¢, ° 3737 +0.1  454°+1.2 359°+32  429°+1.2
@ ° 231°+1.5  299°+3.0 20.0°+54  23.9'+3.5
s ° 325°+1.0  41.0°+3.1 28.7°+5.6  33.7°+5.0
HHV, MJ kg™ 18.37°+0.18 17.50°+0.50 18.72°+0.07 17.23*+0.27 17.74*+0.29 16.89*°+1.05 17.61°+0.39 16.65"+ 0.41
CF, % 758°+04  65.9°+0.6 682°+0.7 52.3°+0.5  67.7°+04  64.2°+0.7 63.5°+0.7  48.0°+1.7
NDF, % 93.6°+0.9  85.0°+0.7 88.4°+04  751°+0.6 93.9°+1.0 91.1°+1.5 91.5°+09  81.9°+1.0
ADF, % 81.5°+0.3  785%°+02 71.7°+0.7  66.4*+0.7 78.7°+0.7 77.0°+0.5 725"+0.7  64.3*+0.2
ADL, % 37.8°+1.8  30.6°+1.7 384°+21 31.6°+22 267°+1.8 21.3*+21 249°+12  16.6°+1.3
Cellulose, % 43.7°+1.8 479°+1.7  333'x26 348425  52.0°+19 557°+25 47.6°+19  47.7°%+13
Hemicellulose, %  12.1°+0.7 65°+0.6 16.7°+1.0 87°+13  152°+1.6 142°+19  18.9°+1.6 17.6°+0.9
Lignin, % 37.8°+1.8  30.6°+1.7 384°+21  31.6°+22 267°+1.8 21.3*+21 249°+12  16.6°+1.3

*Values in bold in each row between raw and pretreated material with the different letters are statistically significant at p <0.05

MC moisture content, x, the geometric mean of particle size, 6 angle of external friction for wood comminuted material-chrome steel, o; major
consolidating stress, o, unconfined yield strength, ff. flow index, 7 shear stress, ¢ cohesion, ¢, the effective angle of internal friction, ¢, angle of
internal friction in steady state, ¢;;, linearised angle of internal friction, HHV higher heating value, CF crude fibre, NDF neutral detergent fibre,

ADF acid detergent fibre, ADL acid detergent lignin

outstanding, where for raw pine and poplar particleboard
materials, they were 33.7 and 42.1 kPa, respectively.
After pretreatment, they increased to 48.7 and 64.4 kPa,
respectively.

The angle 6 for both pine and poplar raw particleboards
was consistently 30.5°, but after fungal pretreatment, it
increased by almost 4° and by 2°, respectively. All three
types of internal friction angles (¢,, ¢, and ¢;;,,) were higher
for the comminuted pine particleboard compared to the
poplar one, and their increase post-treatment was statisti-
cally significant (for poplar: ¢, and ¢, close to significant).
Following fungal pretreatment, a more substantial increase
in stresses 6, was observed in pine particleboard, by 31%,
than in poplar one, by 21%. Similarly, stresses 7 increased
by 32 and 27%, respectively, which was also statistically
significant. The impact of pretreatment on the cohesion of
the materials was less pronounced, with increases of 21 and
38% for the respective species, with a broad scatter of values
rendering these differences not statistically significant. The
flow coefficient decreased post-treatment by 8.4% for pine
particleboard and 22.7% for poplar particleboard, indicating

that the poplar particleboard experienced a more significant
reduction of this coefficient than pine. The enhancement in
mechanical parameters, particularly friction angles (8, and
@), ¢, and 7 and o, stresses following fungal pretreatment,
suggests a potential influence on pressure agglomeration
processes, potentially facilitating the production of more
strength pastilles during compression and more durable
pastilles during transport and handling. Fungal pretreatment
enhances the cohesion between material particles, as cor-
roborated by the literature (Ballen Sierra et al. 2023).

The HHYV for pine and poplar wood decreased after fun-
gal pretreatment by almost 1 MJ kg™, with the reduction
being more pronounced for pine. Notably, the HHV of raw
pine particleboards containing UF was initially the high-
est at 18.72 MJ kg™!, but after pretreatment, it dropped to
17.23 MJ kg™!, representing an 8% decrease. These reduc-
tions are primarily attributed to lignin degradation. Evidence
of the interdependencies among the analysed parameters
was provided by partial correlations between HHV and CF,
NDF, ADF, and ADL, which were 0.876, 0.579, 0.709, and
0.818, respectively, indicating a strong correlation of HHVs
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with the structural components of the biomass. What is
more, supported by the statement that lignin’s lower heat-
ing value (related to HHV) was 23-27 MJ kg™, compared
to 19 MJ kg_1 of cellulose and hemicellulose, as detailed in
the form of a regression equation (Demirbas 2004). Interest-
ingly, a more significant decrease in HHV was observed for
particleboards than for shavings alone, suggesting that the
fungus could degrade the UF present in the boards. Further
focused studies are needed to explain these phenomena in
detail.

Fungal pretreatment caused a statistically significant
increase in the material MC, notably in particleboards,
where the MC rose from 5.2 to 6.6% on average. Compara-
ble changes were observed across both wood species. Pine
shavings exhibited an increased MC from an initial 5.8 to
6.6%, while poplar shavings maintained a similar level at
5.6%. This noticeable rise in MC for pine and poplar post-
treatment demonstrates that fungal pretreatment can effec-
tively enhance the material’s water absorption capacity. This
aligns with findings from research (Wenny Surya Murtius
et al. 2024). The oyster mushroom, recognised for its ability
to degrade lignin and partially hemicellulose, along with
other wood components, alters the cellular structure of the
material (Badu et al. 2011), thereby increasing its poros-
ity (Kumar et al. 2021), which in turn facilitates moisture
absorption (Banik et al. 2017).

The differences observed in MC between pine and pop-
lar and between wood and particleboard materials may
stem from the distinct properties of these materials. Pine
and particleboard materials seem more susceptible to fun-
gal pretreatment, particularly in lignin degradation, which
can lead to notable changes in water absorption. Moisture
absorption may also relate to the wood’s inherent structure
and chemical composition, and fungal decay may have a
relatively more substantial influence on pine. Changes in MC
aligned with alterations in CF, NDF, ADF, and ADL content,
as evidenced by Pearson correlation coefficients of —0.971,
—0.927, —0.903, and —0.510, respectively. Since lignocel-
lulosic compounds are connected with fibre content, some
correlations were observed. Interestingly, a strong correla-
tion existed between NDF and hemicelluloses (r=0.857). It
is worth mentioning that NDF is equivalent to the content of
all wood structural components together, not sole hemicel-
luloses. Lignin content was directly linked to ADL but posi-
tively correlated with CF (r=0.679). Following P. ostreatus
pretreatment, ADL content decreased significantly, benefi-
cially increasing cellulose content, indicated by a negative
correlation coefficient between these variables (r=—0.906).
Statistically significant correlations were observed in most
pairs of parameters, except between NDF and ADF asso-
ciated with ADL. The more porous structures, capable of
absorbing increased moisture, concurrently reduced the
concentration of TS, leading to lower CF, NDF, ADF, and
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ADL values. The ADL content in pine materials was consist-
ent between raw shavings and particleboards at 37.8 and
38.4%, respectively, and for treated materials at 30.6 and
31.6%. For poplar materials, ADL content was notably lower
than in pine ones, with absolute differences of 11.1% for raw
shavings, 9.3% for treated shavings, 13.5% for raw parti-
cleboards, and 15.0% for treated particleboards. The reduc-
tion in ADL content after fungal pretreatment confirmed its
effectiveness in degrading lignin and was consistent across
raw-treated material pairs, showing a more beneficial effect
on particleboards of both wood species. The decreases in
NDF and ADF content suggest partial degradation of holo-
cellulose polymers, potentially advantageous for fermenta-
tion processes, as highlighted in the literature (Wan and Li
2012). The influence of fungal pretreatment was more sub-
stantial on changes in NDF (hemicellulose, cellulose, lignin)
content than ADF (cellulose, lignin). It was more significant
for particleboards than shavings and pine than poplar.

3.2 Pressure agglomeration of biomass and pastille
strength

Fungal pretreatment and the choice of wood species signifi-
cantly influenced many parameters describing the pressure
agglomeration of particleboard materials in pastille forma-
tion. Variables such as pastille density (p,), pastille ejec-
tion pressure (p,), specific work of ejection (L,), and the
diameter (d,,) significantly shaped the physical properties
of the agglomerates (Table 3). However, the effects of wood
species on compaction work (L,) and the impacts of fungal
pretreatment on linear agglomerate expansion (R)) and piston
displacement during pastille ejection (s,) were not statisti-
cally significant.

Work (L,), compaction susceptibility coefficient (k,), lin-
ear (R)) and diametric expansion (R,), pressure (p,), work
(L,), displacement (s,), and density (p,) were statistically
higher for pine than poplar. It was observed that the harder
pine shavings (Monedero et al. 2015) were more challeng-
ing to densify compared to the more plastic poplar shavings,
underscoring the importance of the raw material’s physical
properties on the agglomeration process. Efficient densifi-
cation of the more robust pine wood required higher die
heights than those for poplar wood (Monedero et al. 2015),
indicating the significant role of wood mechanical properties
in the pressure agglomeration process, potentially affecting
the efficiency and costs of pastilles production.

In producing pastilles from the particleboard materials,
the diameter d,, played a crucial role in determining the work
L, and the physical characteristics of the resulting agglomer-
ate. It was observed that increasing the d,, from 6 to 8 mm
significantly affected the required compaction work while
producing higher-density pastilles. This increase in density
was advantageous, as denser agglomerates from the same
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Table 3 Results of the analysis of variance and mean values with SD
for specific compaction work (L), degree of compaction (/;), compac-
tion susceptibility coefficient (k,), agglomerate (pastille) expansion
index concerning its length (R)) and diameter (R;), maximum pres-
sure to push the agglomerate out of the die opening (p,), specific

work to push the agglomerate out of the die opening (L,), piston dis-
placement to push the agglomerate out of the die opening (s,), single
agglomerate density (p,), concerning wood species (TW), material
pretreatment (MT), and die opening diameter (d,,)

Factor L, kJ kg™ I, - k,Jm*ke™ R, % Ry, % P MPa L, kIkg™! 5, mm P kgm™
™ 0.6175 <0.0001  <0.0001 <0.0001 0.0001 <0.0001  <0.0001 0.0499 <0.0001
d, <0.0001 <0.0001  <0.0001 <0.0001 <0.0001  <0.0001  <0.0001 <0.0001 <0.0001
MT <0.0001 <0.0001  <0.0001 0.3743 0.0450 0.0011 0.0048 0.1327 <0.0001

Mean and + SD for wood species (TW)

Pine 22.89% +2.61 3.28°+0.46 363.3°+84.7 14.35°+7.01 3.94°+2.01 0.65°+0.31 0.038°+0.026 2.43°+1.05 1002.3°+40.8

Poplar  22.84°+3.16 3.96"+1.15 288.5°+96.0 11.80°+6.46 3.81°+1.98 0.29°+0.25 0.019°+0.021 223*+221 970.0°+52.1
Mean and + SD for die opening diameter (d,,, mm)

6 19.96°+1.55 3.64°+1.04 248.5°+68.7 16.57°+4.11 6.65°+0.33 0.59°+0.46 0.020°+0.018 1.43*+0.83  956.0°+64.3
8 22.80°+1.73 3.73°£0.90 368.2°+86.1 17.54°+4.65 2.65°+0.21 0.44°+0.22 0.049°+0.030 3.82°+1.87 1000.2°+31.3
10 25.75°+1.69 3.49°+0.87 361.1°+87.6 5.11°+2.54 2.33°+0.33 0.38°+0.25 0.016°+£0.010 1.74°+1.22 1002.3°+£29.7
Mean and + SD for material pretreatment (MT)

Raw 21.70°+2.46 2.85°+0.22 389.8°+71.5 12.88°+7.40 3.84°+2.01 0.43°+0.36 0.026°+0.022 2.41°+1.24 958.5*+49.1

Treated  24.03°+2.83 4.39+0.73 262.1*°+76.7 13.27°+6.27 3.91’+1.98 0.52°+0.30 0.031°+0.028 2.26°+2.11 1013.8°+30.8

*Values between factor levels with different letters are statistically significant at p <0.05

type of biomass typically exhibit better structural stability
and are less prone to disintegration during transport and use.
The comparison material doses were 0.2, 0.3, and 0.5 g for
d,, of 6, 8, and 10 mm. Under such conditions, the height of
the compacted material sample was inversely proportional
to the d,,. Consequently, reducing the compaction height led
to producing pastilles with a higher density, as layers with a
reduced height (thickness) are more readily compacted. The
mechanism of better compaction of a thinner material layer
stems from the reduced effect of the material’s elasticity
compared to a thicker layer. The comminuted shavings and
particleboards were more easily rearranged, filling voids and
displacing air between particles, and then overcoming elas-
ticity, they underwent plastic deformation under the sudden
increase in the compaction pressure gradient, resulting in
the need for more significant work L. During compaction,
feedback from the bottom of the die increased the transverse
pressure from the deformation, which was proportional to
the axial pressure (Miao et al. 2015).

The spring-back effect, which is the ability of a material
to partially return to its original shape after the load has
been removed, tends to decrease with the increase of the die
opening diameter, d,,, which affects the pastiles expansion.
This effect is widely described in the literature on the densi-
fication processes of crushed porous materials (Kong et al.
2012). This implies that more minor d,, led to more signifi-
cant expansion, which may be undesirable for maintaining
the cohesion of the agglomerates. Conversely, susceptibility
k,, or the ease with which the material compresses, was pro-
portional to the die orifice diameter, suggesting that larger
holes facilitate compaction while reducing the required

pressures. Pastille expansion was linked to the compaction
mechanism and the plastic deformation of particles, which
is more favourable for those compacted in thinner layers.
Thus, particles plastically bound by mechanical bridges in
larger-diameter pastilles underwent less expansion.

Fungal pretreatment increased the work L, required
to produce pastilles from 21.70 to 24.03 kJ kg™!, and the
results show that this additional energy contributed to the
production of pastilles with a significantly higher density p,,
1014 kg m~ instead of 959 kg m~ (by 5.8%). The pretreated
material was more susceptible to compaction than the raw
material, as it required less work to achieve a change in den-
sity p,, with susceptibility k, values of 262 and 390 J m kg2,
respectively. Pastilles’ R; and R,; expansion were slightly
more significant for pretreated materials, indicating subtle
differences in their physical properties resulting from the
fungal pretreatment process. However, the R, change was
not statistically significant.

For comparison, the work L, for noncomminuted pine
shavings was higher at 42.7 kJ kg~!, and the density P, Was
lower at 994 kg m~>, while for poplar shavings, these values
were 32.7 kJ kg~! and 978 kg m~, respectively (unpublished
authors’ data). This is because, at the exact dosage, larger
shavings were characterised by higher material elasticity and
more significant shape deformations. Shape deformations
cause proportional lateral pressures, increasing friction on
the agglomerate’s lateral surface and the die opening. Since
the comminuted biomass after biological pretreatment exhib-
ited higher angles 6 and ¢ and more extensive c, along with a
lower flow index than the raw material (Table 2), overcom-
ing these higher resistances and performing more work L,
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was necessary. These phenomena were also observed while
producing feed pellets intended for cows (Hejft 2002).

Differences in pressure agglomeration parameters can be
attributed to changes in the fibre content of the biomass. The
degradation of fibres by the fungus affected the structure
of lignocellulosic compounds, facilitating the formation of
pastilles with greater efficiency and density. Correlations
between the work L, and fibre content, such as CF and ADF,
alongside density p, and NDF and ADF, suggest a relation-
ship between the physicochemical properties of the materials
during the agglomeration process.

Pastilles made of raw and fungal pretreated materials and
subjected to radial and axial compressive loading exhibited
varying values of modulus of elasticity (E), specific energy
of compression until the agglomerate cracks (E;) and maxi-
mum tensile strength during pastille cracking (s,). The
modulus E was not statistically significantly affected by the
diameter d,, (p =0.8057, Table 4). Generally, pastilles with
higher strength o, exhibited a lower modulus E. Axially
loaded pastilles displayed strengths o, an order of magnitude
greater than those loaded radially, with noticeable differ-
ences in the impact of various factors on strength parameter
values. Given that pastilles show lower resistance to radial
than axial loads, radial pressures are more significant when
handling these products; thus, the interpretation of results
will focus on this aspect. Pastilles made from pine particle-
board demonstrated more resistance to radial compressive
deformation compared to those made from poplar particle-
boards, with strengths o, of 2.14 and 0.32 MPa, respectively,
and energies E; of 1.07 and 0.18 mJ mm?, respectively.

The strength parameters of the pastilles during radial
compression decreased significantly with increasing diam-
eter d,,, while the modulus E tended to increase, although
without statistically significant differences. Although the
density p, and work L, corresponded with the diameter d,,
the pastilles’ resistance to radial compressive loads was
inversely proportional to this d,,. Larger diameter pastilles
deformed more easily, requiring less energy, and generated
lower maximum stresses until the pastilles cracked. This
could be attributed to the lower homogeneity of the mate-
rial compacted in larger diameter d,,, as the effect of friction
0 between the material and the hole surface increased radi-
ally from the axis, locally weakening the internal structure
of the pastilles.

Pastilles from fungal pretreated materials exhibited more
than double the strength ¢, and energy E;. They displayed
lower modulus E values than those made from raw mate-
rials. The modulus E did not show clear consistency with
the values of fibrous structure CF, NDF, ADF, and ADL,
nor with hemicellulose, cellulose, and lignin, highlighting
the complex influence of material chemical composition on
the elasticity of the pastilles. Interestingly, a significant cor-
relation was observed between the energy E; and strength
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Table 4 Results of analysis of variance, mean values, and SD for
pastilles modulus of elasticity (E), specific agglomerate deformation
energy (E), and maximum tensile strength during agglomerate (pas-
tille) cracking (o,,), considering wood species (TW), material pretreat-
ment (MT), type of agglomerate load (TL), and die opening diameter
(d,,) for raw and fungal pretreated particleboards

Factor E, MPa E, mJ mm™2 0, MPa
Radial compression—all agglomerates

™ <0.0001 <0.0001 <0.0001

TL <0.0001 <0.0001 <0.0001

d, 0.8057 <0.0001 <0.0001

MT 0.0160 <0.0001 <0.0001
Mean and + SD for wood species (TW)

Pine 22.38""+19.52 55.99*+63.17 45.60°+46.15

Poplar 8.49%+6.20 65.31°+71.94 50.22°+51.47
Mean and + SD for type of agglomerate load (TL)

RC 24.65°+18.42 0.62%+0.66 1.23%+1.31

AC 6.21°+2.48 121.29°+43.74 94.90°+19.64
Mean and + SD for die opening diameter (d,,, mm)

6 15.57*+14.22 35.88%+37.26 40.43*+41.03

8 15.73*+17.41 69.47°+72.59 52.57°+53.25

10 15.01+16.52 76.61°+79.10 50.72°+51.09
Mean and + SD for material pretreatment (MT)

Raw 16.57°+16.64 51.61*+57.40 40.45*+41.27

Treated 14.29°+15.41 69.70°+75.83 55.36"+54.54
Axial compression (AC)—pastille

™ 0.9999 <0.0001 <0.0001

d, <0.0001 <0.0001 <0.0001

MT <0.0001 <0.0001 <0.0001
Mean and + SD for wood species (TW)

Pine 6.228+2.47 110.9°+43.7 89.0°+21.3

Poplar 6.22*+2.50 130.5°+42.5 100.1°+16.7
Mean and + SD for die opening diameter (d,,, mm)

6 9.15°+1.90 71.0°+16.6 79.5°+16.8

8 5.43°+0.74 138.3°+30.7 103.9°+18.3

10 4.09+0.67 152.7°+28.4 100.4°+15.1
Mean and + SD for material pretreatment (MT)

Raw 5.69*+1.90 102.8*+36.2 80.2+15.1

Treated 6.74°+2.86 138.6°+44.2 109.0°+12.1
Radial compression (RC)—pastille

™ <0.0001 <0.0001 <0.0001

d, 0.1365 0.0040 <0.0001

MT 0.0034 <0.0001 <0.0001
Mean and + SD for wood species (TW)

Pine 38.5°+15.2 1.07°+0.67 2.14°+1.31

Poplar 10.8*+7.8 0.18°+0.14 0.32%+0.22
Mean and + SD for die opening diameter (d,,, mm)

6 22.0°+17.9 0.72°+0.82 1.40°+1.57

8 26.0°+19.9 0.60°*+0.59 1.24°+1.30

10 25.9+17.5 0.54%+0.51 1.06*+1.00
Mean and + SD for material pretreatment (MT)

Raw 27.5°+17.7 0.40*+0.13 0.74°+0.25

Treated 21.8°+18.8 0.84°+0.87 1.73°+1.70

*Values between factor levels with different letters are statistically
significant at p <0.05
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o, and the fibre content. The highest values of strength o,
correlation coefficients were noted for CF, NDF, and ADL
at 0.956, —0.944, and 0.881, respectively, suggesting that
lignin content significantly affects the mechanical strength
of the pastilles. Higher lignin content was associated with
increased strength, likely owing to its natural binding and
material stiffening properties. Furthermore, the pastilles
strength increased inversely with cellulose content, while
hemicellulose had no significant impact on E; and o,

In conclusion, these results verify that biological pretreat-
ment with P. ostreatus can beneficially influence the phys-
icochemical properties of particleboard materials, enhancing
its density and efficiency in the pressure agglomeration pro-
cess, which has implications for solid biofuels and the com-
posites industry. The research results confirm the hypothesis
that biological pretreatment improves pressure agglomera-
tion properties and indicate the possibilities of continuing
research to optimise the process and its application under
different conditions and for other materials.

3.3 Anaerobic fermentation, methane yield,
and biogas composition

The comminuted materials exhibited very high values of TS
(94.08 +0.64%) and VS (99.23 +£0.20%), theoretically sug-
gesting a favourable biogas yield. Comparing raw materi-
als, these values were higher for particleboards than wood
shavings. After fungal pretreatment, there was a statistically

significant reduction, particularly noticeable in particle-
boards. This indicates that the fungus more extensively
decomposed the UF-containing particleboards than the shav-
ings without UF. For pretreated pine shavings, both TS and
VS decreased significantly, from 94.20 to 93.40% and from
99.49 to 99.03%, respectively (Table 5), demonstrating the
effectiveness of the fungal degradation process.

According to the adopted criteria described in the litera-
ture (Kuprys-Caruk et al. 2023), the inoculum had a low 7'S
content of 2.12% but a high ash content of 37.45% in TS,
resulting in a relatively low VS content of 62.55%. Conse-
quently, after blending approximately 13 g of materials with
the inoculum, the contents of 7,,, and VS, in the blends
were consistent, at 2.77 +0.01% and 71.29 +0.05%, respec-
tively. However, in the blends with materials after biologi-
cal pretreatment, 7S, and V§,,, contents were lower than
with raw materials, indicating decomposition by the fungus.
After anaerobic fermentation, the contents of 7S, .and VS,
in the blends decreased significantly to 2.13 +0.10% and
58.07 + 1.06%, respectively, reflecting relative reductions of
23 and 19%. The decreases of TS,,.in blends with pretreated
materials were smaller than those with raw ones. In contrast,
the cutbacks in VS, were more significant, evidencing effec-
tive bioconversion of the treated organic matter (Karthikeyan
et al. 2024) by specialised microorganisms during anaero-
bic fermentation (Chojnacka and Moustakas 2024). This
suggests the transformation of biomass components during
fungal pretreatment into more volatile (Piatek et al. 2016)

Table 5 Parameters (mean values and +SD) of physicochemical properties of pine and poplar comminuted shavings and particleboards, raw and
after 17 weeks of pretreatment with P. ostreatus and results of tests of yield biogas and its composition

Parameter Pine Poplar

Shavings Particleboard Shavings Particleboard

Raw Treated Raw Treated Raw Treated Raw Treated
TS, % 94.20° +0.07 93.40°+0.06 94.89°+0.05 93.27°+0.01 94.43°+0.08 94.35°+0.03 94.69°+0.09 93.40"+0.03
VS, % 99.49" +0.02 99.03+0.06 99.36°+0.01 98.91°+0.01 99.32°+0.01 99.30°+0.04 99.38"+0.08 99.07* +0.02
TS, % 278°+0.01 2.78*°+0.01  2.78°+0.01  2.78'+0.01  2.70°+0.11  2.78*+0.01 2.76°+0.04  2.78*+0.01
VS ,0r % 71.36" +0.01 71.24°+0.01 71.32°+0.01 71.22*+0.01 71.32°+0.01 71.31*x0.01 71.32°+0.02 71.25%+0.01
TS, % 2.13°+0.19  2.16*+0.07  2.00°+£0.31  2.09°+0.06 1.98%+0.01 2.13"+0.06 222°+0.14 2.28°+0.02
VS, % 58.18+02  57.82+0.1 58.4°+ 0.1 57.3*+0.1 57.1*+0.3 56.8°+0.6  60.0°+0.1 58.9°+0.1
Y, mlg™! 59.0°+6.1 194.9"+3.9 46.8°+3.0 184.7°+3.1 218.1°+42 2954°+4.1 119.7°+4.8 380+ 1.5
Yepg ml g™t 343*+52  108.3"+3.1 293*+14  109.1°+2.0 138.8°+6.6 169.3°+12  71.0°+5.0 206.7°+1.5
Com % 66.6°+04  64.9°+0.9 69.8"+0.3 64.4*+1.8 65.0°+0.1  62.8°+01  64.3°+0.2 62.2*+0.4
Ceon % 263*+0.5 294"+1.3 21.7°+ 0.4 28.5"+ 1.4 28.3*+0.2  31.5°+0.1  28.9°+0.2 31.7°+0.2
Con» % 0.87°+0.18  0.822+0.18  0.95°+0.05 1.36°+0.65  0.90°+0.17 0.69°+0.04 097°+0.18  1.04°+0.13
Cyp> % 6.23°+034 4.92°+124  7.52°+0.05 574402  578°+0.07 4.98°+0.03 578°+0.11  5.04°+0.03

*Values in bold in each row between raw and treated material with the different letters are statistically significant at p <0.05

18, TS
Vs,

mf>

N

me’ mj

ftotal solids in the comminuted material, the blends of comminuted material and inoculum before and after fermentation; VS, VS,,.,
volatile solid in the comminuted material, the blend of comminuted material and inoculum before and after fermentation; Y, Yy, yield in

terms of volatile solid, biogas and methane, respectively; Cenacon, 02, H2)» concentration of methane, carbon dioxide, oxygen and hydrogen, in

biogas, respectively
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Fig.2 Pairwise comparison of changes in lignocellulosic compo-
nents (lignin, cellulose, hemicelluloses) between materials: raw and
17-week pretreated with P. ostreatus: pine and poplar wood shav-
ings and particleboards. POSR comminuted raw poplar shavings,
POST comminuted poplar shavings after P. ostreatus pretreatment,
POBR comminuted raw poplar particleboards, POBT comminuted
poplar particleboards after pretreatment, PISR comminuted raw pine
shavings, PIST comminuted pine shavings after pretreatment, PIBR
comminuted raw pine particleboards, PIBT comminuted pine parti-
cleboards after pretreatment. Dashed lines between pairs of materials
before and after treatment are included solely for improved visualisa-
tion

and readily degradable forms (Wainaina et al. 2019), advan-
tageous for anaerobic fermentation. This was facilitated by
changes in the physicochemical properties of the materials
by P. ostreatus, significantly reducing lignin content (Fig. 2),
a significant barrier in biomass degradation and fermentation
processes. Selective lignin degradation increased cellulose
accessibility to enzymes that decompose organic matter. At
the same time, hemicellulose reduction may have enhanced
the porosity and water absorption of the material (Manyi-
Loh and Lues 2023), supporting fermentation processes.
These changes in the lignocellulosic structure enhanced the
biogas production potential of the processed materials.

The biogas yield of 711 mL g~! VS from microcrys-
talline cellulose fell within the acceptable range of
745 mL g~! VS +10% per the VDI 4630 standard. The
maximum biogas yield was substantially higher from
materials subjected to fungal pretreatment than raw mate-
rials (Table 5), indicating that P. ostreatus effectively
modified substrates, enhancing substrates’ availability for
fermentative microorganisms. Additionally, degradation of
UF resin during fungal pretreatment cannot be excluded.
Although the methane content in biogas was inversely
proportional to the biogas yield (r=-0.801), the meth-
ane and biogas yields were in accordance (r=0.998). The
dynamics of the cumulative methane yield (Fig. 3) mir-
rored that of the biogas. The highest rate, achieved on the
fourth day of anaerobic fermentation and sustained the

@ Springer

250

INOC
-2-POSR
=4=POST

200

b
E 150
2
N
=
°
> 100
o
1=}
<
=
53
=
50 o
. 5& o0 O < — O — —0
e L S e S
000"
0
0 200 400 600 800

Anaerobic fermentation time 7, h

Fig.3 Cumulative methane yield for pine and poplar comminuted
shavings and particleboards in their raw form and after 17 weeks of
pretreatment with P. ostreatus and agricultural inoculum. /NOC inoc-
ulum, POSR comminuted raw poplar shavings, POST comminuted
poplar shavings after pretreatment, POBR comminuted raw poplar
particleboards, POBT comminuted poplar particleboards after pre-
treatment, PISR comminuted raw pine shavings, PIST comminuted
pine shavings after pretreatment, PIBR comminuted raw pine parti-
cleboards, PIBT comminuted pine particleboards after pretreatment

longest (until day 26) with a methane production efficiency
of 207 mL g~! VS, was characteristic of pretreated poplar
particleboards with UF. Compared to raw particleboards
at 71 mL g~!, this was a 2.9-fold increase. In contrast, the
smallest increase (1.2-fold) was observed for poplar shav-
ings, though the methane yields were relatively the highest
in the raw state and after pretreatment, at 139 mL g~' VS
and 169 mL g~! VS, respectively. The most significant
increase (3.7-fold) occurred for pine particleboards, but
the methane yields for raw and pretreated states were much
lower, at 29 mL g~ VS and 109 mL g~' VS, respectively.
These yields were comparable to those for pine shavings,
at 34 mL ¢! and 108 mL g~' VS, respectively, represent-
ing a 3.2-fold increase.

In general, methane yields were higher from poplar than
from pine materials. However, the effect of P. ostreatus
pretreatment was more pronounced on pine than on poplar
shavings and particleboards compared to raw materials of
both wood species. The higher methane yields from poplar
materials can be attributed to their significantly lower lignin
content than pine, at 26.7 vs. 37.8% for shavings and 24.9
vs. 38.4% for particleboards, respectively (Table 2). After
biological pretreatment, the absolute decrease in lignin con-
tent was 5.4 and 7.3% for pine and 8.3 and 6.8% for pop-
lar, respectively. The relative decreases were similar, with
average reductions in lignin content slightly higher in pine
materials at 7.03%, compared to 6.86% in poplar materials.
The correlation coefficient between methane yield and lignin
content was negative, at —0.848.
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The effect of this material pretreatment was more signifi-
cant than rice straw with P. ostreatus, which reduced lignin
content by 3.3% (Datsomor et al. 2022). In the study with
four P. spp. fungi (P. diamor, P. eryngii, P. sajor-caju, P.
citrinopileatus) on corn stover, lignin content was reduced
by 1.85-3.32% (Wang et al. 2021). Two members of the
AA14 lytic polysaccharide monooxygenases from the white
rot fungus Pycnoporus coccineus were found to significantly
enhance wood saccharification efficiency by oxidatively
cleaving highly resistant xylan-coated cellulosic fibres
(Couturier et al. 2018). Small secreted proteins, together
with lignocellulose-degrading enzymes, were elucidated to
be integral components of the secretome and were hypoth-
esised to also play a role in saprophytes and function in P.
ostreatus as components of the ligninolytic system (Feldman
et al. 2017). Converting lignocellulosic biomass to biofuels
requires a critical pretreatment process to break down the
recalcitrant lignin structure. For this purpose, several known
ligninolytic enzyme assays were conducted, and the activity
of lignin peroxidase, laccase, dye-decolorising peroxidase,
and aryl-alcohol oxidase on the decomposition of an empty
cluster of oil palm fruit was detected, confirming their ability
to degrade lignin (Riyadi et al. 2020). No results were found
on the treatment of UF-bonded wood.

The biogas’ methane, carbon dioxide, and hydrogen con-
centrations closely correlated with lignin content with corre-
lation coefficients of 0.892, —0.916, and 0.912, respectively.
The inverse correlation of these biogas components was with
cellulose, while hemicellulose showed no consistency with
these components. The oxygen content in the biogas was
below one percent (except for PIBT, which showed slightly
more significant variability), and no correlation with ligno-
cellulosic compounds or the effect of biological pretreatment
was found. After pretreatment with P. ostreatus, the pro-
portions of methane and hydrogen in the biogas decreased,
while that of carbon dioxide increased significantly. This
suggests that the quality of biogas slightly deteriorated after
fungal pretreatment, as indicated by the negative correlation
coefficient between methane content in biogas and material
pretreatment method (r=—0.641), but generally, the qual-
ity of the biogas, characterised by a high methane content
of 62-70% and low carbon dioxide levels (around 30%),
was excellent, with hydrogen typically comprising 5-6%.
No hydrogen sulphide was detected in the biogas, except in
isolated instances during the first five days of anaerobic fer-
mentation and the process with raw poplar shavings between
the 10th and 22nd days, at a gas meter detection limit, i.e.,
10 ppm.

In summary, the results confirmed the hypothesis that
biological pretreatment with P. ostreatus altered the physico-
chemical properties of materials, particularly particleboards,
positively affecting anaerobic fermentation processes.
Reducing lignin and hemicelluloses content increased

biogas yield, with significant implications for future indus-
trial applications.

4 Conclusion

This research investigated comminuted pine and poplar
shavings and UF-bonded particleboards pretreated with
the fungus P. ostreatus, known for its capacity to degrade
lignin and hemicelluloses. We assessed the physicochemi-
cal properties of the materials, examined the impact of
fungal decomposition on the pressure agglomeration pro-
cess and anaerobic fermentation, and explored how this
bioconversion affected pastilles strength, methane yield,
and biogas composition. Degradation of lignocellulose
components by fungi, especially lignin, had a positive
effect on the mechanical properties of the materials, such
as shear stresses and external and internal friction angles,
increased the density and compressive strength of the pel-
lets from 40 to 55 MPa, and improved the availability of
cellulose and hemicelluloses for fermentation processes,
which significantly increased the biogas yield.

The results confirmed Hypothesis 1: the use of P.
ostreatus significantly reduced the lignin content in UF-
bonded materials (by 6.8—-8.3%), indicating the potential of
this fungus for pretreatment of this type of materials. The
results also indicated effective organic matter decomposi-
tion by the fungus, as evidenced by reduced 7S and VS
values in pine and poplar materials: wood shavings and
particleboards. The work L, for pretreated materials was
higher than for raw ones (24.03 vs. 21.70 kJ kg™}), cor-
responding with pastilles of significantly higher density p,
(1014 vs. 959 kg m~>). Hypothesis 2 was also substanti-
ated, as chemical and physical modification of wood and
particleboard materials under fungal influence facilitated
pressure agglomeration, producing more cohesive and
robust pastilles. The biologically modified biomass from
particleboards demonstrated enhanced methane produc-
tion efficiency, especially for poplar particleboards, where
efficiency increased from 71 mL g~! VS to 207 mL g~! VS,
suggesting enhanced substrate availability for fermentation
microbes.

The novelty of this study lies in employing white rot fungi
in particleboard waste pretreatment to convert them into bio-
fuels, a method not previously documented in the literature.
The results suggest the potential of such pretreatment for
practical industrial applications. Scaling up this technology
involves challenges such as the lengthy duration required
for effective fungal decomposition and specific conditions
for fungal growth, notably pasteurisation. These limitations
highlight the necessity for further, more detailed studies to
optimise the processes and reduce decomposition time and
costs while maintaining biodegradation efficiency.
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In conclusion, this research provides valuable insights
into the potential advantages of biologically pretreating par-
ticleboard waste. It highlights its efficacy in enhancing both
biomass’s mechanical properties and biogas production’s
efficiency. These findings pave the way for sustainable par-
ticleboard recycling of UF-bonded particleboards, contrib-
uting to developing eco-friendly wood waste management
strategies.
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