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Streszczenie
Modelowanie i optymalizacja procesu wytwarzania peletow przeznaczonych na $ciétke
Celem badan bylo wyznaczenie optymalnych warunkéw peletowania stomy pszennej (WS)
oraz mieszanek ze skrobig maniokowa (CS) lub weglanem wapnia (CC) o stezeniu dodatkow
2-10% wt/wt. Proces zbadano w matrycy z otwartag komorg o $rednicy otworu 8 mm |
wysokosci 66, 76 1 86 mm. Wilgotno$¢ i temperatura materiatu wynosity, odpowiednio 10-30%
w.b. i 78-108°C. Dawka dozowanego materialu wynosita 50, 100 i 150 g. Przemieszczenie ttoka
do maksymalnej sity/ci$nienia zagg¢szczania, przesuniecie peletu w matrycy, praca jednostkowa
zageszczania i przesuwania peletu oraz dodatkowo gestos¢ pojedynczego peletu byty cechami
dobrze charakteryzujacymi proces peletowania. Do ich predykeji opracowano modele
regresyjne, ktore zoptymalizowano, wyznaczajac najkorzystniejsze zmienne sterujace i
warto$ci funkcji celu. Optymalng gestos¢ pojedynczych peletow osiggnigto przy 100 g dawce
materialu, 4% wt/wt ste¢zeniu dodatkdéw, 23% w.b. wilgotnos$ci materiatu, 78 mm wysokosci
matrycy i 80°C temperaturze materiatu. Pelety wytworzone z mieszanki WS z dodatkiem CC
cechowaly sie wicksza gestoscig i lepszymi parametrami wytrzymato$ciowymi, a pelety
zgniecione lepsza absorpcja wody niz z dodatkiem CS. Optymalne warunki do formowania
peletow byly odmienne dla kryteriow wytrzymatosciowych niz absorpcji i s3 waznym
wskazaniem do ich zastosowania w rzeczywistej produkcji przemystowe;.
Stowa Kkluczowe: peletowanie, optymalizacja, stoma pszenna, weglan wapnia, skrobia
maniokowa, dawka materiatu, gesto$¢ peletu, wytrzymato$¢ peletu, absorpcja.

Summary

Modeling and optimization of the production process of pellets for litter
This study aimed to identify the optimal conditions for pelletising wheat straw (WS) and blends
with cassava starch (CS) or calcium carbonate (CC) at a 2-10% wt/wt additive ratio. The
process was investigated in a die with an open chamber having an opening diameter of 8 mm
and heights of 66, 76, and 86 mm. The moisture and temperature of the material were 10-30%
w.b. and 78-108 °C, respectively. Single doses were amounted 50, 100, and 150 g. The piston
displacement at maximum agglomeration pressure, pellet shift in the die, specific compaction
work, specific work for pellet shifting, and additional single pellet density were suitable
characterising features of the pelletising process. Regression models were developed for the
prediction of the features; these models were optimised by determining the most favourable
control variables and target function values. The optimal single pellet density was achieved at
100 g dose, 4% wt/wt additive ratio, 23% w.b. moisture content, 78 mm die height, and 80 °C
material temperature. The pellets made of WS blended with CC additive were characterised by
higher density and better strength parameters and the compressed pellets were characterised by
better water absorption than those with CS. Optimal conditions for pellet formation were
different for strength criteria than for absorption criteria and are an important indication for
their use in actual industrial production.
Keywords: pelletising, optimization, wheat straw, calcium carbonate, cassava starch, material
dose, pellet density, pellet strength, absorption.
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Wstep

Widry z drewna sa aktualnie podstawowym materiatem $ciotki w przemysle
drobiarskim. Wykorzystuje si¢ duze ilosci wioréw na $cidtke a stale rosnacy popyt na drob
sprawil, ze wiory staty si¢ coraz trudniejsze do pozyskania i drozsze. Wyboru innych
materiatéw $cidtkowych dokonuje si¢ na podstawie ich zdolno$ci pochtaniania wilgoci. Stoma
pszenna jako $cidtka moze mie¢ negatywne wptyw na dobrostan zwierzat, zwlaszcza na ich
podeszwe stop (Cengiz et al.,, 2011). Jakos¢ S$ciotki wplywa bezposrednio na stopien
wykorzystania paszy oraz osigganie potencjalu genetycznego (Huang et al., 2009). Wydajno$¢
sciotki zalezy od wielu wiasciwosci, takich jak zdolno$¢ absorpcji wody, zmniejszenia
zawarto$ci wilgoci, odpornosci na zbrylanie i odpowiedniego rozmiaru czgstek. Ptaki na
wczesnym etapie chowu spozywaja $cidtke. Spozywanie $ciotki przez drob moze przyniesé
korzys$ci zdrowotne dzigki zwigkszeniu aktywnosci i wielko$ci zotadka (Malone and Gedamu,
1995).

Uwzgledniajac wymagania i ograniczenia tradycyjnych substratow stosowanych na
sciotke poszukuje si¢ materiatéw alternatywnych, o wigkszym potencjale dostepnosci,
zwlaszcza w warunkach klimatu Polski. Jednym z takich materiatéw jest stoma pszenna, ktora
w czyste] postaci 1 w formie pocietej stwarza wspomniane ryzyko dla ptakow. Jedng z
technologii, zmniejszajacej niekorzystne wilasciwosci fizyczne pocietej slomy jest jej
speletowanie i zgniecenie peletow w kierunku promieniowym. Nie wiadomo jednak jak
peletowanie stomy wpltywa na jej zdolnos$¢ do pochlaniania wody, gdy uzyjemy jej jako $ciotke
(Kheravii et al., 2017). Zdolnos¢ pochtania wody przez stome¢ mozna osiggnaé przez dodatki,
takie jak weglan wapnia lub maka maniokowa, cechujace si¢ lepszymi wiasciwosciami
absorpcyjnymi niz stoma. To skiania do kolejnego pytania, w jakiej ilosci dodatek weglanu
wapnia lub maki maniokowej skutecznie zwigkszy absorpcje cieczy, przy zachowaniu
wymaganych wtasciwosci podtoza. Pytania te oraz préba odpowiedzi o optymalne warunki
peletowania stanowily stwierdzenie luki w wiedzy naukowej i byty genezag do podjecia badan
oraz proby rozwigzania problemu naukowego 1 wskazania praktycznych zalecen

technologicznych wytwarzania peletow z dodatkami przeznaczonymi na $ciotke.
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1. Stan wiedzy o peletach przeznaczonych na $ciotke

Wymagania dla $cidtki przeznaczonej do utrzymywania ptakow sa duze i zréznicowane.
Dobra $cidtka powinna zachowywaé si¢ jak bibuta, wchtaniajac wilgo¢, zapewniajac
jednoczesnie suche, wygodne podtoze, gdzie ptaki moga si¢ kapa¢ w $ciotce i odpoczywac.
Powinna by¢ zatem o stabej przewodnosci cieplnej, zachowac ciepto i dziata¢ jako izolacja,
powinna by¢ zdolna do szybkiego schnigcia oraz migkka i $cisliwa, chlonna i sprezysta.
Poniewaz ptaki zjedza troche $ciotki, to materiat podstawowy musi by¢ wolny od wszelkich
zanieczyszczen, chemikaliow, organizmdéw chorobotworczych 1 plesni, ktoére moga szkodzic¢
zdrowiu ptakow (Miller, 2004).

Materiat §ciotki powinien by¢ wolny od kurzu, z czego nie wigcej niz 15% powinno si¢
sktada¢ z czastek mniejszych niz 2 mm. Nalezy unika¢ materiatow, ktore rozpadaja si¢ na
drobne czastki, zwigkszajac w ten sposob zawarto$é pytu. Sciotka nie powinna si¢ sklejac,
zbryla¢ i formowa¢ w warstwy (Miller, 2004).

Intersujacym podejsciem do alternatywnego materialu $cidtkowego jest peletowanie
stomy, ktore byto przedmiotem ostatnich badan (Baxter et al., 2018; Kheravii et al., 2017).
Sama idea nie jest nowa, gdyz Malone i Gedamu w 1995 zastosowali peletowang stome z
dodatkiem lepiszczy (Malone and Gedamu, 1995). Pelety ulegaja degradacji do
ciemnobrazowego, pochtaniajacego wilgo¢ materiatu, ktéry ma podobng konsystencje¢ do trocin
(Baxter et al., 2018). Przeprowadzono badania porownawcze speletowanej stomy, pocigtej
stomy pszennej, wiorow drzewnych, plew ryzowych i rozdrobnionego papieru jako materiat na
$ciotke (Kheravii et al., 2017). Ptaki utrzymywane na speletowanej stomie pszennej miaty
mniejszg czestos¢ wystepowania uszkodzen poduszek stopy niz te na pocigtej stomie 1
rozdrobnionym papierze w 24 dobie. Nie stwierdzono roznicy w wilgotnosci miedzy
rozdrobnionym papierem, widrami drzewnymi, speletowang stoma a plewami ryzowymi. Na
podstawie wynikow badan badacze wskazali, ze peletowana stoma pszenna ma potencjalne
korzysci jako materiat $ciotkowy dla brojlerow. Wiele wynikow badan sugeruje, ze rodzaj
$ciotki i mieszanki $ciotki maja wptyw na wydajnosc i dobrostan ptakow (Huang et al., 2009;
Youssef et al., 2010). Jednakze inne wyniki badan pokazuja, ze rodzaj §ciotki nie mial wptywu
na osiagni¢cia i dobrostan (Hafeez et al., 2009; Monira et al., 2003).

Poniewaz wyniki badanh nie sg jednoznaczne, a peletowana stoma pszenna ma pozytywny
wplyw na wydajnos$¢ i dobrostan brojleréw we wczesnym wieku (Kheravii et al., 2017) to
wskazuje to na potrzebe doktadniejszego zbadania warunkow wytwarzania peletow 1 wptywu

dodatkow poprawiajacych warunki procesu zaggszczania i jako$ci $ciolki z peletowanej stomy.
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Dodanie oboje¢tnych materiatlow, na przyktad zwigzkéw wapnia (wodorotlenek wapnia,
weglan wapnia) poprawia plastyczno$¢ substancji organicznej, ktora ma ulec granulowaniu i
utatwia uzyskanie form (Sedlacek et al., 2007), a niewielki dodatek takiego materiatu czgsto
znacznie zmniejsza zapylenie.

Proces granulowania prowadzi jednak do wigzania wody zawartej w materiale roslinnym
(Lisowski et al., 2013). Ponadto dodanie gipsu do $ciotki obnizyto jej pH, z powodu wytracania
si¢ weglanu wapnia z wapnia pochodzacego z gipsu (Hammes et al., 2003). Dodanie weglanu
wapnia do slomy moze zwigkszy¢ mineralizacje N i sprzyja¢ tworzeniu NHs* przez
zwigkszenie aktywnosci ureazy i buforowanie przeciwko duzemu wzrostowi pH (Burt et al.,
2018). Jest to kolejna wskazowka inspirujgca podjecie badan nad wytwarzaniem peletow z
mieszanki stomy z dodatkiem weglanu wapnia.

Czasteczki weglanu wapnia tworza specjalne skupiska, a nastepnie tacza si¢ losowo z
wickszymi agregacjami (Xu et al., 2014). Wskazuje to, ze weglan wapnia ma zdolno$¢ taczenia
si¢ z innymi czasteczkami i sprawia, ze wigzania z nimi sg bardzo trwate. Weglan wapnia wigze
wode z biomasy i pozwala na aglomeracj¢ materialdw o wyzszej zawartosci wilgoci bez
konieczno$ci suszenia.

Mimo wielu badan z zakresu dodatkow ciagle sa poszukiwane substancje, ktore poprawia
jakos¢ peletow 1 brakuje pelnej wiedzy jakie dodatki lub jakie mieszanki mogg by¢
wykorzystane dla surowego materiatu biomasy (Tarasov et al., 2013), a zwtaszcza w kontekscie
peletow przeznaczonych na $ciotke. Wiasciwosci fizykochemiczne biomasy 1 dodatkow moga
mie¢ rézny wplyw na gesto$¢ upakowania czastek 1 wytrzymatos$¢ peletéw, ktora wynika z
trwalo$ci wigzan miedzy czastkami (Mani et al., 2003). Sktadniki nicorganiczne o matej masie
czasteczkowe] moga odrywacé mniejszy wptyw na wlasciwosci mechaniczne peletow, ale jony
wapnia mogg sieciowa¢ funkcjonalnos¢ polisacharydéw kwasu karboksylowego (Braccini and
Pérez, 2001).

Do wilasciwosci materialéw, ktore wptywaja na proces peletowania nalezg rozktad
wymiaréw czastek (PSD) (Labbé et al., 2020; Lisowski et al., 2020), wilgotno$¢ (Frodeson et
al., 2019; Lisowski et al., 2019), zawartos¢ ligniny (Berghel et al., 2013), gestos¢ objetosciowa
(Chevanan et al., 2010), wskaznik ptynnosci i spdjnos¢ (Stasiak et al., 2018, 2017),
wspotczynnik tarcia wewnetrznego i zewnetrznego (Rossouw et al., 2003), rodzaj ekstraktow
(woski, garbniki, terpeny) (Roffael, 2016), rodzaj i udziat dodatkow (Xia et al., 2019).

Trwato$¢ 1 wytrzymalo$¢ aglomeratu zalezy takze od ilosci materialu dostarczanego do
komory matrycy. Badania dotyczace zrdéznicowanej dawki materiatu jednorazowo

zageszczanej byty rzadziej prowadzone. Masa pojedynczej dawki zalezy od rodzaju materialu
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1 warunkow peletowania. W dostepnej literaturze badacze wskazuja na wstepne badania, na
podstawie ktorych ustalajg mase¢ dawki, biorac pod uwagg jakos¢ peletow jako kryterium oceny
procesu i produktu. Masa dawki biomasy zawiera si¢ w szerokim zakresie 0,2-1,2 g. Brakuje
wiedzy o wplywie jednorazowo zageszczanej dawki biomasy na jako$¢ peletow wyrazang przez
ich trwatos$¢ lub wytrzymatos¢. Ta luka w wiedzy dotyczy dodatkowo mieszanek materiatow,
ktore moga by¢ przeznaczone do zageszczania i wytwarzania peletow, ktdre po zgnieceniu
moga by¢ $cidtka dla ptakow.

W rzeczywistych warunkach produkcyjnych wystepuja dodatkowo losowe czynniki, ktore
zaklocaja powtarzalno$¢ procesu 1 utrudniajg prawidtowe wnioskowanie o czynnikach
wplywajacych na peletowanie. W dostepnej literaturze sa zaprezentowane wyniki badan,
glownie z matrycami z zamknigta komorg zageszczania, a mniej jest badan przeprowadzonych
Z matryca z otwartg komorg zaggszczania (Frodeson et al., 2018). Zaggszczanie materiatow w
matrycy z otwarta komorg lepiej odzwierciedla rzeczywisty proces peletowania, pod
warunkiem utrzymania ci$nienia zaggszczania i temperatury matrycy, ktora typowo jest migdzy
100°C and 130°C (Nielsen et al., 2009). Osiggnigcie ci$nienia zaggszczania 115-300 MPa
(Whittaker and Shield, 2017) jest wynikiem ci$nienia wstecznego (Frodeson et al., 2019), ktore
jest konsekwencja wtasciwos$ci materiatu, rozwijanego tarcia wewnetrznego migdzy czastkami,
ale gtownie migdzy powierzchnig zewnetrzng aglomeratu 1 otworu matrycy, a takze wysokosci
(grubosci) matrycy. Rozwijane tarcie wptywa nie tylko na zwigkszenie ci$nienia, ale takze
wzrost temperatury matrycy. Cieplo z rozgrzanej matrycy dyfunduje do czastek materiatu,
ktorego gradient zalezy od rodzaju 1 wilgotno$ci materiatu. Material pod wptywem temperatury
zmienia wlasciwosci fizyczne, a zamiany struktury materialu zalezg odwrotnie od wilgotnosci
(Lisowski et al., 2017). Mamy zatem zlozone sprzg¢zenia zwrotne, ktorych wyjasnienie jest
wazne, aby lepiej zrozumie¢ w jaki sposob i dlaczego rdézne materialty wytwarzaja rdzne
przeciwcisnienie i tarcie.

Oceng jakos$ci peletow mozna przeprowadzi¢ za pomocg réznych wskaznikow. Ze wzgledu
na cel pracy wazne s3 dotychczasowe rozwazania, ktore uwzgledniajg relacje miedzy
parametrami wskazujacymi efekt produkcji peletéw z ich zdolno$cig absorpcji wody. Dotyczy
to rowniez peletow energetycznych, ale dla nich zdolnos¢ absorpcji wody lub wilgoci powinna
by¢ jak najmniejsza.

Absorpcja wody przez biomase jest procesem wynikania czasteczek, atomow lub jonow a
adsorpcja jest zjawiskiem powierzchniowym. Czgsto zjawiska te zachodza rownoczesnie i
nazywane sg sorpcja. W odniesieniu do zjawisk zachodzacych w $cidlce lub peletach

potraktowanych ciecza dominuje mechanizm jej absorpcji calg objetoscig czastek, ktorej
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intensywno$¢ w czasie jest okreslana wspotczynnikiem dyfuzji. Dyfuzja wilgoci w strukture
materiatu zalezy od rodzaju materiatu, objetosci mikro pustek migdzy czastkami, rozmiarow
czastek lub peletu, objetosci frakcji wiokien, szybko$ci strumienia masy, czasu, dodatkow,
wilgotnosci wzglednej i temperatury powietrza (Podlaski et al., 2019; Zamri et al., 2012).
Mniejsze czastki 1 wyzsza temperatura zwigkszajg szybkos¢ absorpcji. Modyfikacja struktury
peletow przeznaczonych na $cidtke powinna by¢ skierowana na poprawienie charakterystyki
higroskopijnej, przeciwnie jak dla peletow energetycznych. Wigcej jest wynikéw badan
absorpcji wilgoci z powietrza przez pelety energetyczne wytworzone z mieszanek roznych
materialow niz przez pelety przeznaczone na $ciodtke.

Zaprezentowany stan wiedzy i wskazane luki w wiedzy sa dowodem na waznos$¢
problematyki badawczej, dotyczacej rozwijania procesu aglomeracji cisnieniowej w kierunku
wytworzenia jakosciowo dobrych peletéw ze stomy pszennej i uzasadnionymi dodatkami

przeznaczonymi na $cidtke dla drobiu.
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2. Cel badan i hipotezy badawcze

Celem glownym niniejszej rozprawy doktorskiej bylo poznanie wptywu termicznej
obrobki rozdrobnionej stomy z dodatkiem maki maniokowej lub weglanu wapnia podczas
aglomeracji cisnieniowej na wlasciwosci i cechy uzytkowe podtoza stosowanego w produke;ji
drobiu.

Hipotezy badawcze:

H1: Termiczna obrobka zwigzkow lignocelulozowych podczas wytwarzania peletow jest
korzystna tylko przy okreslonej wilgotnosci i temperaturze procesu dla danego
materialu roslinnego.

H2: Podloze przygotowane z peletow wytworzonych w optymalnych warunkach powinno
by¢ bardziej migkkie 1 sprezyste oraz o lepszej zdolno$ci absorpcyjnej cieczy niz stoma.

Zakres pracy obejmowal:

* Charakterystyka materiatu rozdrobnionego: wilgotnos$¢; wskazniki rozktadu wymiarow
czastek;

*  Wytworzenie peletow z dodatkiem weglanu wapnia lub skrobi maniokowej o
zroznicowanym udziale dodatkéw przy roznej wilgotnosci 1 temperaturze materiatu,
wymiaréw czastek 1 wysoko$ci matrycy;

*  Wyznaczenie gesto$¢ pojedynczych peletow;

*  Wyznaczenie parametrow wytrzymatosciowych podczas $ciskania peletu: napre¢zenia,
modul sprezystosci oraz praca jednostkowa.

* Wyznaczenie zdolnos$ci absorpcyjnych catych i zgniecionych peletow.

Szczegotowe cele 1 zakresy badan sa podane w poszczegolnych artykulach.
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3. Material i metody badawcze

3.1. Material badawczy

Do badan wykorzystano stome¢ pszenng (WS) oraz z dodatkami wigzacymi weglanem
wapnia (CC) lub skrobig maniokowa (CS), przy trzech udziatach dodatkow (2, 6 1 10%) i trzech
poziomach wilgotnosci materiatéw (10, 20 i 30%). Rozdrobniong stome otrzymano od
producenta peletow Lootor sp. z 0.0. (Stonsk, Poland) z przeznaczeniem na $ciotkg. WS pocigto
w maszynie 0 mocy 132 kW przy predkosci obrotowej 1200 rpm, wyposazonej w 196 nozy.
Pocigta WS zmielono w mtynie bijakowym o mocy 250 kW przy predkosci obrotowej
1488 rpm, wyposazonym w 160 bijakow i perforowany ekran z otworami o $rednicy 8 mm. CC

i CS, jako lepiszcze zakupiono w hipermarkecie.

3.2. Metody badawcze
3.2.1. Wilgotnos$¢ materiatlu i przygotowanie probek

Wilgotno$¢ materiatlu wyznaczono metodg suszarkowo-wagowa (zgodnie z wymaganiami
normy S358.2). Probki o masie 25 g odwazano na wadze elektronicznej (WPS 600/C, Radwag,
Radom, Poland) z doktadnosciag 0.01 g i suszono w 105+2 °C przez 24 h w suszarce
laboratoryjnej SLW 115 (Pol-Eko Aparatura, Wodzistaw Slaski, Poland). Pomiary wykonano
3-krotnie dla kazdej kombinacji czynnikow.

Po sprawdzeniu wilgotnosci stomy dodano wody demineralizowanej zgodnie z zaleznoscia
Mu20 = M1(1-MCy)/(1-MC3), gdzie: muzo - jest masg wody do dolania, g; m: - jest masa
poczatkowa stomy, g; MC: jest wilgotnoscia poczatkowa stomy; MC, jest pozadang
wilgotnoscig stomy.

Po starannym wymieszaniu stom¢ pszenna przechowywano w komorze klimatycznej
(3001-01, Tlka, Feutron Greiz, Germany), mieszajac dwukrotniec w ciggu dnia. Zawarto$¢
zbiornika podzielono na 5 porcji. Jedna porcja stanowita czysta som¢. Do pozostatych porcji
dodano weglan wapnia lub skrobi¢ maniokowg o udziale 2%, 6% lub 10%. Sprawdzono
wilgotno$¢ materiatu i dolano wody do uzyskania pozadanej wilgotnosci. Tak przygotowany
materiat stabilizowano w komorze klimatycznej w 4 +1°C 1 wilgotnos$ci wzglednej powietrza
65 £2% przez 5 dni codziennie jednokrotnie mieszajac. Probki do badan pobierano wedlug
potrzeb, sprawdzajac wilgotnos¢ i w przypadku obnizenia wilgotnosci o 0,2% w.b. (w.b. —

wzgledem wilgotnej substancji) dolewano wody.

3.2.2. Rozklad wymiaréw czastek
Rozdrobniong stome¢ pszenng i jej mieszanki (z dodatkiem lepiszczy) rozdzielono na

wibracyjnym separatorze sitowym LAB-11-200/UP (Eko-Lab, Brzesko, Poland) zgodnie z
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normg ANSI/ASAE S319.4. Zastosowano dwa zestawy szeSciu sit o wymiarach 0,1, 0,15,
0,212, 0,3, 0,425, 0,6, 0,85, 1,18, 1,6, 2,36, 3,35, 4,76 mm i dno. Probke materiatu o masie 25 ¢
przesiewano przez 600 s przez kazdy zestaw sit. Masg probki i frakcje z sit zwazono na wadze
elektronicznej WPS 600/C z doktadnosciag 0,01 g. Dla kazdego ukladu pomiarowe
przeprowadzono po pieé testow separacji. Na podstawie wynikow obliczono charakterystyczne
parametry rozkladu wymiarow czastek, ktore przedstawiono w tabeli 1. Skumulowany rozktad

mieszanin aproksymowano modelem Rosina-Rammlera.

Tabela 1. Parametry rozktadu wymiaréw czastek

Parametr Wzor
Srednia geometryczna wymiaru x, = log™1 [Z (m;logxy;) /Z mi]
czastek (mm)
Odchylenie standardowe,
bezwillmiarowe Sg = IOg_lJ Z (mi(logxsi B logxg)z) / z m;
Srednia geometryczna dlugo$é Xy = m
czastek na i-tym sicie (mm)
Udziat masowy materiatu Y =1—exp(—(* /XR)”)
drobniejszego niz wymiar X
Wymiar czgstki o udziale Y \1/n
masowym Y X = Xp [—ln (1 - ﬁ)]
Srednia wymiaru graficzna Xgm = (%16 + Xs50 + Xg4) /3
czastek (mm)
Graficzny wspotczynnik Oig = (Xga — X16) /4 + (x95 — x5)/6.6
skos$nosci
Wskaznikiem jednorodnosci (%) |, = 100x5 /x4
Liczba szacunkowa Ngg = 100x5,
Zakres zmiennosci (%) S, = 100(xg, — x14) /25
Rozktad wzgledny S; = (x99 — X19) /X5
Wspodtczynnik rownomierno$ci  |C,, = Xg0/X10
Wspbtczynnik stopniowania Cy = x50/ (X10X60)
Ogolna skosnos¢ graficzna Sig = (x16 + Xga — 2x50)/2(Xg4 — X16)
+ (x5 + Xo5 — 2x50) /2(X95 — Xs5)
Kurtoza graficzna Ky = (x95 — x5)/2.44(x75 — X75)
Odchylenie standardowe rozktadu |STD;, = xg,/x5q
strefy gornej
Odchylenie standardowe rozktadu |STD; = x5q/X16
strefy dolnej
Odchylenie standardowe rozktadu (g7p, = m
strefy catkowitej

3.2.3. Proces peletowania
Do wytwarzania peletow zostala zastosowana uniwersalna maszyna wytrzymatosciowa

TIRAtest o maksymalnym nacisku 10 kN i predkosci zageszczania 100 mm-mint. Zestaw do
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peletowania sktadal si¢ z matrycy ze stali chromowej o Srednicy zewnetrznej, wewnetrznej i
wysokosci, odpowiednio 60, 8 i 300 mm; dwoch elementow grzejnych o tacznej mocy 1,3 kW;
termopary typu J i regulatora 3710 ESM do sterowania temperaturg elementow grzejnych;
trzech zintegrowanych czujnikow cisnienia i temperatury CT6V-15M-TCJ-M14 (OneHalf20
Ontario, Canada), za pomocg ktorych mierzono temperatur¢ materiatu na wysokosciach 15, 30
I 45 mm od podstawy matrycy; czujnika krancowego. Do sterowania pracg uniwersalnej
maszyny wytrzymato$ciowej zastosowano program Matest, za pomoca ktoérego zapisywano
rowniez dane w relacji sila-przesunigcie z krokiem 0,03 mm. Temperature elementow
grzejnych nastawiono na 116, 140 lub 164°C, ktorej odpowiadata temperatura materiatu 78, 93
i 108°C. Elementy grzejne wlaczano na godzing przez peletowaniem, aby réwnomiernie
nagrza¢ matryce¢. Ogranicznikiem krancowym ustalono potozenie ttoka wzgledem dna matrycy
na wysokosci 60, 70 i 80 mm. Byta to dlugos¢ aglomeratu wypetniajacego otwor matrycy la.
Masa pojedynczej dawki biomasy wynosita 0,2 g i oszacowano ja na podstawie prob z zakresu
0,05-0,30 g oceniajagc trwalos¢ wytworzonych peletéw 1 kierujac si¢ ekonomikag
przeprowadzenia eksperymentu. Dawke materialu wazono na wadze analitycznej WPA
40/160/C/1 (Radwag, Radom, Polska) z doktadnos$cig +0,0001 g.

Peletowanie sktadato si¢ z nastgpujacych krokow (rysunek 1). Otwartg komor¢ matrycy
zatykano od dotu peletem 1 wsypywano dawke o wyznaczonej objetosci, rOwnowaznej
koncowemu potozenia ttoka z zakresu 60-80 mm. Na luzny materiat wysypywano dawke 0,2 g
1 zageszczano do chwili wlaczenia czujnika krancowego trafiajacego na ogranicznik
zamocowany na prowadnicy, ktorym ustalano zalozona wysokos¢ matrycy. W procesie
peletowania zwigkszalo si¢ cisnienie do warto$ci maksymalnej 1 w tym czasie tlok przemiescit
si¢ na odcinku sm. Dalej tlok przesuwal uformowany pelet w matrycy o vp. Catkowita droga
przemieszczenia ttoka Se wynosita:

Se = Sm + Vp (@8]
gdzie: sm - przemieszczenie tloka do wystapienia cisnienia maksymalnego w mm; vp -t
przesunigcie peletu w matryc w mm.

Efektywna dlugos¢ otworu (wysoko$¢) matrycy lc, przez ktorg nalezato przesunac biezacy
aglomerat na odcinku vp oraz aglomerat znajdujacy si¢ pod nim la wynosita:

le=vp+la (2)
gdzie: vp - $rednia warto$¢ przesunigcia uformowanego peletu w mm; la - dlugos¢ aglomeratu
wypetiajgcego otwor matrycy w mm.

Stabilne warunki peletowania osiggano po kilkudziesieciu dawkach, gdy maksymalne

ci$nienie zageszczania utrzymywato si¢ na podobnej wartosci.
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Fig. 2. Schemat sekwencji zaggszczania pojedynczej dawki materialu w matrycy z otwarta
komorg; A) poczatek zageszczania nowej dawki materiatu, B) osiggnigcie maksymalnej
sity/ci$nienia zaggszczenia, C) przesunigcie biezace zaggszczonego peletu wraz z aglomeratem

znajdujacym si¢ pod nim (oznaczenia znajdujg si¢ w tekscie)

Dla stabilnych warunkow zageszczania proces peletowania scharakteryzowano przez
przemieszczenie ttoka do osiggnigcia maksymalnego ci$nienia zageszczenia Sm, przesunigcie
peletu w matrycy vy, maksymalne ci$nienie zaggszczania Pm, jednostkowa pracg zageszczania
Ls, jednostkowg prace przesuwania peletu w matrycy Ly, a dla pojedynczego peletu wyznaczono
$rednice d, dhugos¢ I 1 gestos¢ pojedynczego peletu pp. Parametry Ls, Ly i pp odniesiono do
masy suchej substancji.

Bezposrednio z danych do wykresow sita-przemieszczenie zapisanych w trakcie
aglomeracji ci$nieniowej wyznaczono wspotrzedne punktow dla wartoSci maksymalne;
B(Sm,Fmax) 1 zakonczenia ruchu ttoka C(Se,Fe) (rysunek 1). Cisnienie maksymalne wyznaczono

z zaleznos$ci

4Fmax
= ©)

pmax d?

gdzie: pmax - maksymalne ci$nienie zageszczania w MPa; Fmax - maksymalna sitg zageszczania
w N; d - srednicg otworu matrycy w mm.

Zapotrzebowanie energetyczne jest waznym problemem, ktory powinien by¢ rozwigzany
podczas produkcji peletoéw. Dobrym wskaznikiem energetycznym jest jednostkowa praca
zageszczania Ls 1 jednostkowa praca przesuwania peletu w matrycy Ly, ktére wyznaczono na
podstawie danych sita-przemieszczenie podczas aglomeracji ci$nieniowej z nastgpujacych

WZOrOw:
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Ly = J;"F dx/[ms(1 — MC/100)] (4)
L, = fs(:‘sm) F dx/[m,(1 — MC/100)] 5)

gdzie: Ls i Ly — jednostkowe prace, odpowiednio zageszczania i przesuwania peletu w matrycy,
odniesione do suchej substancji w J-kg’; sm i Se - przemieszczenie tloka do osiagnigcia,
odpowiednio maksymalnego cisnienia zaggszczenia i koncowego potozenia tloka po
przesunigciu peletu w matrycy w mm; Vp - przesunig¢cie peletu w matrycy w mm; F - sita
zageszczania w N; ms - masa probki w g; MC - wilgotno$¢ materiatu, odniesiona do wilgotnej

substancji w %; x - przemieszczenie tloka podczas zaggszczania materiatu w mm.

3.2.4. Whasciwosci fizyczne peletéw
Pomiary fizyczne peletow wyznaczono po tygodniu od daty ich wytworzenia. Powierzchnie
czotowe peletow wyrownano za pomoca szlifierki, umieszczajac probki w trojkatnym
uchwycie, aby zachowa¢ prostopadto$¢ powierzchni do osi peletu. Pomiar §rednicy (w potowie
dhugosci peletu) 1 dlugosci peletu wykonano w dwoch kierunkach prostopadtych za pomoca
suwmiarki elektronicznej MAUa-E2 4F (FK Vis, Warsaw, Poland) z doktadnoscig +0,01 mm.
Pelet zwazono na wadze elektronicznej (WPS 600/C, Radwag) z doktadnoscia 0,01 g. Gestosé

pojedynczych peletow przeliczono na mase¢ suchej substancji wg wzoru:

oo = S ®
gdzie: pp - gestosé pojedynczego peletu odniesiona do suchej substancji w kg-m™; m - masa
peletu w kg; MC - wilgotno$¢ materiatu, odniesiona do wilgotnej substancji w %; di i d> -
$rednice peletu w dwoch prostopadtych kierunkach w m; Iy i o - dlugosci peletu w dwoch

kierunkach prostopadtych w m.

3.2.5. Parametry wytrzymalosciowe peletow

Pelety umieszczano indywidualnie na powierzchni stalowej ptytki uniwersalnej maszyny
wytrzymalosciowej TIRAtest (Matest, £odz,Poland) i1 $ciskano stemplem o wymiarach
25 x 50 mm z predkoscig 5 mm-min* do chwili, gdy ttok przemiescit si¢ 0 4 mm (przy $rednicy
peletu 8 mm). W celu obliczenia maksymalnych naprezen S$ciskajacych odczytywano
maksymalna site, przy ktorej pekal pelet, a w przypadku braku wyraznego pekniecia wartos¢
sity odczytywano dla przesunigcia ttoka 0,2 $rednicy pelety, czyli 1.6 mm. Pomiary wykonano
3-krotnie dla kazdej kombinacji wytwarzania peletow.

Na podstawie zestawu danych sita-przemieszczenie zarejestrowanych podczas testow na

uniwersalnej maszynie wytrzymatosciowej wyznaczono wskazniki wytrzymatosciowe podczas
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Sciskania; energi¢ jednostkowa Ej, modul sprezystosci E i maksymalne naprezenia o, przy

ktérych pelet pekat, na podstawie nastepujacych zaleznosci:

1 (Al
Fd
= (8)
2Fmax
7= dly, ©)

gdzie: Ej - energia jednostkowa $ciskania do chwili pekniecia peletu w mJ-mm™?; F - sila
$ciskajaca w N; S - powierzchnia peletu, na ktora dziata obcigzenie w mm?; X - przemieszczenie
stempla, rownowazne deformacji peletu w mm; E - modut spr¢zystosci przy $ciskaniu w MPa;
d - $rednica peletu przed obcigzeniem w mm; A/ - promieniowe przemieszczenie stempla
(deformacja peletu) w mm; o - maksymalne napr¢zenia $ciskajace podczas pekania peletu w

MPa; Fmax - maksymalna sita Sciskajaca w N, Ip - dlugos¢ peletu w mm.

3.2.6. Absorbcja wody

Bezposrednio po testach $ciskania peletow, probki peletéw zgniecionych umieszczono w
pojemniku o $ciance sitowej o znanej masie (tara) i zwazono na elektronicznej wadze
laboratoryjne; (WLCI1/A2, Radwag, Radom, Poland) z dokladnosciag =+0,01 g. Test
przeprowadzono przez zanurzenie probek w wodzie demineralizowanej o temperaturze
20 £1°C przez 30 min. Pojemniki z peletami po wyjeciu z wody pozostawiono na 5 min do
odsaczenia, delikatnie wstrzasano 3 razy, aby usuna¢ nadmiar wody z ekranu sita i ponownie
zwazono. Roznica masy probki po 1 przed moczeniem to masa zaabsorbowanej wody przez
pelety zgniecione. Zdolno$¢ do absorpcji wody przez pelety zgniecione, w odniesieniu do masy
suchej substancji obliczono ze wzoru:
k = (Mg —mgg)/mso(1 —MC/100) (10)
gdzie: k - absorpcja wody przez pelety zgniecione w g H20-g?; ms - masa probki peletow
zgniecionych po namaczaniu w wodzie w g; Mmso - masa probki peletow zgniecionych przed
namaczaniem w wodzie w g; MC - wilgotnos¢ peletéw zgniecionych przed namaczaniem w

wodzie w %.

3.2.7. Analiza statystyczna

Analizy statystyczne przeprowadzono przy uzyciu Statistica v. 13.3.

Dane przeanalizowano pod katem wplywu czynnikow (rodzaj materiatu, steZenie
dodatku, wilgotno$¢, wysoko$¢ matrycy, temperatura materiatu) na wlasciwosci
wytrzymatosciowe peletoéw (jednostkowa praca $ciskania, modul sprezystosci, naprezenia

sciskajace) 1 absorpcje wody przez pelety zgniecione na podstawie wielokryterialnej analizy
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wariancji MANOVA, stosujgc test F (Fishera-Snedecora). Statystyczng istotno$¢ roznic miedzy
warto§ciami $rednimi parametrow przeprowadzono przy uzyciu metody testowej Tukeya w
odniesieniu do parametrow kryterialnych charakteryzujacych wytrzymalo$¢ peletow i
absorpcje¢ wody przez pelety zgniecione. Dla parametrow kryterialnych opracowano nieliniowe
modele regresyjne, ktore wykorzystano do obliczenia najkorzystniejszych warunkow
peletowania i cech peletow, dla ktorych obliczono wartosci parametrow. Analizy

przeprowadzono przy zalozonym poziomie istotnosci p < 0.05

3.2.8. Optymalizacja warunkow zageszczania

Zmiennymi sterujacymi dla slomy pszennej z dodatkami wegglanu wapnia i skrobi
maniokowej byly: stosunek dodatku A, wilgotnos¢ materiatu MC, wysokos¢ matrycy lc i
temperatura materiatu t.

Odpowiedz zmiennych zaleznych, ktérymi byty jednostkowa praca $ciskania Ej, modut

sprezystosci E, napr¢zenia $ciskajace dla peletéw o i absorpcja wody przez pelety zgniecione
k, obliczone na podstawie wartosci otrzymanych z eksperymentéw, moze by¢ zdefiniowana
jako ogolne réwnanie regresyjne:
Yn = Bo+ Xicy BiXi + Xicy Bu xF + Xy Xiciva Bijxix;,  (n=1,23,4) (11)
gdzie: yi1 - jednostkowa praca $ciskania peletow (Ej, mJ-mm?); y, - modut sprezystosci (E,
MPa); y3 - naprezenia $ciskajace peletow (o, MPa); y4 - absorpcja wody przez pelety zgniecione
(k, gH20-g DM); x1-stosunek dodatku (A, %); Xz - wilgotnoé¢ materiatu (MC, %);
X3 - wysokos$¢ matrycy (lc, mm); X4 - temperatura materiatu (t, °C); Bo, Bi, Bii, Bij - wspotczynniki
regresyjne.

Dla funkcji celu (11) wzgledem czterech zmiennych sterujacych A, MC, I, t wyznaczono
gradient gn za pomocg réznic skonczonych w zapisie macierzowym

09dn 0gn 0gn agn]
= [29n 29n Z9n Z9n 12
In [6A'6MC'6IC' ot (12)

Minimalizowanie funkcji yn(A,MC,lc,t) obliczono przy warunkach poczatkowych z zakresu
zmiennych decyzyjnych Ao, MCo, lco, to Np. [4%; 15%; 70 mm i 90°C] i w ograniczeniach 0%
<A <10%; 10% <MC <30% ; 66 mm <l <86 mm i 78°C <t < 108°C.

Do minimalizacji funkcji nieliniowej Mrcnlir%A yn(MC, 1., t, A) zastosowano funkcje ,,optim”
ot

z algorytmem Quasi-Newton.
Parametry optymalne procesu dla funkcji celu oraz wykresy opracowano za pomoca

pakietu Scilab v.6.0.2.
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4. Syntetyczne omowienie publikacji wchodzacych w sklad rozprawy doktorskiej

4.1. Publikacja 1

Peletowanie czystej pszennej stomy i mieszanki stomy z weglanem wapnia lub skrobig
maniokowq przy roznej wilgotnosci i temperaturze oraz wysokosci matrycy: Modelowanie i
optymalizacja

Matkowski P., Lisowski A., Swigtochowski A. Pelletising pure wheat straw and blends of
straw with calcium carbonate or cassava starch at different moisture, temperature, and die
height values: Modelling and optimisation. Journal of Cleaner Production. 2020;272:1-11.
doi:10.1016/j.jclepro.2020.122955.

W syntetycznym opisie publikacji zawarto najistotniejsze konkluzje, dotyczace
analizy i interpretacji wynikéw badan. Pelna dyskusja wynikow badan, uwzgledniajaca
stan wiedzy, jest zawarta w poszcezegélnych, oryginalnych artykulach, zamieszczonych po

streszczeniu.

Badania opisane w publikacji 1 mialy na celu zbadanie procesu peletowania czystej stomy
pszennej oraz zmieszanej z dodatkami weglanu wapnia i skrobi maniokowej (Table S1 —
oznaczenia odnosza si¢ do oryginalnych tabel i rysunkow zawartych w artykutach, litera S
oznacza dodatek do artykutu, ang. SI Appendix, dotaczony po kazdym artykule). Zbadano
wplyw kilku czynnikéw na przemieszczenie tloka podczas formowania peletu, przesunigcie
gotowego peletu w matrycy, prace jednostkowa peletowania i1 przesunigcia peletu w matrycy
oraz na gestos¢ peletdow. Czynnikami zmiennymi byly wilgotno$¢ 1 temperatura materiatu,
wysoko$¢ matrycy oraz procentowa zawarto$¢ dodatkow. Dane eksperymentalne byty
przetworzone za pomocg analizy wariancji, analizy regresji i korelacji. Na podstawie wynikow
tych analiz oceniono wptyw kazdego czynnika na wskazniki kryterialne procesu oraz wzigto
pod uwage interakcje tych czynnikow. Po selekcji parametrow opracowano modele
matematyczne i optymalizacj¢ warunkow peletowania ze wzgledu na przyjete wskazniki
kryterialne procesu. Nowoscig pracy bylo selekcja zmiennych za pomocg metody korelacji cech
oraz wyznaczenie optymalnych warto$ci zmiennych decyzyjnych i wartosci funkcji celu za
pomoca ogdlnodostgpnego oprogramowania Scilab v.6.0.2.

Proces aglomeracji ci$nieniowej w matrycy z otwarta komora dobrze odzwierciedla
rzeczywiste warunki zageszczania materialu, od poczatku tego procesu, az do jego

ustabilizowania (Fig. 1). W warunkach produkcyjnych jest to zwigzane ze wstepnym
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przygotowaniem materiatu do okreslonej wilgotnosci i temperatury, calkowitym wypetieniem
zaggszczonym aglomeratem otworu matrycy i nagrzaniem matrycy w wyniku tarcia.

W warunkach laboratoryjnych, po wprowadzeniu pierwszych dawek materiatu formowany
pelet byt bardzo nietrwaty, ze wzgledu na nieznaczne opory zwigzane z tarciem mi¢dzy Sciankg
otworu matrycy a powierzchnig cylindryczng peletu. Po fazie dyslokacji czastek i powolnym
wzro$cie cisnienia zageszczania charakterystyka procesu przechodzita przez punkt przegigcia.
Od tego punktu nastepowala plastyczna deformacja czastek, o duzym gradiencie ci$nienia
zgeszezania. Charakterystyka narastania ci$nienia zaggszczania wzgledem przemieszczenia
ttoka miata typowy ksztatt, zblizony do funkcji wykladniczej, az do uzyskania maksymalne;j
wartosci ci$nienia. Po przekroczeniu tego ci$nienia nastepowalo gwattowne jego zmniejszenie,
ze wzgledu na zerwanie adhezji na powierzchniach styku peletu i $cianki otworu matrycy
(Rossouw et al., 2003).

Najczesciej do pierwszych 8 dawek nie bylo widocznego punktu maksymalnego i
praktycznie krzywa ci$nienia zaggszczania osiggala przebieg plateau. Po tym etapie, az do 14
dawki ci$nienie podczas przesuwania zageszczonej dawki i aglomeratu zwigkszato si¢, bez
osiggania wyraznej warto$ci maksymalnej. Poczawszy od 15 dawki mozna bylo zauwazy¢
punkt z maksymalng warto$cia ci$nienia. W tym punkcie stacjonarnym nalezalo pokonac tarcie
statyczne 1 po rozpoczgciu ruchu aglomeratu spadato ci$nienie ze wzgledu na pojawienie si¢
tarcia kinetycznego o mniejszej wartosci. Dalsze zmniejszanie si¢ oporéw ruchu wynikato ze
zmniejszania si¢ sumarycznej rzeczywistej powierzchni kontaktu czastek wypychanego
aglomeratu z matrycy 1 systematycznego oczyszczaniem si¢ z przyklejonych wierzchotkow
czastek do powierzchni matrycy (Lisowski et al., 2019). Przy wigkszym zaggszczeniu
aglomeratu 1 deformacji plastycznej czastek oraz powstatych trwalszych wigzan miedzy
czastkami ekspansja aglomeratu byla bardzo mata i1 ruch zageszczonej dawki i aglomeratu byt
jednoczesny. W tych warunkach gradient cis$nienia byl ujemny. Wyjasnienie tych
zroznicowanych proceséw gradientu cis$nienia w fazie przesuwania peletu w matrycy opisano
po raz pierwszy.

Przy mniejszej wilgotno$ci materiatu 10% w.b., zwlaszcza z dodatkami CS 1 CC, podczas
przesuwania peletu w matrycy wystgpowato zjawisko drgan ciernych (stick-slip), ale z
chaotycznymi oscylacjami i matg amplituda. Byty to losowe sklejania si¢ czastek materiatu do
powierzchni otworu matrycy. Dla stomy bez dodatkéw (Fig. 1la) dynamika zwigkszenia
cisnienia podczas przesuwania peletu byla najwigksza. Dodanie skrobi maniokowej
przyczynito si¢ do opdznienia (Fig. 1b), a weglanu wapnia do przyspieszenia gradientu

ci$nienia aglomeracji (Fig. 1c).
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Na podstawie analizy wariancji stwierdzono, ze wszystkie pie¢ czynnikow (rodzaj
dodatku, stezenie dodatku, wysoko$¢ matrycy, temperatura materiatu) miato statystycznie
istotny wplyw na parametry procesu zageszczania i peletow (Table 1). W wigkszosci
przypadkow p-value byta mniejsza niz 0,0001. Tylko dla gestosci pojedynczych peletow p-
value byto wigksze 1 wynosito 0,0285.

Aby osiagnag¢ maksymalng sil¢/ci$nienie zaggszczenia tlok pokonywal rézng droge, w
zalezno$ci od warunkow procesu aglomeracji ciSnieniowej. Im wigksze bylo przemieszczenie
tloka sm tym wigksza prace nalezalo wykonaé, aby zagesci¢ material. Najwicksze
przemieszczenie ttoka wystapito podczas zageszczania stomy pszennej bez dodatkow (A = 0%)
i wynosito 13,2 mm (Table 1). Dla mieszanek stomy z dodatkami skrobi maniokowej lub
weglanu wapnia przemieszczenie tloka bylo mniejsze, odpowiednio 0 21% 1 25%. Stoma jest
pokryta woskiem, ktory zmniejsza tarcie, stad wigksze przemieszczenie ttoka podczas jej
aglomeracji ci$nieniowej. Ogolnie stoma cechuje si¢ wigksza podatno$cig na zaggszczanie niz
skrobia maniokowa i weglan wapnia. Skrobia maniokowa, jako dodatek do stomy, wchtaniata
wodg, peczniala, tworzac kleik, ktory zwiekszat adhezje¢ miedzy czastkami a powierzchnig
matrycy, stwarzajac opory zwigzane ze $cinaniem tych potaczen.

Najwigkszy wplyw dodatkéw na przemieszczenie tloka uzyskano przy najmniejszym
stezeniu dodatkéw (additives ratio). Przy stezeniu dodatku 2% wt/wt warto$¢ S$rednia
przemieszczenia tloka wynosita 9,38 mm 1 byla mniejsza o 29% od przemieszczenia ttoka
podczas aglomeracji stomy pszennej bez dodatkéw. Zwiekszenie st¢zenia dodatkéw do 6% 1
10% wywotato relatywnie mniejsze roznice w przemieszczeniu ttoka, odpowiednio o0 23% i
22%. Wigksza ilo$¢ dodatku adsorbowata na powierzchni otworu matrycy, tworzac tarcie, ktore
nalezato pokonac.

W celu osiagnigcia maksymalnej sity zaggszczania zwigkszenie wilgotnosci materiatu w
zakresie 10-20% w.b. wydluzylo przemieszczenie ttoka. Przy zbyt matej wilgotnosé
wspolczynnik tarcia byt wigkszy, a przy wigkszej obecno$¢ wolnej wilgoci (nie zwigzanej
dodatkami) miedzy czastkami przyczynita si¢ do wygenerowania sity kohezji miedzy
sgsiadujagcymi czastkami. Oznacza to, ze mozna osiggnac¢ optimum wilgotnos$ci, przy ktorej
przemieszczenie ttoka Sm bedzie mialo warto§¢ maksymalna.

Zgodnie z logika zwigkszenie wysokosci matrycy pozytywnie wplyneto na zwigkszenie
przemieszczenie ttoka, ale gradient przyrostu tego przemieszczenia byt o jedng trzecig wigkszy
1

w zakresie wysokosci 66-76 mm niz 76-86 mm i wynosit odpowiednio 0.067 mm-mm™ i

0.049 mm-mm™.
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Wraz ze wzrostem temperatury podgrzanego materiatu 78-93-108°C zmniejszato si¢
przemieszczenie tloka, odpowiednio 12,6-10,8-7,1 mm, czyli w przedziatach 78-93°C i1 93-
108°C wynosito odpowiednio 14% i 34%. Przesunigcie peletu w matrycy Vp bylo odwrotnie
proporcjonalne do przemieszczenia tloka do osiggnigcia maksymalnej sity/cisnienia
zageszezenia, czego dowodem byla wysoka, ale ujemna warto§¢ wspotczynnika korelacji
miedzy tymi dwoma parametrami r=-0,667 (Table S2). Wilgotno§¢ materialu miata
najwickszy wptyw na zrdéznicowanie przesunigcie peletu w matrycy i w zakresie wilgotnos$ci
10-30% w.b. vy zmniejszyto si¢ od 8,5 mm do 2,5 mm (Table 1). Przemieszczenie tloka do
osiggnigcia maksymalnej sily/ci$nienia zaggszczenia miato przecietng korelacje dodatnia z
jednostkowa pracg zageszczania (0,408), jednostkowg pracg przesunigcia peletu (0,332) i
gestoscig pojedynczego peletu (0.468) (Table S2).

Przesunigcie peletu w matrycy miato wysoka korelacj¢ ujemna z jednostkowa praca
zageszczania (-0,547), jednostkowa praca przesuwania peletu (-0,515) 1 gestosciag
pojedynczego peletu (-0,553) (Table S2).

Fizycznie przesunigciu peletu w matrycy odpowiadato dlugosci uformowanego peletu z
biezacego zaggszczenia dawki materiatu.

Jednostkowa praca zaggszczania, odniesiona do suchej substancji, byla najwigksza dla
stomy pszennej bez dodatku, 18,1 kJ-kg™}(Table 1). Dodanie skrobi maniokowej spowodowato
zmniejszenie tej pracy do 14,7 kJ-kg! (0o 19%), a weglanu wapnia do 12,5 kJ-kg? (0 31%).
Stezenie tych dodatkow nie miato jednak istotnego wptywu na jednostkowa prace zageszczania,
gdyz wartoéci tej pracy tworzyly grupe homogeniczng o $redniej wartosci 13,0 kJ-kg ™.

Zwigkszenie wysokosci matrycy tylko nieznacznie zwigkszyto jednostkowa prace
zageszczania, z 13,2 kJ-kg™?, dla $redniej wartosci jednorodnej grupy dla wysokosci matrycy
66 mm i 76 mm, do 15,0 kI-kg* dla Ic = 86 mm (Table 1).

Na jednostkowa pracg zaggszczania ujemny wpltyw (r =-0,255) (Table S2) miala
temperatura materiatu. Dla temperatury materiatu 78, 93 1 108°C jednostkowa praca
zageszczania wynosita odpowiednio 20,5 kJ-kg™?, 12,8 kJ-kg* i 5,4 kJ-kg(Table 1).

Wptyw czynnikéw na jednostkowa prace zaggszczania byl podobny jak na
przemieszczenie ttoka do maksymalne;j sity/ci$nienia zaggszczania i ich interpretacja bazuje na
tych samych zjawiskach fizycznych. Jednostkowa prac zageszczania uwzglednia jednak ksztatt
charakterystyki ci$nienie-przesuniecie (Fig. 1), a nie tylko wspétrzedne pojedynczego punktu.
Praca ta (Ls) lepiej odzwierciedla proces zageszczania niz przemieszczenie thoka Sm.

Jednostkowa praca przesuwania peletu (Lv) (3,5-17,2kJ-kg?) byla mniejsza od
jednostkowej pracy zageszczania (5,4-20,5 ki-kg™) (Table 1). Mimo ze jednostkowa praca
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przesuwania peletu odbywata si¢ na kroétszym odcinku niz praca zageszczania, to przesuwanie
peletu odbywato si¢ przy relatywnie wysokim ci$nieniu (Fig. 1). Materiaty o mniejszej gestosci
nasypowej i o duzej podatnosci na zgeszczanie, np. stomiaste, moga by¢ dozowane o wigkszych
dawkach, gdyz powstajacy aglomerat jest krotszy i1 potrzebna praca do jego przemieszczenia
jest mniejsza.

Wplyw czynnikoéw gtownych na zréznicowanie wartosci Ly byt nieco wiekszy niz na Ls.
Wartosci jednostkowej pracy zageszczania i przesuwania peletu byly bardzo wysoko ze sobg
skorelowane (r = 0,839) (Table S2). Warto$ci wspotczynnikow korelacji miedzy jednostkowsg
praca zageszczania oraz jednostkowa pracg przesuwania peletu i gesto$cig pojedynczych
peletow wynosity odpowiednio 0,593 i 0,588 (korelacja wysoka).

Gestos¢ pojedynczych peletow, odniesiona do suchej substancji, wytworzonych ze stomy
bez dodatkéw byta najwicksza i wynosita 490 kg-m= (Table 1). Dodanie do stomy skrobi
maniokowej spowodowato zmniejszenie gestosci do 405 kg'm™, a weglanu wapnia do
475 kg-m3, odpowiednio o 17 i 3%. Zwigkszenie stezenia tych dodatkow w zakresie 2-10%
wt/wt spowodowato niejednoznaczng zmiane ggstosci pojedynczych peletdw. Gestosé
pojedynczych peletow dobrze korelowata z parametrami procesu (Table S2). Wartos¢
wspotczynnika korelacji gestosci pojedynczych peletow z jednostkowa praca zageszczania
wynosita 0,593 (korelacja wysoka), jednostkowag praca przesuwania peletu (0,588),
przemieszczeniem tloka do maksymalnej sity/ciSnienia zaggszczenia (0,468, korelacja
przecigtna) i przesunigciem peletu (-0,553, ujemna korelacja wysoka). Z tego wynika, ze te
same zjawiska, ktore charakteryzowaty proces zaggszczania, wptywaly na uzyskanie peletu o
okreslonej gestosci.

Podobnie jak dla parametréw proceséw przy wilgotnosci materiatu 20% w.b. osiggni¢to
najwieksza gesto$é pojedynczych peletow 495 kg-m™. Znacznie mniejsza gestosé (372 kg-m™
%) miaty pelety wytworzone przy wilgotnosci materiatu 10% w.b. (spadek gestosci o 25%).
Zwigkszenie wilgotnosci materialu o ten sam interwat, do 30% w.b., przyczynito si¢ tylko do
nieznacznego obnizenia gestosci, do 479 kg-m™ (o 3%). Wraz ze zwigkszeniem wysokosci
matrycy zaobserwowano tendencj¢ do zwigkszenia gestosci pojedynczych peletow, ale
przyrosty tej gestosci nie byly jednoznaczne.

Stwierdzono jednokierunkowy, negatywny wplyw temperatury materialu na gestos$¢
pojedynczych peletow (r = -0,404) (Table S2). Najwicksza gestosé 542 kg-m™ (Table 1) mialy
pelety wytworzone przy temperaturze materiatu 78°C. Zwigkszenie temperatury materiatu o
15°C (do 93°C) spowodowato zmniejszenie gestosci pojedynczych peletéw do 494 kg-m™3,
czyli o 9%. Dalszy wzrost temperatury materialu o 15°C (do 108°C) doprowadzilo do
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znaczacego zmniejszenia gestosci pojedynczych peletow (do 310 kg-m~3, czyli o dalsze 37%).
Przy wyzszej temperaturze materiat lignocelulozowy ulegal plastyfikacji, stawat si¢ bardziej
amorficzny, zwlaszcza lignina i woda dziataty jak srodek smarny, mimo ze cze¢$¢ wody mogta
odparowac. Przy nizszej temperaturze efekt wilgoci byl mniejszy, zwlaszcza w obecnosci
dodatkéw CS 1 CC. Z czastek przylegajacych do powierzchni matrycy relatywnie wiecej wody
moglo odprawowaé. Dekompozycja hemicelulozy i celulozy zachodzi przy S$redniej

temperaturze a ligniny zaczyna si¢ juz od temperatury pokojowej (Uzun and Yaman, 2014).

Na podstawie zaprezentowanych wynikéw badan i analiz statystycznych opracowano
modele matematyczne dla parametrow zageszczania i gegstosci pojedynczych peletow (Table
2), a na ich podstawie zestawiono optymalne wartosci zmiennych sterujacych (Table S3 of the
SI). Analizg przeprowadzono osobno dla stomy pszennej oraz jej mieszanek z dodatkami CS i
CS, a takze dla wszystkich polaczonych danych, aby sprawdzi¢ mozliwo$¢ uogélnienia modeli
matematycznych. Analizowane funkcje celu osiggaly optymalne warto$ci przy zréznicowanych
zmiennych decyzyjnych, ale ze wzgledu na cel pracy wazng wartoscig byto stezenia dodatkow.
Dla mieszanki stomy pszennej ze skrobig maniokowa jednostkowa praca zageszczania Ls
osiggata optymalne wartosci przy stezeniu CS 4%, ale nie przetozylo si¢ to na gestosé
pojedynczych peletow (Table S3). Dla mieszanki stomy z wgglanem wapnia proces aglomeracji
zachodzil w optymalnych warunkach przy stezeniu CC 10%, ale przemieszczenie tloka 1
gesto$¢ pojedynczego peletu uzyskiwano przy zerowym stezeniu tego dodatku. Proba
optymalizacji procesu dla wszystkich rodzajow mieszanek biomasy wskazuje, ze maksymalna
gestos¢ pojedynczych peletow uzyskano przy stezeniu dodatkow 4%. Ogodlnie mozna
stwierdzi¢, ze korzystniejsze byto dodanie weglanu wapnia niz skrobi maniokowej, gdyz
gesto$é pojedynczych peletow z dodatkiem CC byta najwigksza i wynosita 853 kg'm3, a dla
dodatku CS byta mniejsza o0 20% (Table S3).

Uwzgledniajac gestos¢ pojedynczych peletow, jako wazng funkcje celu mozna stwierdzic,
ze optymalna wilgotno$¢ stlomy pszennej bez dodatkow wynosita 13% w.b. Podczas
aglomeracji mieszanki stomy pszennej ze skrobia maniokowa wszystkie pig¢ kryteriow
funkcyjnych osiggnety optymalne wartosci przy najwigkszej wilgotnosci 30% w.b., ale gestosé
pojedynczych peletéw byta najmniejsza (682 kg-m3). Zastosowanie weglanu wapnia do stomy
pszennej nie dawato juz tak powtarzalnego wyniku, ale uwzgledniajac prace jednostkowsa
zageszezania 1 gestos$¢ pojedynczych peletow, jako dominujgce funkcje celu, optymalny proces

zachodzit przy wilgotnos$ci okoto 18% w.b.
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Optymalna wysoko$¢ matrycy podczas aglomeracji stomy pszennej bez dodatkéw powinna
by¢ najwigksza, 86 mm, a zageszczanie mieszanek stomy z dodatkami moze by¢ realizowane
przy sredniej wysoko$ci matrycy, 76 mm.

Proces zageszczania 1 jego efekt w postaci optymalnej gestosci pojedynczych peletow
powinien si¢ odbywacé przy nizszej temperaturze materialu 78-86°C (z zakresu 78-108°C).
Oceniajac jako$¢ procesu przez osiggnicty efekt w postaci maksymalnej wartosci gestosci
pojedynczych peletow mozna stwierdzi¢, ze peletowanie zachodzito przy nastgpujacych
optymalnych zmiennych sterujacych; stezenie dodatku 4% wt/wt, wilgotno$¢ materiatu 23,3%
w.b., wysoko$§¢ matrycy 78 mm, temperatura materiatu 80,2°C (Table S3, Fig. 6). W tych
optymalnych warunkach przemieszczenie tloka do osiagnigcia maksymalnej silty/ciSnienia
zageszczenia wynosito Sm = 14,2 mm, przesunigcie pletetu Vp=2,35 mm (rOwnowazne
wysokosci zageszczonej pojedynczej dawki), jednostkowa praca zaggszczania Ls = 22,1 kJ-kg™
1 jednostkowa praca przesuwania peletu L, = 15,4 kJ-kg . Wartosci te obliczono na podstawie

modeli matematycznych (Table 2).

4.2. Publikacja 2

Charakterystyka pojedynczych peletow wytworzonych ze stomy pszennej i W pofgczeniu ze
skrobig maniokowq lub weglanem wapnia w roznych warunkach zageszczania: Okreslenie
wytrzymatosci peletow i zdolnosci absorpcji wody przez pelety

Matkowski P., Lisowski A., Swiqtochowski A. Characterisation of Wheat Straw Pellets

Individually and in Combination with Cassava Starch or Calcium Carbonate under Various
Compaction Conditions: Determination of Pellet Strength and Water Absorption Capacity.
Materials. 2020;13(19):1-15. doi:10.3390/mal13194375

Celem pracy byto wyznaczenie najkorzystniejszej kombinacji parametrow zageszczania
stomy pszennej oraz zmieszane] z dodatkami wigzacymi skrobi maniokowej lub weglanu
wapnia przez maksymalizacj¢ wytrzymatosci peletoéw na Sciskanie i absorpcji wody przez
pelety zgniecione. Parametrami charakteryzujacymi wytrzymato$¢ peletdéw na $ciskanie byty
jednostkowa praca $ciskania, przy ktorej pelety pgkaty, modut sprezystosci i maksymalne
napre¢zenia $ciskajace. Pelety zgniecione, jako potencjalny materiat na $ciotke, oceniono na
podstawie absorpcji wody. W analizie tych wynikow badan uwzgledniono réwniez gestosé
pojedynczych peletow, ktorag rozwazano w ocenie procesu zageszczania.

Najwieksza jednostkowa praca $ciskania (2,66 mJ-mm™2) podczas deformacji probek az do

wystgpienia peknigcia cechowaty sie pelety wytworzone z mieszanki stomy pszennej z
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dodatkiem weglanu wapnia (Table 2). Nieco mniejszej pracy niszczacej (o 5%), ale bez
statystycznie istotnej roznicy, wymagaty pelety wytworzone z czystej stomy pszenne;j.
Najmniejsza jednostkowa pracg $ciskania (1,28 mJ-mm™2), przy ktorej probki pekaty,
charakteryzowaly si¢ pelety wytworzone z mieszanki stomy pszennej z dodatkiem skrobi
maniokowej.

Pelety wytworzone przy zwigkszajacej si¢ wilgotnosci cechowaty si¢ wigkszg odpornos$cia
na obcigzenia $ciskajace i przyrost jednostkowej pracy Sciskania byt zdecydowanie wigkszy w
pierwszym przedziale wilgotno$ci (10-20% ) niz w drugim (20-30%) 1 wynosit odpowiednio
124% 1 2%. Znaczacy przyrost jednostkowej pracy Sciskania miat miejsce przy najwigkszej
temperaturze materiatu 108°C, a w temperaturach 78°C i 93°C przebiegi zmian E; osiggnety
plateau (Fig. 1). Odwrotnie niz wilgotno$¢ materiatu wzrost temperatury materiatu zmniejszyt
odpornos¢ peletow na S$ciskanie i w przedziatach 78-93°C 1 93-108°C spadek wynosit
odpowiednio 1% i 60%.

Jednostkowa praca $ciskania, potrzebna do pgknigcia peletu byta tym wieksza im wigksza
byla gestos¢ jednostkowa peletu, gdyz korelacje miedzy tymi parametrami bylty wysokie;
r=0,514 dla mieszanki stomy pszennej ze skrobig maniokowsg lub bardzo wysokie; r=0,813 i
r=0,816, odpowiednio dla stomy pszennej i mieszanki stomy pszennej z weglanem wapnia
(Table S1). Wysokie lub bardzo wysokie korelacje zarejestrowano miedzy jednostkowg praca
sciskania a modutem sprezystosci 1 maksymalnym naprezeniem $ciskajagcym. Ujemna, dosé
wysoka korelacja (r=-0,5) byla miedzy jednostkowa pracg $ciskania a absorpcja wody. Im pelet
byt bardziej odporny na peknigcie tym w mniejszym stopniu nasigkat woda.

Mozna stwierdzi¢, ze wpltyw weglanu wapnia byl bardziej efektywny niz skrobi
maniokowg jako dodatek do stomy pszennej ze wzgledu na potrzebe uzycia wigkszej
jednostkowej pracy $ciskania w celu peknigcia peletow. Udzial dodatkéw wigzacych nie miat
wigkszego wpltywu na jednostkowa prace S$ciskania. Wpltyw wilgotnosci 1 temperatury
materiatu byt przeciwny i o wykladniczej zmianie z rosngcag charakterystyka do plateau dla
jednostkowej pracy Sciskania przy zwigkszajacej si¢ wilgotnosci oraz z odwrdcong
charakterystyka przy zmniejszajacej si¢ temperaturze materiatu (Table 2, Fig. 4).

Warto§¢ srednia modutu sprezystosci byta najwigksza (7,42 MPa) dla peletéw
wytworzonych z mieszanek stomy pszennej z dodatkiem skrobi maniokowej, a najmniejsza
(2,39 MPa) dla peletéw uzyskanych z mieszanki stomy pszennej z dodatkiem weglanu wapnia.
Modut sprezystosci dla peletow wytworzonych z czystej stomy pszennej wynosit 4,62 MPa
(Table 2).
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Warto$¢ udziatu dodatkéw nie miala wptywu na zrdéznicowanie wartosci modutu
sprezystosci, ktore tworzyly wspolng grupe jednorodng o $redniej wartosci 4,83 MPa, ale
wzrost udziatu dodatkow przektadat si¢ na nieznaczng tendencj¢ malejaca modutu sprezystosci.

Modut sprezystosci zwigkszat sie¢ progresywnie wraz z wilgotnosci materialu 1 w
przedziatach wilgotnosci 10-20% i 20-30% przyrost wynosit odpowiednio 15% i 21%. Czastki
stomy pszennej oraz dodatki pgczniaty wraz z absorpcja wody i mogly si¢ cechowac lepsza
sprezystoscia przy wiekszej wilgotnosci. Ponadto woda jest niescisliwa, stad jej wickszy udziat
w materiale zwigksza jego sprezystosc.

Najwiekszy modut sprezystosci (5,83 MPa) wykazywatly pelety wytworzone przy
temperaturze materiatu 93°C. W temperaturze 78°C warto$¢ modutu sprezystosci zmniejszyta
si¢ 0 10%, a w temperaturze najwickszej 108°C warto$¢ tego parametru zmniejszyla si¢ az o
40% (Table 2). Z tego wynika, ze istnieje optymalna wilgotno$¢, dla ktorej modut sprezystosci
osigga warto§¢ maksymalng. Korelacja miedzy modulem sprezystosci a temperaturg materiatu
byta ujemna i staba (Table S1). Modut sprezystosci bardzo dobrze korelowat z jednostkowa
praca $ciskania oraz naprezeniem S$ciskajagcym i wartosci wspotczynnikéw korelacji byty
wicksze dla peletow z mieszanek stomy pszennej z weglanem wapnia niz ze skrobig
maniokowa i byly o podobnej wartosci dla peletow z czystej stomy pszennej, o $redniej
wartos$ci 1=0,7 (Table S1).

Najwickszymi, wartosciami $rednimi naprezen S$ciskajacych (2,11 MPa) cechowaly si¢
pelety wytworzone z mieszanki stomy pszennej z dodatkiem weglanu wapnia (Table 2). Byty
one wigksze o 71% od naprgzen $ciskajacych dla peletow z mieszanki stomy pszennej z
dodatkiem skrobi maniokowej. Modul sprezystosci dla peletow ze stomy pszennej byl mniejszy
od warto$ci maksymalnej o 8%. Udziat dodatku nie miat istotnego wptywu na maksymalne
naprezenia $ciskajace, ale mozna wskaza¢ na jego tendencje malejaca. Najwigkszy przyrost
naprezen $ciskajacych zarejestrowano przy zwigkszeniu wilgotno$¢ materiatu z 10°C do 20%,
ktory wynosit 133%. W zakresie wilgotnosci 20-30% ten przyrost zmniejszyl si¢ do 17%.
Podobng tendencje, ale przy ponad 4-krotnym mniejszym poziomie gradientu zauwazono dla
przedzialow wysokosci matrycy 66-76 mm i 76-86 mm, dla ktorych przyrost naprezen
sciskajacych wynosil odpowiednio 28% i 4%. Odwrotna tendencja do wilgotnosci i wysokos$ci
matrycy byta dla temperatury, gdyz w zakresie temperatur 78-93°C 1 93-108°C spadek warto$ci
napre¢zen $ciskajacych wynosit odpowiednio 6% i 63%.

Naprezenia $ciskajace wysoko korelowaty z modutem sprezystosci, r=0,515-0,702, ale
przede wszystkim bardzo wysoko korelowaty z jednostkowa pracg $ciskania, 1=0,830-0,928

(Table S1).
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Ze wzgledu na cel pracy bardzo wazna jest ocena zdolnos$ci absorpcji wody przez pelety
zgniecione. Najwieksza absorpcja wody (5,45 g H20-g?) cechowaty sie pelety zgniecione
wytworzone z czystej stomy pszennej (Table 2). Dodanie weglanu wapnia spowodowato
zmniejszenie absorpcji wody przez pelety zgniecione o 12%, a dodanie CS az o 59%.
Zwigkszenie udzialu dodatkow z 2% do 6% zwigkszylo absorpcje wody z 3,56 do
3,69 g H20-g1, 0 4%, a w wickszym zakresie przedzialow tych dodatkow (6-10% wt/wt)
nastgpito zmniejszenie tej absorpcji z 3,69 do 3,30 g H20-g, 0 34%.

Wraz z wilgotnoscig materialu zmniejszata si¢ absorpcja wody przez pelety zgniecione, ale
nie bylo jednoznacznej tendencji miedzy rodzajami dodatkow. Na podstawie réwnan
regresyjnych (Table S2) stwierdzono, ze mimo iz dla wszystkich mieszanek najwicksza
absorpcja wody byta przy wilgotnosci najmniejszej, to dla dodatku weglanu wapnia uzyskano
minimalng warto$¢ absorpcji wody przy wilgotno$ci materiatu 20-22%, a dla dodatku skrobi
maniokowej absorpcja wody byta najmniejsza przy najwickszej wilgotnosci materiatu.

Pelety wytworzone przy mniejszej wysokosci matrycy (66 mm) cechowaly sie¢ najwicksza
absorpcja wody 4,00 g H,O-g! (Table 2). Zwiekszenie wysokoéci matrycy do 76 mm
spowodowato zmniejszenie absorpcji wody o 4%, a dalsze zwigkszenie tej wysokosci do
86 mm zmniejszatl zdolno§¢ pochlaniania wody przez pelety zgniecione o kolejne 11%.
Gradient spadku absorpcji wody byt wigc progresywny.

W przeciwnym kierunku oddzialywala temperatura materiatu, przy ktorej wytworzono
pelety. Pelety wytworzone przy najnizszej temperaturze 78°C mialy najmniejsza zdolnos$¢
absorpcji wody 3,35 g H.0-g* (Table 2). Wzrost temperatury materiatu o 15°C spowodowat
zwiekszenie nasycenia wodg peletow zgniecionych o 7%, a dalszy wzrost tej temperatury o
kolejne 15°C zwigkszylt absorpcje wody 0 23%.

W podsumowaniu nalezy stwierdzi¢, ze czynniki gldwne; rodzaj materialu, udziat
dodatkow, wilgotno§¢ materialu, wysoko$¢ matrycy i temperatura materiatu, ktore byly
zmieniane podczas wytwarzania peletow wptywaty odmiennie na absorpcj¢ wody przez pelety
zgniecione niz na gestos¢ jednostkowa 1 wytrzymalo$¢ peletow na obcigzenia Sciskajace.
Dlatego tez relacje migdzy tymi parametrami kryterialnymi a absorpcja wody przez pelety
zgniecione byly przeciwne, czego dowodem sg wysokie, ale ujemne wartosci wspotczynnikow
korelacji (Table S1). Mimo ze proces namaczania byt przeprowadzony na peletach
zgniecionych, to te pelety, ktore cechowatly si¢ wiekszg gestosciga jednostkowa i
wytrzymatoscig na deformacje¢ podczas obcigzenia $ciskajgcego charakteryzowaty si¢ mniejsza

absorpcja wody.
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Spdjnos¢ miedzy absorpcjg wody a gestoscig pojedynczych peletow byta najwigksza, gdyz
warto$ci wspotczynnikow korelacji zawieraty si¢ w przedziale od r=-0,502 do r=-0,645 (Table
S1). Sposrod parametréw wytrzymatosciowych naprezenia Sciskajace najlepiej korelowaty z
absorpcjg wody, dla ktorych wartos¢ wspotczynnikow korelacji wynosita od r=-0,505 do r=-
0,574 (Table S1). Ze wzgledu na kryterium zdolno$ci absorpcji wody przez pelety zgniecione
korzystniej bylo wytwarza¢ pelety o mniejszej gestosci jednostkowej i wytrzymatosci na
Sciskanie.

Dla kontrastu absorpcja wody przez czysta rozdrobniong stome¢ pszenng o wilgotnosci
10% wb wynosita 4,97 g H2O-g* i byla mniejsza od stomy pszennej speletowanej, a dla
mieszanki stomy pszennej ze skrobig maniokowg lub weglanem wapnia byta wigksza i
wynosila odpowiednio 6,27 i 6,43 g H20-g™. Udziat dodatkéw (2-10% ) nie miat statystycznie
istotnego wplywu na zréznicowanie wartosci absorpcji wody, gdyz wyniki zawieraly si¢ w
waskim zakresie 6,20-6,51 g H2O-g? i tworzyly grupe jednorodng. Wyniki badan
zaprezentowano tylko dla najmniejszej wilgotnosci stomy pszennej, gdyz tylko suchg stome
jest sens stosowac jako $ciotke.

Whnioski z wynikéw badan i analiz statystycznych pozwolily na opracowanie modeli
matematycznych dla parametréw wytrzymatosciowych peletow 1 absorpcji wody przez pelety
zgniecione (Table S2). Na podstawie modeli wyznaczono optymalne wartosci zmiennych
sterujacych procesem zageszczania (Table 3). Analizowane funkcje celu osiggaty optymalne
warto$ci przy zroéznicowanych zmiennych decyzyjnych, ale ze wzgledu na cel pracy wazna
wartos$cig byt udzial dodatkow. Interesujace, ze optymalny udzial skrobi maniokowej wynosit
4% dla maksymalnych naprgzen Sciskajacych i 6,1% dla absorpcji wody (Table 3). Optymalny
udziat weglanu wapnia byl w poblizu wartosci zero dla wszystkich innych funkcji celu. Przy
uogdlnionym podejsciu wartos¢ udziatu dodatku dla funkeji celu pp, Ej, E and oc wynosita 4%.

Najlepsze parametry wytrzymatosciowe peletow ze czystej stomy pszennej uzyskano w
podobnych warunkach peletowania; przy wilgotnosci 23-30% w.b., wysokosci matrycy 86 mm
i temperaturze materiatu okoto 91°C (Table 3).

W poréwnaniu do czystej slomy pszennej z mieszanki stomy pszennej ze skrobig
maniokowa najlepsze pelety pod wzgledem wytrzymalo$ci osiagnigto w warunkach wigkszej
wilgotnosci 30% w.b., mniejszej wysoko$ci matrycy, okoto 70 mm i nizszej temperaturze
materiatu 80°C.

Dodanie weglanu wapnia do stomy pszennej zmienito warunki peletowania, gléwnie w
odniesieniu do wilgotnosci materialu, ktora nie powinna by¢ wigksza niz 16%. W tych

warunkach, z uwzglednieniem wysoko$ci matrycy, okoto 76 mm i temperatury materiatu 78°C
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wytworzono pelety o najlepszych parametrach wytrzymatosciowych. Wymagana wilgotnos¢
materiatu 1 temperatura materialu mieszanki stomy pszennej z weglanem wapnia byly
najmniejsze w poréwnaniu do obu pozostalych materiatow. Zageszczanie mieszanki stomy
pszennej z weglanem wapnia wymagato mniejszej wysokosci matrycy niz podczas peletowania
czystej stomy pszennej 1 wigkszej niz dla mieszanki stomy pszennej ze skrobig maniokows.

Warunki peletowania mieszanki stomy pszennej ze skrobig maniokowg byty odmienne niz
dla czystej stomy pszennej i mieszanki stomy pszennej z weglanem wapnia.

Z mieszanki stomy pszennej z weglanem wapnia wytworzono pelety cechujace si¢
najwieksza gestoécia pojedynczych peletow 853 kg'm™ i najwickszymi naprezeniem
sciskajacym 4,17 MPa, ktéore wymagaly najwickszej jednostkowej pracy $ciskajacej
6,10 mJ-mm™ do ich zgniecenia.

W pordéwnaniu do wymagan wytrzymatosciowych kryterium najwiekszej absorpcji wody
wymagato innych warunkow peletowania. Aby osiagna¢ najwigksza absorpcje wody przez
pelety zgniecione zaggszczanie materialu powinno si¢ odbywa¢ w warunkach najmniejszej
wilgotnosci materiat 10%, przy najmniejszej wysokosci matrycy 66 mm 1 najwyzszej
temperaturze materialu 108°C (z badanego zakresu zmiennych sterujacych). Zageszczanie
mieszanki stomy pszennej ze skrobig maniokowa wymaga nizszej temperatury materiatu 81°C,
ale w obszarze optymalnej wilgotno$ci materialu i wysoko$ci matrycy charakterystyka
absorpcji wody byta tylko nieznacznie zr6znicowana. Miedzy temperaturg materiat 81°C a
108°C roznica w wartos$ci absorpcji wody wnosita 9%, gdyz absorpcja wody zmniejszyla si¢ z
3,159 H20-g do 2,85 g H.0O-g™.

Dla optymalnych warunkéw, dla ktérych absorpcja wody byta najwieksza, wartosci
parametrow wytrzymatosciowych sg nie do zaakceptowania, a nawet sg nierealistyczne dla
jednostkowej pracy $ciskania i naprezen $ciskajacych.

Dlatego przyjeto zatozenie, ze kryterium wyboru warunkéw peletowania powinno
bazowa¢ na wymaganiach wytrzymatosciowych peletow 1 gestosci jednostkowej peletow.
Uwzgledniono fakt, ze parametry wytrzymatosciowe peletow, a zwtaszcza praca jednostkowa
Sciskania i naprgzenia $ciskajace bardzo wysoko korelowaty z gestoscia jednostkowa peletow.
Ponadto ocen¢ peletowania wyrazono przez kryterium ggstosci jednostkowej peletéw. Biorac
pod uwage dotychczasowe analizy 1 wyjasnienia zalozono, Ze gesto$¢ jednostkowa peletow
bedzie rowniez kryterium do wyznaczenia warunkow peletowania wzgledem Ej, E i oc. W tych
warunkach technicznych otrzymano pelety o dobrych wlasciwosciach wytrzymatosciowych, a
absorpcja wody byla pochodng tych kryteriow. Dla optymalnych warunkoéw peletowania przy

udziale dodatkéw 4%, wilgotnosci materiatu 23,3%, wysokosci matrycy 78,5 mm i
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temperaturze materiatu 80,2°C obliczono wartosci parametrow na podstawie modeli
matematycznych (Table S2). W tych warunkach technicznych wytworzono pelety, ktore
obcigzone promieniowo sita $ciskajaca cechowaly si¢ jednostkowa praca $ciskania
3,22 mJ-mm™, modulem sprezystoéci 5,78 MPa i naprezeniem $ciskajacym 2,68 MPa, a
zdolno$é absorpcji wody przez pelety zgniecione wynosita 2,60 g H2O-g? . Ta warto$¢
absorpcji wody byta zblizona do wartoéci podawanych w dostepnej literaturze (Pearson et al.,
2000).

Dla tego scenariusza obliczone wartosci parametrow byly mniejsze od wartosci
najwigkszych, ktore uzyskano z modeli matematycznych dla warunkéw optymalnych. Dla tych
warunkéw optymalnych wartosci funkcji celéow wynosity odpowiednio 3,66 mJ-mm?,
6,77 MPa, 3,06 MPa and 6,28 g H.O-g* (Table 3). Réznica wzgledna miedzy wartoéciami
obliczonymi w odniesieniu do warto$ci najkorzystniejszych, wynosita odpowiednio 12, 15, 12
i 59%. Z tego wynika, ze wytrzymatos$¢ peletow wytwarzanych w warunkach optymalnych ze
wzgledu na gestos¢ pojedynczych peletéw byta tylko nieznacznie mniejsza od peletow
uzyskanych w warunkach optymalnych osobno dla kazdego parametru wytrzymato§ciowego.
Dla tych rozpatrywanych warunkoéw réznice migdzy wartoSciami absorpcji wody przez pelety
zgniecione byly znaczace. Przedstawiona analiza 1 interpretacja wynikow badan wskazuje, ze
w ocenie jakosci peletow nie mozna bazowac na kryterium zdolnosci absorpcji wody przez
pelety zgniecione. Pelety wytworzone w takich warunkach bytyby nie do zaakceptowania ze
wzgledu na zbyt mala gestos¢ 1 wytrzymato§¢. Podczas transportu, przechowywania i
manipulacji ulegalyby rozkruszeniu, zwigkszyloby si¢ zapylenie, co ostatnie mogloby si¢

przelozy¢ na mniejszg jakos¢ peletow zgniecionych jako $ciotki.

4.3. Publikacja 3
Wplyw zageszczanej dawki czystej stomy pszennej i mieszanki stomy z weglanem wapnia lub
skrobig maniokowq na proces peletowania i jakos¢ peletow
Matkowski P., Lisowski A., Swietochowski A. Effect of compacted dose of pure straw and
blends of straw with calcium carbonate or cassava starch on pelletising process and pellet
quality. Journal of Cleaner Production. 2020;277:1-12. doi:10.1016/j.jclepro.2020.124006.

Celem pracy bylo wyznaczenie charakterystyk rozmiarow czastek i §redniej geometrycznej
wymiaréw czgstek rozdrobnionej czystej stomy pszennej oraz mieszanek stomy pszennej z

dodatkami skrobi maniokowej lub weglanu wapnia o zréznicowanym udziale oraz
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przeprowadzenie badan zaggszczenia tego materialu o roznej pojedynczej dawce wraz z
wyznaczeniem gestosci peletdéw 1 parametrow wytrzymatosciowych peletow podczas ich
Sciskania: modulu sprezystosci, jednostkowej pracy pekania i1 naprezen Sciskajacych.
Niezgniecione i zgniecione pelety scharakteryzowano pod wzgledem ich zdolnos$ci absorpcji

wodly.

Rozktad wymiardéw czastek dla mieszanek z 2% wt/wt udziatem dodatkéw o prawostronnej
skosnosci byly zblizone ksztaltem do rozktadu czystej stomy pszennej (Fig. 2a) i znaczaco
r6znily si¢ od rozkladéw dla mieszanek z 6% udziatem dodatkéw o prawostronnej skosnosci
(Fig. 2b), niezaleznie od rodzaju dodatku. Srednia geometryczna wymiaréw czastek Xq dla
czystej stomy pszennej byla najwicksza, 1,18 mm (Table S1). Dodatek o udziale 2% wt/wt
spowodowal zmniejszenie tej $redniej do 0,95-0,96 mm, a o udziale 6% wt/wt do 0,71-
0,74 mm, odpowiednio o 19% 1 39%. Udzial dodatkow wptynal statystycznie istotnie na
zréznicowanie warto$ci Xg, ale miedzy rodzajami dodatkow nie bylo takich roznic. Rozktad
wymiardw czastek mieszanek materialow byly wizualnie mniej strome niz czystej stomy
pszennej (Fig. 4), ale roznice dla Kg migdzy udzialem dodatkow byly bardzo mate i wynosity
0,01.

Udziat czastek drobniejszych w rozktadach byt znaczaco wigkszy po dodaniu dodatkow o
udziale 6% niz 2%. Najwicksze roznice wystgpily w obszarze wartosci sredniej Xg i dla CS i
CC wynosity odpowiednio 13,06% 1 15,94%. Przy matej ilosci dodatkow (2%) czastki
proszkow przyczepiaty si¢ do powierzchni zewnetrznej czastek stomy i tylko w nieznacznym
stopniu wptynety na relacje migdzy sasiednimi czastkami. Przy wilgotnosci 20% wigksza ilo$¢
proszku CS 1 CC (6%) w wigkszym stopniu zwigzala najdrobniejsze czastki WS, przez
tworzenie matych agregatow z najdrobniejszych czastek, czego dowodem bylo 2-3-krotne
zwigkszenie udzialu czastek drobnych w rozktadzie mieszanek niz czystej stomy pszennej. W
poréwnaniu do czystej stomy pszennej ten wigkszy udziat drobnych czastek wptynat znaczaco
na zmniejszenie udziatu czastek Srednich o wymiarze 1,94 mm w mieszankach CC i CS z
39,08% do odpowiednio 5,76% 1 7,53%. Udziatl czastek dlugich, powyzej 4 mm, si¢ nie
zmienil. Wigksza zmiana udziatu czastek w rozkladzie mieszanki z dodatkiem weglanu wapnia
wynikata prawdopodobnie z lepszej zdolnosci taczenia si¢ czastek weglanu wapnia z czastkami
stomy pszennej i lepszego wigzania wody z biomasy, zapewniajac trwalsze wigzania, ktore
utrzymaly si¢ nawet pod wptywem wibracji separatora, na ktorym separacja materialu si¢

odbywata.
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O wigkszym udziale drobniejszych czgstek w mieszance z 6% wt/wt dodatkiem CC
wskazuje warto$¢ mass S, ktora wynosita 1,95 (Table S1). Rozpigtos¢ Sy byta nieznacznie
wieksza niz 1,0, co jest zgodne z opisywanym trendem. Wartosci S| byly w odwrotnej relacji
do wskaznika jednorodnosci lu. Jednorodno$¢ mieszanek byta wieksza 1 rozktad wymiarow
czastek byt bardziej ptaski i zblizony do symetrycznego.

Najbardziej zrdéznicowanymi wymiarami czastek charakteryzowaly si¢ rozklady
mieszanek z 2% udziatem dodatkow, gdyz bezwymiarowe odchylenie standardowe Sg byto
najwigksze i wynosito 2,17-2,22 (Table S1). Zwigkszenie dodatkow do 6% przyczynito si¢ do
zmniejszenia sq do 2,08-2,10. Najmniejszym rozrzutem cechowaty si¢ wymiary czastek czystej
stomy pszennej, Sq = 2,03.

Krzywe przyrostu cis$nienia vs. przemieszczenia ttoka podczas zaggszczania dawki
materiatu miaty typowy przebieg wyktadniczy do chwili, gdy rozpoczat si¢ ruch peletu (Fig.
3). W poczatkowych probach, gdy nie bylo wystarczajacego przeciwcisnienia w matrycy, po
rozpoczeciu ruchu peletu ci$nienie w dalszym ciggu zwigkszato si¢, az do zakonczenia skoku
ttoka ustalonego czujnikiem krancowym. Po uzyskaniu stabilno$ci procesu, gdy
przeciwci$nienie byto wystarczajace, ruch peletu rozpoczynatl si¢ po osiagnigciu cis$nienia
maksymalnego, ktore natychmiast spadato. Byto to normalne zachowanie si¢ procesu (Stelte et
al., 2011).

Przy zgeszczaniu mieszanki z dodatkiem CS przebiegi krzywych zaggszczanie byly mniej
regularne 1 ci$nienie maksymalne byto mniejsze zarowno w poréwnaniu do mieszanki z
dodatkiem CC, jak i do czystej stomy pszennej. Te roznice w charakterystyka zageszczania
materiatow moga wynikac z sily tarcia, ktére nalezalo pokona¢. Czysta stoma, zawierajaca
naturalne woski, wymagata najwigkszego ci$nienia (135 MPa) do pokonania tarcia. Mimo ze
zwigkszajace si¢ tarcie generowalo wzrost temperatury, to przy stosunkowo niskiej
temperaturze materiatu 78°C przyrost tej temperatury nie byl na tyle duzy, aby zmieni¢
znaczagco strukture ligniny stomy pszennej. W niskich temperaturach powierzchniowe
substancje ekstrakcyjne, w tym wypadku woski, majg dziatanie smarujgce i zmniejszajg tarcie
w kanale matrycy, podczas gdy takiego efektu nie obserwuje si¢ w podwyzszonych
temperaturach (Stelte et al., 2012). Z tego powodu w warunkach procesu (t=78°C,
MC = 20%), dla stomy pszennej istnieje maksymalne tarcie, ktore rozwija si¢ wczesnie, przed
wprawieniem peletu w ruch, po czym tendencja si¢ zmniejsza, ze wzgledu na charakter tarcia
kinetycznego oraz zmniejszenia sumarycznej rzeczywistej powierzchni styku wierzchotkow

czastek materialu z powierzchnig kanatu matrycy.
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Dodanie skrobi maniokowej o udziale 2%, ktorej proszek przyczepiony do powierzchni
wilgotnych czastek (20% w.b.) wytworzyt kleik, powodujac zwigkszenie adhezji do
powierzchni otworu matrycy i miedzy sgsiadujgcymi czastkami. Przyczynito si¢ to do
wczesniejszego pojawienia si¢ tarcia, ktore nalezato pokona¢ (Fig 3b). Po skoku ttoka 5 mm
zaobserwowano zwickszanie si¢ ci$nienia zageszczania. Z tego powodu droga zageszczania
mieszanki z 2% udziatem skrobi maniokowej byta najdluzsza. W poréwnaniu do czystej WS
nie przetozylo si¢ to do osiagnigcia wigkszego ci$nienia maksymalnego. Przy wigkszej
koncentracji skrobi maniokowej (6%) prawdopodobnie doszedt wigkszy efekt zmiany
wiasciwosci skrobi maniokowej pod wplywem temperatury 78°C powigzany z wilgotnoscia
20%, w ktorych to warunkach skrobi maniokowej ulega plastyfikacji. Przy efekcie plastyfikacji
tarcie bylto zbyt mate, aby powstalo wystarczajace przeciwcisnienie w komorze matrycy. Stad
podczas zaggszczania mieszanki z 6% skrobi maniokowej zauwazalne ci$nienie zaggszczania
zarejestrowano najpdzniej ze wszystkich analizowanych przypadkow, gdy skok tloka wynosit
okoto 10 mm.

W porownaniu do skrobi maniokowej dodanie weglanu wapnia znacznie poprawito
charakterystyki zageszczania. Najwigkszy efekt osiggnigto przy 6% (Fig. 3e) udziale dodatku
weglanu wapnia. Poczatek zwigkszania sie ci$nienia zageszczania dla mieszanki z CC byt
podobny jak dla czystej stomy pszennej, ktory zaobserwowano przy skoku ttoka 9 mm. Wzrost
ci$nienia dla mieszanki z weglanem wapnia byt bardziej stromy, ale maksymalne ci$nienie,
okoto 100 MPa, bylo o 4 mniejsze niz dla czystej stomy pszennej. Krzywe ci$nienie-
przemieszczenie dla mieszanki z 6% dodatkiem weglanu wapnia byty najgtadsze ze wszystkich
kombinacji. Prawdopodobnie weglan wapnia potaczony z wodg dat efekt srodka smarnego,
ktory zapobiegal zjawisku drgan ciernych (stick-slip). Temperatura materiatu 78°C miata maty
wplyw na zmian¢ wiasciwosci termicznych czystego weglanu wapnia, gdyz do temperatury
224°C zachowuje on do$¢ stabilne wlasciwosci struktury (Rodriguez-Navarro et al., 2016).
Wplyw weglanu wapnia na peletowanie nalezy rozpatrywa¢ w polaczeniu z podstawnym
materiatem slomy pszennej jako mieszanki o okreslonej wilgotnos$ci 1 temperaturze materiatu.
Wilgotno$¢ materiatu 20% byta na tyle duza, Ze w polaczeniu z temperatura zwigkszyla sie
podatno$¢ mieszanki materialu z wegglanem wapnia na odksztatcenia plastyczne i zmniejszyla
si¢ sprezysto$¢ materiatu oraz zmniejszyto si¢ tarcie w komorze matrycy i wymagane ci$nienie
maksymalne zageszczania byto mniejsze niz dla czystej stomy pszennej. Material CC migrowat
do wody na powierzchni czgstek zwigkszajac lepkos¢ wilgoci, a zwilzony obszar czgstek stawat
si¢ coraz bardziej plastyczny, rowniez pod wptywem zmieniajacej si¢ wilgotnosci materiatu w

wyniku schnigcia czastek stykajacych si¢ z komora matrycy co wptyngto na ksztatt profilu
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zageszezania. Zidentyfikowany wigkszy udziat czgstek drobniejszych w rozktadzie wymiarow
mieszanki z weglanem wapnia i mniejsza $rednia geometryczna wymiarow czastek dodatkowo
korzystniej wplynety na wymienione procesy oraz dyslokacje czastek podczas zageszczania.
Zachodzity zatem sprzezenia zwrotne, ktore powinny by¢ bardziej szczegotowo zbadane.

Zgodnie z zatozeniami przeanalizowano 12 parametrow opisujacych peletowanie i jakos$¢
peletow, ktore w polaczeniu ze zmiennymi sterujgcymi przeanalizowano pod katem wzajemnej
spojnosci, ktorych wyniki zestawiono w formie macierzy wspotczynnikéw korelacji.
Wykorzystujac metod¢ korelacji cech ze wstepnie zaproponowanych parametréw usunigto
dwa; naprezenia $ciskajgce o i przemieszczenie thoka do maksymalnego cisnienia aglomeracji Sm. Oba
parametry mialy duze wartosci wspotczynnikow korelacji (Table S2), odpowiednio z
jednostkowa pracg zageszczania Ej, r=0,861 (dodatnia korelacja bardzo wysoka) i
przesunigciem peletu w matrycy Vp, I = -0,991 (ujemna korelacja prawie peina).

W wigkszosci przypadkéw czynniki gléwne (rodzaj dodatku, udziat dodatku i dawka)
mialy statystycznie istotny wplyw na zréznicowanie warto$ci parametrow kryterialnych.
Dhugos$¢ peletow nie byta statystycznie istotnie zroznicowana wzgledem czynnikow glownych
(warto$¢ poziomu istotnosci p=0,1374-0,7467), co jest logiczne, gdyz pelety byly pocigte na
zalozone odcinki. Dlugos$¢ peletow zawierata si¢ w przedziale 15,80-16,77 mm. Ponadto
absorpcja wody przez pelety zgniecione byla statystycznie istotnie zréznicowana wzgledem
dawki (p <0,0001), a nie stwierdzono takich réznic w odniesieniu do rodzaju dodatku i jego
udziatu, gdyz wartosci p wynosity odpowiednio 0,9116 1 0,5337.

Srednica peletu byta wigksza niz $rednica konstrukcyjna otworu matrycy, co oznacza, ze
pelety ekspandowaly po opuszczeniu matrycy oraz w czasie ich tygodniowego
przechowywania. Pelety uformowane przy dawce 50 mg miaty $rednice 8,04 mm, a przy
dawkach 100 i 150 mg $rednica peletow byta wigksza i jednakowa, 8,07 mm. Przy najmniejszej
dawce ekspansja peletow byla najmniejsza, a zatem trwalo$¢ wigzan miedzy czastkami
materialow byla najwieksza. Pelety z czystej WS mialy najmniejszg $rednice 8,03 mm, a z
dodatkami CS i CC $rednica peletow wynosita odpowiednio 8,06 mm i 8,08 mm. Podobnie
udziat dodatkéw spowodowal zwigkszenie ekspansji, gdyz $rednica peletéw dla mieszanek
wynosita 8,07-8,08 mm. Srednica peletow przecigtnie korelowata z gestoscia pojedynczych
peletow (r = 0,73), mimo ich ekspansji.

Przesunigcie peletu w matrycy Vp byto najmniejsze przy $redniej dawce materiatu 100 mg
i wynosito 0,37 mm. Statystycznie istotnie wigksze vp = 0,42 mm (0 13%) bylto przy najnizszej
dawce 50 mg i najwigksze vp = 1,13 mm (3-krotne) zarejestrowano przy najwigkszej dawce

150 mg. Z tego wynika, Ze istnienie warto$¢ optymalna dawki materiatu, przy ktorej vp jest

40



najmniejsze. Przesuni¢cie peletu w matrycy odzwierciedla wysokos$¢ peletu uformowanego
przy jednorazowej dawce materiatu. Mniejsza dawka materiatu oznaczala mniejszg wysoko$¢
materialu do zageszczenia i zgodnie z teorig tatwiej jest zagesci¢ material o mniejszej grubosci.
Przesunigcie peletu w matrycy byto najmniejsze podczas peletowania czystej stomy pszenne;,
0,39 mm i zwigkszyto si¢ dla mieszanek z dodatkami skrobi maniokowej 1 weglanu wapnia,
odpowiednio o 51% 1 97%. W stosunku do czystej stomy pszennej 2% udzial dodatkow
spowodowat wydhuzenie drogi przesunigcia peletu w matrycy o 100%, a przy 6% vp zwigkszyto
si¢ 0 64%.

Najmniejsze warto$ci przesuni¢cia peletu w matrycy mozna osiggna¢ przy dawkach
materialu 80-100 mg i bez udziatu dodatkéw, przy czym udziat dodatkow w pasmie tego
zakresu dawek nie wptywat znaczaco na zwigkszenie Vyp.

Jednostkowa praca zaggszczania, odniesiona do suchej substancji Ls, byta najwicksza
podczas peletowania materiatu przy dawce 100 mg i wynosita 70,8 kJ-kg™t. Zmniejszenie
dawki o polowg zmniejszyto zapotrzebowanie na t¢ pracg o 48%. Przy dawce materiatu 150 mg
Ls zmniejszyta si¢ nieznacznie (o 5%) wzgledem dawki 100 mg. Praca Ls byta ujemnie
skorelowana z przesunigciem peletu w matrycy, r = -0,435 (korelacja przecietna) oraz dodatnio
skorelowana z przemieszczeniem tloka, r = 0,477 (korelacja przecigtna). Im dluzsza droge
pokonywal tlok tym wiekszg prace nalezalo wykona¢ w celu zageszczenia materiatu.

Podczas zageszczania czystej stomy pszennej wykonano najwigkszg prace Ls 99,77 kJ-kg™
! a po dodaniu skrobi maniokowej i weglanu wapnia jednostkowa praca zgeszczania
zmniejszylta sie, odpowiednio ponad 3,3- i 2,8-krotnie. Udziat dodatkéw miat zatem istotny i
odwrotnie proporcjonalnie wptyw, gdyz dla dodatku 2% 1 6% jednostkowa praca zgeszczania
zmniejszyla si¢ odpowiednio o 2,1- i 3,6-krotnie.

Wartosci jednostkowej pracy zageszczania byly stosunkowo duze, gdyz ustawiona
wysoko$¢ matrycy wynosita 80 mm, a wilgotno$¢ materialu 20% byla w poblizu wartosci
optymalnej. W tych warunkach wytworzyto si¢ relatywnie wysokie przeciwcisnienie w
komorze matrycy, ktore nalezato pokonac, wykonujgc duzg prace zageszczania.

Jednostkowa praca przesuwania peletu (Lv) (5,75-27,31kJ-kg!) byla 3,6-4,8-krotnie
mniejsza od jednostkowej pracy zageszczania (Ls) (27,37-99,77 kJ-kg1)(Table 1). Obie prace
byly ze soba skorelowane, r=0,427 (korelacja przecigtna), co oznacza, ze wigksze
przeciwci$nienie w komorze matrycy, ktore sprzyjato lepszemu zageszczeniu nalezato pokonac
podczas peletowania, jak i podczas przesuwania uformowanego peletu w komorze matrycy.
Duze r6znice w wartosciach tych prac wskazuja, ze korzystne bylo zageszczenie matych dawek

materiatu.
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Gestos¢ pojedynczych peletow, odniesiona do suchej substancji pp, uformowanych przy
dawce 100 mg byta najwicksza, 722 kg-m~3(Table 1). Zmniejszenie dawki do 50 mg lub
zwigkszenie do 150 mg spowodowato zmniejszenie gestosci odpowiednio o 14% 1 8%. Wysoka
korelacja (r=0,615)(Tabela S2) miedzy jednostkowg praca zgeszczania a gestoScig
pojedynczych peletow jest dowodem na efektywnos$¢ peletowania. Efekt zageszczania i
wytrzymato$ci peletow na Sciskanie (bardzo wysoka dodatnia korelacja, r = 0.806) wskazuje,
7ze powstale wigzania miedzy czastkami byly trwale. Warunki do powstania trwatych
mechanizmow wigzan byly tym lepsze im wigksze byto przeciwcisnienie w komorze matrycy,
ktoére nalezato pokonaé, wykonujac jednostkowg prace zageszczania. Dodanie dodatkow skrobi
maniokowej i weglanu wapnia zwigkszylto gestos¢ pojedynczych peletéw, odpowiednio o 24%
I 39%. Zastosowanie i weglanu wapnia jako dodatku bylo statystycznie istotnie korzystniejsze
niz dodanie skrobi maniokowej, a wzgledna réznica wynosita 12%. Udzial dodatkow 2 1 6%
zwigkszyt pp, odpowiednio o0 30% i 33%, ale dynamika przyrostu warto$ci miedzy 2 i 6% wt/wt
byta silnie sptaszczona(Fig. S3). Wyniki tych badan potwierdzaja wnioskowanie, ze
zwigkszenie dodatku CC powyzej 2% wt/wt, przy ktdérych powstaly samoistnie drobne agregaty
z czastek najdrobniejszych skutecznie poprawily podatno$¢ materiatu na zageszczenie
uzyskanie peletow o wigkszej gestosci.

Pelety wytworzone w tych warunkach miaty nie tylko najwicksza gestos¢, ale cechowaty
si¢ najwigksza odpornoscig na obcigzenie Sciskajace, gdyz jednostkowa praca Sciskania E;j
osiggneta warto§¢ maksymalng, 5,52 J-mm2 (Fig.S4). Oba parametry byly wysoko
skorelowane, r = 0,615 (Table S2). Wyniki jednostkowej pracy Sciskajacej, przy ktorych pelety
pekaty, potwierdzaja dotychczasowe analizy odno$nie dawki materiatu 100 mg,
korzystniejszego dodatku w formie weglanu wapnia niz skrobi maniokowej, gdyz Ej wynosity,
odpowiednio 4,85J-mm™ i 3,19 J-mm (Table 1). Jak wspomniano Ej bardzo wysoko
korelowala z naprezeniami maksymalnymi, ktére nalezalo pokona¢ podczas S$ciekania
(r =0,861). Mozna zatem wnioskowa¢, ze wigzania mi¢dzy czgstkami materiatow byly trwale i
ze dodanie dodatkow CS, a zwlaszcza CC o udziale 2-4% wt/wt poprawito warunki tych
wigzan, zwlaszcza przy wilgotno$ci materiatu 20% i temperaturze materiatu 78°C.

Modut sprezystosci przy Sciskaniu E byt silnie uzaleznionych od udziatu dodatku (Fig. S5),
ale relacje migdzy tymi wielko$ciami byly odwrotne, gdyz wspotczynnik korelacji byt ujemny,
r =-0,420. Praktycznie w zakresie udzialu dodatkow do 2% wartosci modutu sprezystosci byty
statystycznie nieistotne 1 wynosity okoto 7 MPa. Rodzaj dodatkow praktycznie nie zmieniat
warto$ci modutu sprezystosci, ale dodatek weglanu wapnia poprawil plastyczno$¢ mieszanki,

zmniejszajac nieznacznie modut sprezystosci.
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Pelety uformowane przy dawce materiatu 100 mg charakteryzowaty si¢ relatywnie
najwickszym modulem sprezystosci, 6,67 MPa. Modut sprezystosci zmniejszyt si¢ dla peletow
wytworzonych przy zastosowanie, zarowno mniejszej dawki 50 mg, jak i wigkszej dawki
150 mg i wynosit odpowiednio 6,37 MPa i 5,79 MPa (Table 1).

Modut sprezysto$ci E ujemnie korelowat z absorpcja wody przez pelety niezgniecione,
r =-0,388 (korelacja przecigtna), natomiast nie stwierdzono korelacji z absorpcja wody przez
pelety zgniecione, mimo ze tendencja relacji byta rowniez ujemna (Table S2).

Waznym parametrem cechujgcym jakos¢ peletdw przeznaczonych na $cidtke jest absorpcja
wody przez pelety zgniecione, odniesiona do suchej substancji. Najlepsza absorpcja wody
5,98 g H20 gt cechowaty sie pelety wytworzone przy najmniejszej dawce materiatu 50 mg
(Table 1). W zakresie stosowanej dawki materiatu relacja miedzy absorpcja wody przez pelety
zgniecione a dawkg miata postaé petnej funkcji parabolicznej, dla ktorej Kmin = 3,85 g H20 g1
osiaggneto przy D =112 mg (Fig. S6). Rodzaj dodatku oraz jego udzial nie miaty wptywu na
zroznicowanie wartosci absorpcji wody przez pelety zgniecione. Ujemne korelacje absorpcji
wody przez pelety zgniecione z jednostkowa praca przesuni¢cia peletdéw w matrycy (r = -
0,410), gestoscia pojedynczych peletow (r = -0,375) i naprezeniami $ciskajacymi (r = -0,278)
sg dowodem, ze warunki peletowania, ktore korzystnie wptywaty na proces zaggszczania, jak i
jakos¢ peletow nie pozwolily na uformowanie peletow, ktore po $cisnigciu cechowalby sig
dobrg absorpcja wody. Pelety o mniejszej gestosci 1 ulegajace tatwiejszemu peknigciu pod
wpltywem obcigzenia $ciskajacego, ze wzgledu na mniejsze naprezenia wewnetrze, ktore
nalezato pokonaé, cechowaty si¢ zapewne réwniez stabszymi wigzaniami miedzy czastkami
uzyskaty wigksze jednostkowe pole powierzchni utatwiajgce wchtanianie wody.

Dla poréwnania wyniki absorpcji wody przez pelety niezgniecione sa dowodem, ze
zasadnicze relacje migdzy czynnikami zostaly utrzymane, a dodatnia korelacja z absorpcja
wody przez pelety zgniecione jest tego potwierdzeniem, mimo ze jest korelacja staba, r = 0,285
(Table S2). Wiecej bylo statystycznie istotnych korelacji miedzy absorpcjg wody przez pelety
niezgniecione z parametrami charakteryzujagcymi peletowanie i1 jakos¢ peletow. Wysoka
absorpcja wody przez pelety niezgniecione (okoto 5 g H20 g?!) cechowaty sie zaréwno te
produkty wytworzone przy malej dawce materiatu 50 mg, jak i najwigkszej 150 mg oraz przy
najwigkszym udziale dodatkéw 6% (Fig. S7). Dodatek skrobi maniokowej miat wigkszy wptyw
na absorpcje wody przez pelety niezgniecione niz dodatek weglanu wapnia, gdyz wartosci
absorpcji wynosity odpowiednio 3,36 gH20 g i 2,96 gH.0 g, a pelety wytworzone z
czystej stomy pszennej cechowaty sie najmniejsza absorpcja wody, 2,29 g H.0 g .
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5.

Whnioski

Szczegotowe konkluzje znajdujg si¢ w poszczegolnych artykutach w jezyku angielskim.

Na podstawie rezultatow przedstawionych w trzech spojnych tematycznie publikacjach

naukowych stanowigcych niniejszg rozprawe doktorskg sformutowano nastgpujace wnioski,

ktore odnoszg si¢ do celu pracy i sformutowanych hipotez:

1.

44

Optymalne warunki peletowania (wilgotnos¢, temperatura i dawka materiatu, rodzaj i
udzial dodatkow wigzacych oraz wysokos¢ matrycy) byly odmienne dla kryteriow
wytrzymato$ciowych i gestosci peletow niz dla kryterium absorpcji wody przez pelety
zgniecione.

Proces peletowania mieszanek stomy pszennej z dodatkami byt bardziej efektywny niz ten
z czysta stomg pszenna.

Pelety wytworzone z mieszanki WS z dodatkiem CC cechowaly si¢ wigkszg gestoscia i
lepszymi parametrami wytrzymato$ciowymi, a pelety zgniecione lepsza absorpcja wody niz
z dodatkiem CS.

Jednostkowa praca Sciskania, modut sprezystosci i napr¢zenia $ciskajace peletéw dodatnio
1 wysoko korelowaly miedzy wzajemnymi warto$ciami, a wszystkie trzy wskazniki
wytrzymatosciowe ujemnie korelowaty z absorpcja wody przez pelety zgniecione.
Optymalng gestos¢ pojedynczych peletow osiagnigto przy 100 g dawki materiatu, 4%
stezeniu dodatkow, 23% wilgotnosci materiatlu, 78 mm wysoko$ci matrycy 1 80°C
temperaturze materiatu.

Pelety wytworzone w optymalnych warunkach dla gestosci Charakteryzowaty si¢ dobrymi
wskaznikami wytrzymato§ciowymi na $ciskanie, a pelety po zgnieceniu cechowaty si¢
dobra zdolnoscig absorpcji wody.

Dla warunkéw optymalnych jednostkowa prac $ciskania peletow wynosita 3,22 mJ-mm™,
modut sprezystosci 5,78 MPa i naprezenia Sciskajace 2,68 MPa, a absorpcja wody przez
pelety zgniecione 2,60 g H20-g™* DM.
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This study aimed to identify the optimal conditions for pelletising wheat straw (WS) and blends with
cassava starch (CS) or calcium carbonate (CC) at a 2—10% wt/wt additive ratio. The process was inves-
tigated in a die with an open chamber having an opening diameter of 8 mm and heights of 66, 76, and
86 mm. The moisture and temperature of the material were 10—30% w.b. and 78—108 °C, respectively.
The piston displacement at maximum agglomeration pressure, pellet shift in the die, specific compaction
work, specific work for pellet shifting, and additional single pellet density were suitable characterising
features of the pelletising process. Regression models were developed for the prediction of the features;
these models were optimised by determining the most favourable control variables and target function
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34% lower than their respective maximum values, while the pellet shift was higher by 29% because of the
minimum target function. Adding CC was more favourable than adding CS because the single pellet
density of the WS blend with CC (853 kg m—>) was 20% higher than that of the blend with CS as the
additive. Optimal conditions for pellet forming are an important indication for their use in actual in-
dustrial production.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

An interesting approach to producing alternative bedding ma-
terial is straw pelleting, which has been the subject of various
recent studies (Baxter et al., 2018; Kheravii et al., 2017) The idea is
not new; in 1995, Malone and Gedamu used pellet straw with
binders as additives (Malone and Gedamu, 1995). The pellets were
degraded to a dark brown, moisture-absorbing material having a
consistency that is similar to that of sawdust (Baxter et al., 2018).
Pelleted straw, chopped wheat straw (WS), wood chips, rice straw,
and shredded paper have been compared as materials for litter
(Kheravii et al., 2017). The litter on pelleted straw was less clumped
than that on chopped straw and shredded paper. Various studies
suggest that the type of litter and litter blends affect the production
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E-mail address: aleksander_lisowski@sggw.edu.pl (A. Lisowski).

https://doi.org/10.1016/j.jclepro.2020.122955
0959-6526/© 2020 Elsevier Ltd. All rights reserved.

efficiency and welfare of birds (Huang et al., 2009; Youssef et al.,
2010). However, certain studies have shown that the type of litter
does not affect the performance and welfare of the birds (Hafeez
et al, 2009). Because the test results were inconclusive and
because pelleted WS has a positive effect on the efficiency and
broiler welfare at an early age (Kheravii et al., 2017), a more accu-
rate investigation of the conditions to produce pellets and the in-
fluence of additives in improving the conditions of the densification
process and the quality of litter of pelleted straw is required.
Blending different types of biomass to achieve better pelleting
features represents a potential method for upgrading the pelleting
process of biomass (Wang et al., 2017). Other widely used solutions
include the optimisation of devices and processes, preliminary
processing of the raw material, and pellet cooling (Stelte et al.,
2012a). Favourable pelleting results were obtained by adding
wood biomass to straw (Stasiak et al., 2017). The results show that
sawdust can act as a good binder, lower the energy requirement,
and improve the pellet quality.
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Nomenclature

A additive ratio (%)

d pellet diameter; die hole diameter (mm)

F compaction force (N)

Ig agglomerate length (mm)

I die height (mm)

Ip pellet length (mm)

Ls specific compaction work (kJ-kg~1!)

L, specific work for pellet shifting in the die (k]-kg™1)

MC moisture content (% w.b.)

P compaction pressure (MPa)

Se end piston displacement (mm)

Sm piston displacement to the maximum pressure
(during pellet formation) (mm)

t material temperature (°C)

Vp pellet shift in the die (mm)

Pp single pellet density (kg-m~3)

CcC calcium carbonate

(&) cassava starch

WS wheat straw

Adding neutral materials, for example calcium compounds
(calcium hydroxide and calcium carbonate (CC)), improves the
flexibility of organic substances, and the substances can be granu-
lated. It also makes obtaining the granules in the form of pellets
easier (Sedlacek et al., 2007), and a small addition of such material
often significantly reduces dustiness (Greinert et al., 2019). CC in-
creases the melting point of ash, thereby decreasing the risk of
contamination of the grate slag. Calcium additive absorbs decaying
heat, simultaneously lowering the burning temperature and
decreasing the amount of NOx. Adding calcium or dolomite ashes
containing calcium compounds such as CaC0O3, Ca0O, and Ca(OH)2
decreases the emission of gases apart from CO2, such as NOx, CO,
and SO2, and reduces the emission of ash in the atmosphere,
especially when burning is not conducted under the optimal con-
ditions (Greinert et al., 2019).

However, the densification process leads to binding of water
present in the plant material (Lisowski et al., 2013). Furthermore,
the addition of gypsum to the litter lowers its pH because of the
precipitation of CC from gypsum-derived calcium and litter bicar-
bonate (Hammes et al., 2003). The addition of calcium to straw may
increase the mineralisation of N and help in the formation of NH4+
by increasing the activity of urease and buffering against significant
growth of pH (Burt et al.,, 2018). This is another inspiration to un-
dertake research on the production of pellets from a blend of straw
with added CC.

Based on state-of-the-art studies, it can be concluded that ad-
ditives improve the quality and ecological features of the pellets.
Using binders increases the durability of pellets and enhances the
energetic efficiency of the pressurised agglomeration process (IMani
et al., 2003). Binders can be natural substances or special additives;
an example of a binder is CC. CC particles agglomerate and then
randomly combine with larger agglomerates (Xu et al., 2014). This
indicates that CC can bind with other particles and can form du-
rable bonds with them. CC binds with water molecules in biomass
and allows for the agglomeration of materials with a higher MC
without the any requirement of drying.

Cassava starch (CS) is characterised by a high viscosity and
freeze resistance, and its gelatinizing properties improve at
80—90 °C, which is important in pellets production. CS is used as a
thickener, binder, texturizer, stabilizer and filler. It has a high

viscosity and long texture which increase the compaction effect,
and have a low gelation temperature (Breuninger et al., 2009).

The selection of additives was dictated by their physicochemical
properties. Both powders are characterised by a relatively high
hygroscopicity and can change the external friction between the
particles of the blends and the internal die wall.

The conversion of biomaterials into densified pellets is influ-
enced by various physical properties, such as MC, particle size
distribution, bulk density, specific material density, pre-treatment,
type and amount of additives, and operating parameters such as die
size, die height/diameter ratio, material temperature (t), and
compaction pressure (Lisowski et al., 2017).

The relationships between input variables and parameters are
described by various empirical models. Considering the purpose of
the present study, various models linking the density of straw
grinds with pressure have been proposed (Spencer et al., 1950). The
stress-density model explains the behaviour of volumetric feed
materials and can be used to calculate the particle stiffness, which
may be required to develop numerical models (Bilanski et al., 1985).
The behaviour of densified straw when compacted to a high density
in a circular die has been studied (O’'Dogherty, 1989). A second-
order polynomial relation between the pressure and density of
the compacted coconut core at different moisture and particle sizes
was proposed (Viswanathan and Gothandapani, 1999). The
compaction models of Cooper and Eaton (1962) suited majority of
agricultural materials well. The optimal pelleting conditions for a
blend of wheat and rice straw were set based on regressive models
by applying the five-factor Box-Behnken experimental design
technique (Wang et al., 2017). The available literature lacks a
generalised approach to modelling process parameters of pelleting
with respect to the blend of WS with CS and CC as additives.

The aim of this study was to investigate the process of pelleting
pure WS with CC and CS as additives. The influence of several
factors on the piston displacement during pellet formation (sy),
pellet shift in the die (vp), specific compaction work (L), specific
work for pellet shifting in the die (L), and single pellet density (pp)
was investigated. Variable factors were MC and t, die height (I;), and
additive ratio (A) expressed as a percentage. The experimental data
were processed via variation analysis, regression analysis, and
feature correlation analysis. After selecting the parameters, math-
ematical models were developed and pelleting conditions were
optimised based on the adapted factors of the process. The novelty
of the work was the selection of parameters describing the
compaction process and determination of optimal conditions for
pelleting blends of wheat straw with binding additives.

Optimisation of formulation and process input variables, with
respect to pellets density and parameters characterising the pel-
letising process, is not trivial because among steering variables the
temperature and moisture move in opposite directions of each
other. Models-predicted conditions with complicated relationships
should be a guide in making decisions about the moisture and
temperature of the material and the additive ratio and die height to
achieve acceptable pellets density.

2. Material and methods
2.1. Material and additives

Milled WS, with a MC of 10, 20, and 30% w.b. and geometric
mean particles size of 1.18 mm, and the blend with added CS and CC
at 2, 6, and 10% wt/wt were used for the formation of pellets. After
initial WS moisture testing (about 7.5% w.b.), the demineralized
water was added according to the relation: myao = my(1-MGCy)/
(1—MG3), where myyo is the mass of water to refill, g; m; is the
initial mass of WS, g; M(Cj is the initial WS moisture; MC; is the
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desired WS moisture. The material was stabilized in a climatic
chamber for at least one week. The material was compacted in the
die with an open chamber having heights of 66, 76, and 86 mm and
temperature of 78, 93, and 108 °C (Table S1 of the SI).

2.2. Pelleting platform and process

The pelleting set included a chrome-plated steel die with outer
and interior diameters and height of 60 mm, 8 mm, and 300 mm,
respectively; two heating elements with a total power of 1.3 kW;
type ] thermocouples and an 3710 ESM controller to control the
temperature of the heating elements; three integrated pressure and
temperature sensors (CT6V-15M-TCJ-M14, OneHalf20 Ontario,
Canada) which were used to measure the temperature at heights of
15, 30, and 45 mm of the die base; and a limit sensor (Fig. S1 of the
SI). The Matest programme was used to control the operation of the
universal test machine TIRAtest, which was also used to record data
for the force-displacement relation with a 0.03-mm step. The
temperature of the heating elements was set at 116, 140, or 164 °C
which corresponded to a t of 78, 93, and 108 °C. The heating ele-
ments were switched on for 1 h before pelleting to evenly
distribute heat within the die. The limit sensor determined the
position of the piston relative to the bottom of the die at heights of
60, 70, and 80 mm. The length of the agglomerate filling the die
hole was given by I, (Fig. 1a). The mass of a single material dose was
0.2 g and was estimated based on tests in the range of 0.05—0.30 g
to assess the durability of the obtained pellets and guided by the
economics of conducting the experiment. The material dose was
weighed on an analytical balance (WPA 40/160/C/1, Radwag,
Radom, Poland) with an accuracy of +0.0001 g.

Pelleting involved the following steps. The open chamber of the
die was clogged from the bottom with pellets, and a portion of the
designated volume, equivalent to a final piston position in the range
of 60—80 mm, was added. A dose of 0.2 g was added to the loose
material, and the material was compacted until the limit sensor
was switched on by the limiter fixed on the guide, which deter-
mined the assumed I. In the pelleting process, the pressure
increased to the maximum value; at this time, the piston moved a
distance of s;;,. Next, the piston moved the formed pellet in the die
by a distance of v,. The entire displacement route of the piston s,
was Se = Sjm + Vp, Where sy, is the piston displacement to the
maximum pressure in mm and v, is the pellet shift in the die in
mm. The effective hole length (thickness) of the die I, through
which the current agglomerate and the agglomerate located below
it had to be moved on the v, distance was I. = vp + lo; where v is
the average value of shift of the formed pellet in mm; [, is the length
of the agglomerate filling the die hole in mm. For one measuring
system, under stable pelleting conditions, at least three pellets
were produced.

2.3. Parameters of the compaction process and pellets

The pelleting process was characterised by piston displacement
to the maximum pressure, sy, pellet shift in the die, v,, maximum
compaction pressure, p,,, specific compaction work, L, and specific
work for pellet shifting in the die, L,. For the single pellet: pellet
diameter, d, pellet length, Ip, and single pellet density, p, were
developed. The parameters Ls, Ly, and p, were related to the mass of
dry matter (DM).

2.3.1. Parameters of the compaction process

The co-ordinates of points for the maximum value, B(sp,Fmnax),
and the end of piston movement, C(se,F.), were determined directly
using data from force-displacement charts recorded during pres-
sure agglomeration (Fig. 1a). For one measuring system there were

20 points on an average. The maximum pressure was determined
from the relationship

“ max
pm = 1
ax d2 ( )

where pmayx is the maximum compaction pressure in MPa; Fpax iS
the maximum compaction force in N; and d is the diameter of the
die hole in mm.

A good energy indicator is Ls and L,, which was determined
based on the force-displacement data obtained during pressure
agglomeration using the following equations (Lisowski et al.,
2019b)

Ls= JFdx/[ms(l—MC/lOO)] 2)
0

(Se—Sm)
L— J Fdx/[ms(l—MC/loo)] (3)

m

where Ls and L, are DM specific work of compaction and pellet
shifting in the die, respectively in J-kg™!; s,; and s, are the piston
displacement during pellet formation and final piston position after
shifting the pellet in the die, respectively, (v, = Se — sip) in mm; vp is
the pellet shift in the die in mm; F is the compaction force in N; mj
is the sample mass in g; MC is the material moisture with respect to
the wet basis in %; and x is the piston displacement during material
compaction in mm.

2.3.2. Physical properties of pellets

Physical measurements of the pellets were conducted one week
from the date of production. The front surfaces of the pellets were
levelled using a grinder by placing the samples in a triangular
holder to keep the surface perpendicular to the pellet axis. The
diameter (at half the pellet length) and pellet length were
measured in two perpendicular directions using electronic callipers
(MAUa-E2 4F, FK Vis, Warsaw, Poland) with an accuracy of
+0.0 mm. The pellets were weighed using an electronic balance
(WPS 600/C, Radwag, Poland) with an accuracy of 0.01 g. The p, was
converted to the mass of the DM, as follows:

~ 32m(1 — MC/100)

- 4
PPy P + ) “

where p,, is the DM single pellet density in kg-m~3; m is the pellet
mass in kg; MC is the material moisture content with respect to the
wet basis in %; di and d; are pellet diameters in two perpendicular
directions in m; and Il; and I, are the pellet lengths in two
perpendicular directions in m.

2.4. Selection of the compaction parameters and pellets

Following a previous study (Miller et al., 1994) which stated that
a person has a specific perception of processing at most 7 + 2 pieces
of information, the possibilities of limiting the parameters charac-
terising the pressure agglomeration process and the pellet pa-
rameters were analysed. The pressure parameters of the
agglomeration process and pellets were selected using the feature
correlation method, which is based on eliminating features whose
numerical values are strongly correlated with each other (Lisowski
et al., 2019a).
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2.5. Method for parameter optimisation of the pressure
agglomeration process and pellets

The steering variables for the type of the material (WS blended
with additional CS and CC) were A, MC, I, and t.

The response of the dependent variables: sy, vp, Ls, Ly, and pp was
calculated based on experimental values and can be defined as an
overall regressive equation:

4 4 3
Yn=Bo+> Bixi+ Y Buxi +
i-1 i1 i1

4
X Z Bin,'Xj,

j=i+1

(n=1,2,3,4,5) (5)

where y; is the piston displacement during pellet formation (s, in
mm); y» is the pellet shift in the die (v, in mm); ys is the specific
compaction work (Ls in kJ-kg~1); y4 is the specific work for pellet
shifting in the die (L, in kJ-kg™1); y5 is the DM single pellet density
(pp in kg-m~3); x; is the additive ratio (A in % wtjwt); x, is the
material MC (in% w.b.); x3 is the die height (I in mm); x4 is the
material temperature (t in °C); and Po, Bi, Bii, and By are the co-
efficients of intercept terms, linear terms, quadratic terms, and
interaction terms in the equation, respectively.

Minimising the function, y,(A,MC|l.t) was calculated at the
initial conditions of decision variables Ay, MCy, I, and ty, e.g., initial
assumption [4% wt/wt, 15% w.b., 70 mm, 90 °C], and of bound
constraints: 0% wt/wt < A < 10% wt/wt, 10% w.b. < MC < 30% w.b.,
66 mm < I, < 86 mm, and 78 °C < t < 108 °C.

To minimise the non-linear function, an “optimum” function
with the Quasi-Newton algorithm was used.

The optimal process parameters for the objective function and
graphs were developed using the open-source software package
Scilab v.6.0.2.

2.6. Statistical analysis

The data were analysed in terms of the influence of the factors
(the type of material, A, MC, I, and t) on the parameters of the
pressure agglomeration process and pellets based on the MANOVA
multicriteria analysis of variance using F test (Fisher-Snedecor) and
Tukey’s multiple comparison test. The analysis was conducted with
an assumed significance level of p < 0.05. Statistica v.13.3 was used
for the statistical analysis.

3. Results and discussion
3.1. Pressure agglomeration process

After the first material dose is added, the formed pellet becomes
unsteady because of significant resistance caused by the friction
between the wall of the die hole and the cylindrical surface of the
pellet. When the resistance was small, the piston pressure on the
material causes a slight elastic and plastic deformation of large and
medium-sized particles and spontaneous agglomerates are formed
from finer and wetter particles of WS or blends of WS with CS or CC.
In addition, regrouping of particles occurs, thereby filling the empty
spaces between them, and the air between the adjacent particles is
removed. After the eight dose, higher friction developed at the
surface and the increased resistance by the agglomerate allowed

the formation of higher density pellets. This growth of resistances
was enhanced by increasing the lateral pressure, which is propor-
tional to the axial pressure (Miao et al., 2015). Increasing lateral
pressure on the surface generated friction, which is a product of
pressure force and the coefficient of friction. In addition, the
expansion of the compacted material in the radial direction
intensified the lateral pressure. The expansion in the axial direction
was restrained during the compaction of the next material dose.

After the dislocation phase of the particles and a slow increase in
the compaction pressure, the process characteristics passed
through the inflection point; for example, for WS, the inflection
point occurred after a s;; of 8 mm (Fig. 1a). From this point, plastic
deformation of particles followed, with a high compaction pressure
gradient. The characteristics of the increase in compaction pressure
with the s; had a typical shape, similar to an exponential function,
until the maximum pressure was obtained. After exceeding this
pressure, the pressure rapidly decreased because of the breaking of
bonds on the contact surfaces of the pellet and the wall of the die
hole.

At the beginning of movements of the compacted dose (equiv-
alent to vp) and agglomerate in the die I,, the friction was overcome.
This friction was involved with the pressure and static friction co-
efficient, as well as with shear stresses showed on the summed
effective contact area of the material particles and the surface of the
die hole (Rossouw et al., 2003).

Most often, up till the first eight doses, there was no visible
maximum point, and the compaction pressure curve formed a
plateau. After this stage, till the 14th dose, the pressure increased
when the densified dose shifted and agglomeration occurred
without reaching a clear maximum value. This can be explained by
the fact that the positive pressure gradient could have been a result
of the greater axial expansion of the still poorly compacted
agglomerate in the die characterised by greater elasticity. Cumu-
latively, the piston compacted the new dose and re-expanded the
agglomerate. Because the density of the expanded agglomerate
started from the piston pressure side, successive layers of material
were gradually activated through a chain reaction. The movement
of the densified agglomerate occurred in a similar manner, espe-
cially in its initial phase. After removing the expansion in the
agglomerate, the agglomerate was moved in an integrated manner.

From the 15th dose, the maximum pressure point could be seen.
At this stationary point, the static friction had to be overcome, and
after the agglomerate began to move, the pressure dropped
because of the appearance of lower kinetic friction. A further
reduction of resistance to motion was observed because of the
decrease in the total actual contact area of the ejected agglomerate
from the die (Rossouw et al., 2003) and systematic purification of
particles stuck to the top surface of the die. With a higher
agglomerate density and plastic deformation of particles and a
more durable connection between particles, the expansion of
agglomerate was very low, and the movement of the densified dose
and agglomerate became simultaneous. Under these conditions,
the pressure gradient was negative. The explanation of these
different processes of pressure gradient happening in the pellet
shifting phase in the die has not been previously described.

For WS without additives, the increase in pressure while pellet
shifting was the highest. The addition of CS contributed to the lag,
and the addition of CC increased the agglomeration pressure
gradient. The influence of these additives were analysed after the
selection of the parameters of the pressure agglomeration process

Fig. 1. Compaction pressure vs. piston displacement for a) wheat straw (WS), b) wheat straw and cassava starch (CS) blend and c¢) wheat straw and calcium carbonate (CC) blend at
different technical parameters of moisture content (MC), die height (I.), material temperature (t), and additive ratio (A). a) Schematic diagram of the pelleting cycle. (To improve the

readability of the graphs, some number samples were removed from the plots).
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and pellets.

3.2. Parameter selection of the pressure agglomeration process and
pellets

Because of the maximum p was very highly correlated with the
Ls (r = 0.951); thus, p was discarded from further analysis. In
addition, the diameter and length of the pellets were removed
because they directly influence pj,. The final matrix of the correla-
tion coefficients (Table S2 of the SI) contained five criterion pa-
rameters characterising the process of pressure agglomeration and
pellets. These parameters were: sm, Vp, Ly, Ls, and pj. Steering vari-
ables such as additive type, A, MC, I, and t were added to this set of
parameters. The five parameters agree with the results of a previ-
ous study (Miller et al., 1994) and allow easier interpretation of
factors affecting the process and accelerate its assessment. The
separated parameters characterising the process of pressure
agglomeration and pellets are logical and will be further analysed
in detail.

3.3. Parameters of the pressure agglomeration process and pellets

An exemplary set of pellets made by blending WS with CS is
shown in Fig. S2 of the SI. Based on the analysis of variance, it can be
concluded that all five factors (additive type, A, MC, I., and t) had a
statistically significant effect on the parameters of the compacting
process and pellets (Table 1). In most cases, the p-value was less
than 0.0001. Only for the pp, the p-value was higher (0.0285).

3.3.1. Piston displacement to the maximum compaction pressure Sy,
and pellet shift in the die vp

The greater the sp, the more the work that was needed to
compact the material. The highest s; occurred during the

Table 1

compaction of WS without additives (A = 0% wt/wt) and was
13.2 mm (Table 1). For the blend of straw with CS and CC, sy
reduced by 21% and 25%, respectively. The straw was covered with
wax, which reduces friction. Thus, a greater s, was observed during
pressure agglomeration.

CS, as an additive to straw, absorbed water and underwent
swelling, creating a gruel that increased the adhesion between the
particles and the die surface, creating resistance related to shearing
of these bonds. It has been observed (Kaliyan and Vance Morey,
2009) that gelatinisation of CS can be conducted using two mech-
anisms. First, they are conditioned with a hydration reaction and
swelling of CS granules, leading to the destruction of the crystal
structure because of the combined influence of temperature and
moisture. The second process involves breaking the CS granules by
shear friction. CC as an inorganic substance changed friction con-
ditions to a greater extent than CS did, mainly because of its hy-
groscopic properties and the friction coefficient.

The most significant influence of the additives on s, was
observed at the lowest A. With an A of 2% wt/wt, the average value
of s;; was 9.38 mm, which was 29% lower than the s;; during WS
agglomeration without additives. Increments in the A to 6% wt/wt
and 10% wt/wt resulted in relatively less significant differences in
the s, (23% and 22%, respectively). Most likely, a higher amount of
additive was absorbed on the surface of the die hole, generating
friction which had to be overcome.

To achieve maximum compaction pressure, an increase in ma-
terial moisture in the range of 10—20% w.b. extended the s;,; from
10.2 mm to 11.5 mm (by 2.6%), and in the moisture range of 20—30%
w.b., the s was shortened from 11.5 mm to 9.9 mm (by 13.6%).
Because the moisture was not sufficient, the friction coefficient was
greater, and more free moisture (not bonded by the additives) was
present between the particles, which contributed to the generation
of a cohesion force between adjacent particles. Thus, the optimum

Results of analysis of variance, mean values, and standard error (SE) of the piston displacement at maximum agglomeration pressure, pellet shift in the die, specific compaction
work, specific work for pellet shifting in the die, and single pellet density for different type of additive, additive ratio (A), material moisture contents (MC), agglomerate lengths

(Ic), and material temperature (t).

Factor Sm Vp Ls k]-kg—! L, kJ-kg—! pp kg m—3
mm mm

p-value

Additive <0.0001 <0.0001 <0.0001 <0.0001 0.0285

A <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

MC <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

I <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

t <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Mean =+ SE for type of material

s 10.41° + 0.22 5.96° + 0.20 14.67° + 1.16 8.45% + 0.66 405% + 11

cc 9.83 + 0.1 495+ 0.10 12.51% + 0.48 9.83°+0.29 475 + 18

Mean =+ SE for additive ratio A (%wt)

0 13.17° + 0.34 5.20° + 0.22 18.09° + 1.34 14.63° + 0.95 490° + 23

2 938+ 0.18 5.25° + 0.16 12.90% + 0.83 9.69° + 0.50 446° + 18

6 10.17° + 0.19 545" + 0.17 12.95% + 0.85 9.92" + 0.52 430°+ 18

10 10.32° + 0.14 4.89% +0.15 13.18% + 0.70 8.98% + 0.38 443 + 19

Mean =+ SE for material moisture content MC (% w.b.)

10 10.22° + 0.23 8.45°+ 0.19 6.03% + 0.55 417 £ 0.23 3728+ 15

20 11.49° + 0.19 4.69° + 0.14 1735 + 0.74 13.62" + 0.60 495° + 19

30 9.93% + 0.12 3.49% + 0.07 16.18 + 0.79 11.82¢ + 0.42 479° + 14

Mean =+ SE for agglomerate length Ic (mm)

66 9.82% + 0.20 5.61° £ 0.20 13.32% + 0.80 10.33" + 0.54 402 + 15

76 10.49° + 0.18 5.06% + 0.14 13.00% + 0.68 9.67% + 0.46 479+ 17

86 10.98° + 0.15 5.02% + 0.12 14.99° + 0.79 11.01° + 0.46 466° + 17

Mean =+ SE for material temperature t (°C)

78 12,55 + 0.13 3.48% + 0.10 20.45¢ + 0.65 17.15¢ + 0.54 542° + 18

93 10.81° + 0.18 5.72° + 0.16 12.84° + 0.86 7.67° £ 0.41 494° + 16

108 7.14% + 0.16 7.08% + 0.17 5.36% + 0.66 3.53% + 0.37 310°+ 10

Sm» Piston displacement at maximum agglomeration pressure; vj, pellet shift in the die; L, specific compaction work; L, specific work for pellet shifting in the die; p,, DM
single pellet density; A, additive ratio; MC, material moisture content; Ic, agglomerate length; t, material temperature.
*different letters in each column and factors within a value represent a significant difference at p < 0.05 using Tukey’s test.
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MC at which the s;; will have a maximum value was obtained.

Following this logic, increasing the I had a positive effect on the
increase in the sy, but the gradient of growth of this displacement
was higher by one third in the height range of /. = 66—76 mm than
that in the range of I, = 76—86 mm (0.067 mm mm~' and
0.049 mm mm !, respectively). Although friction does not depend
on surface area, the friction coefficient was dependent on the sum
of the contact area of the particles with the die hole, which affected
adhesion and increased shear resistance.

As the temperature of the heated material increased (78, 93, and
108 °C), the s;;, decreased (12.6, 10.8, and 7.1 mm, respectively). The
increase in s, in the temperature ranges of 78—93 °C and
93—-108 °C was 14% and 34%, respectively. Temperature growth
contributed to the physicochemical changes of material particles.
The increase in temperature increased the softening of the ligno-
cellulosic compounds of WS (glass transition), increased the
gelatinisation of CS (Alcazar-Alay and Meireles, 2015), and reduced
the solubility of CC (Coto et al., 2012).

The pellet shift in the die vp was inversely proportional to s;;, as
evidenced by a high but negative correlation coefficient between
these two parameters, r = —0.667. This is logical because the longer
the piston travelled to make the material dose dense, the formed
current pellets became shorter, and a shorter distance had to be
travelled to move it. Material moisture had the greatest impact on
the diversity of pellet shift in the die, and in the moisture range of
10—30% w.b., the pellet shift decreased from 8.5 mm to 2.5 mm.
Therefore, the pellet shift was inversely correlated with moisture,
r = —0.571. The pellet shift was also significantly influenced by the
temperature, and in the range of 78—108 °C, the v, value increased
from 3.5 mm to 7.1 mm. The value of the correlation coefficient
between v, and t amounted 0.349.

Displacement s; had an average positive correlation with Lg
(0.408), L, (0.332), and p, (0.468).

The pellet shift v, was highly negatively correlated with the Ls
(—0.547), L, (—0.515), and p, (—0.553).

Physically, the v, corresponded to the length of the pellet
formed during the material dose compaction.

3.3.2. Specific compaction work Ls and pellet shifting in the die L,
with respect to DM

The work L with respect to DM was the largest for WS without
additives and amounted to 18.1 k] kg~ (Table 1). The addition of CS
reduced this work to 14.7 k] keg~! (by 19%), and the addition of CC
reduced it to 12.5 k] kg~ ! (by 31%). The concentration of these
additives, however, did not have a significant impact on the L,
because the values of this work formed a homogeneous group with
an average value of 13.0 k] kg .

The MC had an average influence on the L (r = 0.405). Similarly,
for s, the influence of moisture on this work was not linear, and for
a MC of 20% w.b., the value of this work was the highest
(17.4 k] kg™ 1). Increasing the I only insignificantly increased the L,
from approximately 13.2 k] kg~! which is the average value of the
homogenous group for a I, of 66 mm and 76 mm to 15.0 k] kg~! for
lc = 86 mm.

The temperature t had a negative (r = —0.255) influence on the
L. For t of 78, 93, and 108 °C, the L values were 20.5, 12.8, and
5.4 k] kg~ !, respectively. Ls of spent coffee grounds was similar and
amounted to 4.2—23.8 k] kg~ (Lisowski et al., 2019a) and that of
walnut shell was 9.9—33.3 k] kg~ ! (Lisowski et al., 2019b). However,
the work for Miscanthus and switchgrass was smaller and
amounted to 2.5—7.7 k] kg~ (Miao et al., 2015).

The influence of various factors on the L; was similar to that of
the sy, and the changes of both parameters were determined by the
same physical phenomena. The L; considers the shape of the
characteristics of pressure-displacement (Fig. 1) and not only the

co-ordinates of the specific point. This work (Ls) better shows the
process of compaction than displacement sp,.

The L, = 35-172 Kk kg ! was lower than the
Ls = 5.4—20.5 k] kg~ Although the L, was on a shorter segment
than the compaction work was, the pellet shifting occurred at a
relatively high pressure. The L, from the walnut shell was even
higher than the compaction work because of the low susceptibility
on the compaction of milled walnut shells and the creation of long
pellets which had to be shifted to a longer distance in the die
(Lisowski et al., 2019b). Materials with lower bulk density and high
susceptibility to compaction, e.g. straw, can be subjected to higher
doses because the formed agglomerate is shorter and the work
required to move it is lower.

The influence of the main factors on the variety of L, values was
slightly higher than that on the values of Ls. The values of L; and L,
were highly correlated with themselves (r = 0.839). The values of
correlation coefficients between the Ls and L, and p, were 0.593 and
0.588 (high correlation), respectively.

3.3.3. Single pellet density p,

The average density p, with respect to DM was the highest for
straw without additives and amounted to 490 kg m> (Table 1).
Adding CS to the straw decreased the density to 405 kg m—3, and
adding CC reduced the density to 475 kg m~3 (representing re-
ductions of 17 and 3%, respectively). Increasing the concentration of
these additives within the range 2—10% wt/wt caused an unclear
change in the py,. The p, was well correlated with the process pa-
rameters (Table S2 of the SI). The value of the correlation coefficient
of pp with the Ls was 0.593 (high correlation), and that with L, was
0.588, s, was 0.468 (average correlation), and v, was —0.553
(negative high correlation). This shows that the same phenomena
which characterised the compaction process contributed to the
formation of pellets with a given density. The effect of the material
compaction in the form of a pellet was linked with the outer fric-
tion, cohesion between the adjacent particles, capillary adsorption,
interfacial forces, solid bridges, attractive forces between solid
particles, and mechanical internal bonds. These binding mecha-
nisms have been observed not only for biomass but also for phar-
maceutical powders and feed (Tumuluru et al., 2011). The higher
the resistance forces of agglomerate movement in the die hole were
and particle dislocation forces had to be overcome, the better
conditions for producing the pellets with higher densities were.
The formation of larger forces between adjacent particles, mostly
caused by cohesive bonds, lowered the risk of their breakdown
during tension loosening, leading to elastic expansion (Stelte et al.,
2012b). The elastic expansion of the material occurred in pellets
after they left the die hole and some bonds were broken, leading to
a decrease in the density and strength of the agglomerate (Nielsen
et al., 2020).

Similar to the case of process parameters, the highest p, of
495 kg m~> was achieved at a material MC of 20% w.b. The Pp
produced at a material MC of 10% w.b. had significantly lower
density (372 kg m~>) (decreased by 25%). Increasing the material
MC by the same interval up to 30% w.b. only contributed to a slight
decrease in density to 479 kg m~> (by 3%). Obtaining an increasing
pellets density was possible to a certain moisture limit, and further
increase in moisture caused decrease in density, what has been
observed by many researchers (Kaliyan and Vance Morey, 2009;
Nielsen et al., 2020). At 10% w.b. moisture, the material was too dry,
and CS and CC additives worsened the conditions for the creation of
more durable connections between particles. With moisture above
25% w.b., the effect of not-compacting water trapped in the mate-
rial particles, has increased. The water prevented particles flat-
tening and the release of the natural bonds between the particles.
Straw fibres and additives were not able to absorb moisture that
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sm=f(MC Ic t)

Fig. 2. Surface charts of piston displacement at maximum agglomeration pressure s,
vs. material moisture MC and die height I, for three material temperatures t (78, 93,
and 108 °C) with marked optimal point at A = 0%, MC = 13.6%, I, = 86 mm, t = 78 °C,
for which the optimum value of s, is 16.8 mm.

remained on the surface of the particles, causing a lubricating effect
between adjacent particles and between the particles and the
surface of the die hole. Other researchers have pointed out these
phenomena (Huang et al., 2017; Mani et al., 2003). Our previous
studies on the compaction of spent coffee grounds (Lisowski et al.,
2019a) and walnut shell (Lisowski et al., 2019b) showed an optimal
MC of these materials in the range of 18—20% w.b.

As the height of the die increased, the p, exhibited an increasing
tendency, but this increase was not unambiguous.

A one-way, negative effect of t on the p, was observed
(r = —0.404). The pellets with the highest density (542 kg m—3)
were formed at a t of 78 °C. Increasing the t by 15 °C (to 93 °C)
resulted in a reduction of the pp to 494 kg m~3, i.e. by 9%. A further
increase in the t by 15 °C (to 108 °C) led to a significant decrease in
the pp (up to 310 kg m~3, i.e. by a further 37%). At high tempera-
tures, lignocellulosic material became plasticised and more amor-
phous, and lignin and water in particular act as lubricants, although
a part of the water can evaporate. When the temperature was
reduced, the moisture effect became less significant, especially
when CS and CC additives were used. Relatively more water could
evaporate from the particles stuck to the surface of the die. The
decomposition of hemicellulose and cellulose occurs at an average
temperature (80—200 °C), and that of lignin begins at room tem-
perature (Uzun and Yaman, 2014).

3.4. Optimisation of the pelleting conditions

Based on the research and statistical analysis data presented so
far, mathematical models for the compaction parameters and the
specific pellets density were developed, and based on them, the
optimal values of process control variables were compared
(Table S3 of the SI). A graphical interpretation of the response
function is presented in Figures 2—6. The analyses were conducted
separately for WS and for its blend with the CS and CS additives, as
well as for all associated data, to verify the possibility of general-
ising the mathematical models. In Table 2, only the regressive fac-
tors relevant from the statistical viewpoint and for regression of the
results of the Fisher-Snedecor F-test evaluation and the values of
the multiple correlation factors were collected. The functions of
objectives were limited to basic restrictions which were the largest
Sm, the smallest vj, the smallest L, the smallest Ly, and the highest

Vp=f(MC Ic t)

vp, mm

Fig. 3. The surface charts of pellet shift in the die v, vs. material moisture MC and die
height [ for three temperatures t (78, 93, and 108 °C) with market optimal point at
A =10%, MC = 29.3%, I = 78.3 mm, t = 78 °C, for which the optimum value of v, is
1.67 mm.

Ls=f(MC Ic.t)

Ls, kJ/kg

Fig. 4. The surface charts of specific compaction work L; vs. material moisture MC and
die height I, for three material temperatures t (78, 93, and 108 °C) with marked op-
timum point A = 0%, MC = 24.3%, l. = 86 mm, t = 78 °C, for which the optimum value
of Ly is 31.6 k] kg~ .

pp. Because of mathematical reasons, in Figures 2—6, the optimum
points have been marked, indicating the maximum or minimum
values which are not equal to the assumed goals. Ls and L, reached
maximum values. This fact is included in the analysis and inter-
pretation of the results.

The analysed objective functions reached optimal values at
diverse decision variables, but because of the aim of the present
study, the most important value was the concentration of the ad-
ditives. For the WS blend with CS, Ls reached the optimal value at a
CS concentration of 4% wt/wt but this did not correspond to the pj,.
For the blend of straw with CC, the agglomeration process was
conducted under optimal conditions at a CC concentration of 10%
wt/wt but the s, and the p, reached zero concentration of the
additive. When the process was optimised for all types of material
blends, the maximum p, was obtained at a concentration of 4% wt/
wt. Generally, one can state that adding CC was more beneficial
than adding CS because the p, with CC additive was the highest and
amounted to 853 kg m~3, which was lower by 20% for the CS
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Lv=f(MC Ic.t)

]
o
Lv, kJ/kg

Mmc, % 20
25

Fig. 5. The surface chart of specific work for pellet shifting in the die L, vs. material
moisture MC and die height I, for three material temperatures t (78, 93, and 108 °C)
with marked optimum point A = 0%, MC = 26.6%, I. = 86 mm, t = 78 °C, for which the
optimum value of L, is 28.9 k] kg~

Density=f(w,h t)

Density, kg/m*3

Mmc, % 20 Ic, mm

Fig. 6. The surface charts of single pellet density, related to the dry matter p, vs.
material moisture MC and die height [. for three material temperatures t (78, 93, and

108 °C) with marked optimum point A = 4%, MC = 23.3%, [. = 78.5 mm, t = 80.2 °C, for

which the optimum value of p, is 633 kg m=.

additive.

By considering the p, as an important objective function, one
can state that the optimal moisture of WS without additives was
13% w.b. For the agglomeration of the blend of WS with CS, all five
functional criteria reached the optimal values at the highest
moisture of 30% w.b., and the p, was the lowest (682 kg m3).

Using CC for WS did not provide such a repetitive outcome, but
by considering the Ly and the p, as the dominant objective func-
tions, the optimal process occurred at a MC of approximately 18%.

The optimal I, for WS agglomeration without additives was
86 mm (which was the highest), and the compaction of the straw
blend with additives can be undertaken at an average I. of 76 mm.

The compaction process and its effect in a form of optimal p,
should take place at the lowest t of 78—86 °C (within the range of
78—108 °C). Figures 2—6 clearly show that the differences between
the surface charts for lower temperature values (78—86 °C) are

smaller than for the temperature of 108 °C, for which the values of
the criteria parameters of the compaction process were the least
favourable.

When pelletising a blend of WS and rice straw, the optimum
temperatures and MC were 100 °C and 15%, respectively (Wang
et al., 2017). At a compaction pressure of 20 MPa, the geometric
mean of the particle size was 0.285 mm; without the addition of
WS, using a L of 3.63—3.80 k] kg~ (smaller than given in Table 1),
pellets with a density of 995—1010 kg m 3 were obtained. However,
other researchers achieved values similar to those in Table 1. The
optimal work of rice straw compaction pre-treated with the addi-
tion of 4% paraffin was 31.4 k] kg, and the pp was 1132 kg m~—3 (Xia
et al., 2019). In other studies, the Ls needed for pelleting rice straw
was 36.69 kJ-kg—1 (Hammes et al, 2003). For walnut shell
compaction at an 18.3% MC, 93 °C t, and 60—70 mm [, the L; was
27.7 K]-kg—1, and the p, was 838 kg-m—3 (Lisowski et al., 2019b).
Under similar conditions of pressure agglomeration of coffee
grounds, these parameters were 10.7 kJ kg~! and 1016 kg m3,
respectively (Lisowski et al., 2019a).

While evaluating the quality of the process based on the ob-
tained effects in the form of maximum value of the pp, one can say
that pelletising took place at the following optimal steering vari-
ables: 4% wt/wt A, material MC of 23.3% w.b., I of 78 mm, and t of
80.2 °C (Table S3 of the SI, Fig. 6). Under the optimal conditions:
Sm = 12.3 mm, vp = 2.35 mm (equal to the height of the compacted
single dose), Ly = 22.1 k] kg™, and L, = 19.0 k] kg~ . These values
were calculated based on mathematical models (Table 2). In this
scenario, the values of the parameters were lower than the
maximum values (for v, greater than the minimum value), which
were s, = 16.8 mm (by 27%), vp = 1.67 mm (by 29%, the function has
a minimum), Ly = 31.6 k] kg~! (by 43%), and L, = 28.9 k] kg~ (by
34%, Table S3 of the SI), respectively. However, the water absorption
value of crushed pellets produced under these optimal pelleting
conditions remains unclear. The presented tests can be an indica-
tion for the preservation of pellets production conditions in actual
production. The limitation of these tests is the laboratory scale and
technological tests in a larger scale will be needed. Further research
should also concern the behaviour of broilers on litter prepared
from crushed pellets.

4. Conclusions

Milled WS and its blends with CS or CC with an A of 2—10% wt/
wt were pelleted.

Adding CS contributed to a lag and addition of CC to an increase
of gradient agglomeration pressure.

Through an analysis of feature correlations, the number of
characterising parameters for the pressure agglomeration process
and pellets was limited to five: sy, vp, Ls, Ly, and p,.

Based on five steering variables, regression models were
developed, and the optimal values of objective functions with basic
constraints for prediction of pelleting parameters were determined.

In general, the process of pelleting blends of WS with additives
was more effective than that with pure WS. In summary, the
optimal density of specific pellets was reached at 4% wt/wt A, 23%
w.b. material MC, 78 mm I, and 80 °C t. In this scenario, the values
of parameters characterising the process were lower than the
maximum values. The s,; was lower by 27%, Ls by 43%, and L, by
34%; however, pellet shift in the die was higher by 29% because of
the minimum function objective. Adding CC was more beneficial
than adding CS because the p, of the WS and CC blend was higher
(853 kg m~3) by 20% than that of WS and CS blend. Optimal con-
ditions for pellet forming are an important indication for their use
in actual industrial production.
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Table 2
Regression coefficients of the variables for piston displacement at maximum agglomeration pressure (sy), pellet shift in the die (v;), specific compaction work (L), specific
work for pellet shifting in the die (L,), and single pellet density (pp).

Sm Vp Ls Lv Pp

Bi p-value Bi p-value Bi p-value Bi p-value Bi p-value
Wheat straw (WS)
Intercept -218 <0.0001 16.6 <0.0001 -364 0.0004 -57.2 <0.0001 —2864 0.0216
MC 1.02 0.0220 -0.87 <0.0001 — — 2.38 0.0097 — —
Ic 3.53 <0.0001 — — - — 1.85 <0.0001 — —
t 2.12 <0.0001 — — 8.63 0.0001 — — 77.27 0.0047
McC? -0.015 0.0034 — — — — —0.09 <0.0001 -0.64 0.0237
2 —-0.020 0.0004 —0.002 <0.0001 0.03 <0.0001 — — 0.11 <0.0001
£ -0.015 <0.0001 — — —-0.04 0.0003 — — -0.54 0.0003
MC x I -0.019 <0.0001 0.017 <0.0001 -0.05 <0.0001 — — -0.37 0.0318
MC x t 0.012 <0.0001 —0.008 <0.0001 0.06 <0.0001 0.02 0.0125 0.61 <0.0001
Iext — — —0.002 0.0444 —-0.04 0.0009 -0.02 <0.0001 — —
F test 359 396 54 110 169
R 0.6966 0.8423 0.5254 0.6525 0.7646
Wheat straw + cassava starch (WS + CS)
Intercept 13.2 <0.0001 -35.7 0.0044 - - - - —6231 <0.0001
A -1.36 0.0046 - - - - - - - -
MC — — — — —4.07 <0.0001 -1.69 0.0001 44.94 0.0028
Ic — — — — 10.06 <0.0001 5.77 <0.0001 166 <0.0001
t — — 0.92 0.0008 -7.50 <0.0001 —4.38 <0.0001 — —
A? - - -0.021 0.0219 - - - - - -
McC? 0.005 <0.0001 — — 0.15 <0.0001 0.07 <0.0001 0.49 0.0093
2 0.001 0.0003 — — -0.07 <0.0001 -0.04 -1.10 <0.0001
I - — —0.004 0.0042 0.04 <0.0001 0.02 <0.0001 — —
A x MC — — 0.016 0.0026 - — -0.04 0.0242 -0.69 0.0303
A x e — — - - - - 0.04 0.0022 0.21 0.0203
Axt 0.015 0.0032 - - - - -0.02 0.0188 - -
MC x I, - — — — - — — — -0.30 0.0220
MC x t — — —0.004 <0.001 - - — — -0.33 0.0001
Iext —0.002 0.0002 — — — - - - 0.06 0.0199
F test 433 292 126 68 226
R 0.3895 0.6413 0.7226 0.6726 0.5784
Wheat straw + calcium carbonate (WS + CC)
Intercept - — 85.0 <0.0001 — — 120 <0.0001 —4175 0.0044
A -0.84 0.0021 1.83 <0.0001 435 0.0002 222 0.0002 -23.41 0.0300
MC 0.37 0.0090 -1.37 <0.0001 - — 1.69 <0.0001 38.05 0.0262
le 0.16 <0.0001 -1.94 <0.0001 -2.69 0.0003 -2.94 <0.0001 29.24 0.0198
t 0213 0.0013 — — 2.89 <0.0001 — — 80.50 0.0018
A? -0.025 0.0164 - - - - - - - -
McC? -0.015 <0.0001 0.018 <0.0001 -0.11 <0.0001 -0.07 <0.0001 -1.88 <0.0001
2 - — 0.011 <0.0001 0.02 0.0008 0.02 <0.0001 — —
£ —-0.003 <0.0001 0.002 <0.0001 -0.02 <0.0001 — — -0.43 0.0007
A x MC 0.013 <0.0001 —0.009 0.0005 - - — — 1.03 0.0382
A x e 0.013 <0.0001 —0.010 0.0001 —-0.06 0.0002 -0.03 0.0001 - -
Axt - — -0.011 <0.0001 - — — — — —
MC x I —-0.008 <0.0001 0.013 <0.0001 0.03 <0.0001 0.02 <0.0001 — —
MC x t 0.009 <0.0001 —0.006 <0.0001 0.03 <0.0001 - - 0.38 0.0042
Iext - — — — - — -0.01 <0.0001 -0.26 0.0487
F test 1632 709 181 420 149
R 0.7016 0.8018 0.5685 0.7164 0.6873
For all
Intercept -28.1 0.0031 61.2 <0.0001 29.1 — 62.2 0.0023 —5050 <0.0001
A 1.97 <0.0000 0.86 <0.0001 - 0.0002 — — — —
MC 0.46 0.0031 -1.04 <0.0001 — — 1.69 <0.0001 56.5 <0.0001
Ie 039 <0.0001 -1.27 <0.0001 - 0.0003 — — 78.1 0.0035
t 0.64 0.0001 — — - <0.0001 -1.17 0.0080 48.80 0.0008
A? 0.070 <0.0001 -0.014 0,0157 0.12 — 0.06 0.0031 — —
McC? -0.011 <0.0001 0.012 <0.0001 -0.05 <0.0001 —0.05 <0.0001 -0.70 0.0001
2 — — 0.006 <0.0001 0.008 0.0008 0.006 <0.0001 -0.45 0.0098
£ —0.005 <0.0001 0.001 0.0001 - <0.0001 0.007 0.0007 -0.30 0.0001
A x MC 0.009 0.0022 - - - - -0.02 0.0252 - -
Ax I - — — — —-0.02 0.0002 —-0.03 <0.0001 — —
Axt 0.011 <0.0001 —0.009 <0.0001 - - 0.02 <0.0001 — —
MC x I, —0.007 <0.0001 0.009 <0.0001 0.01 <0.0001 0.01 0.0045 -0.30 0.0137
MC x t 0.006 <0.0001 —0.004 <0.0001 0.02 <0.0001 — — — —
Iext —-0.002 0.0243 0.001 0.0120 -0.01 - -0.01 <0.0001 — —
F test 1275 843 208 267 399
R 0.5695 0.7310 0.4308 0.5900 0.5184

A: additive ratio, MC: material moisture content, I.: die height, t: material temperature, R: goodness of fit.
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SI APPENDIX

Table S1. Pelleting factors and levels of mixed-level orthogonal array design

Level Moisture content, Material Die height  Additive ratio Additive
MC, % w.b. temperature, t, °C I, mm A, % type

1 10 78 66 0 CS

2 20 93 76 2 CC

3 30 108 86 6

4 10




Table S2. Correlation matrix for type of additive, additive ratio (A), material moisture content

(MC), agglomerate length (die height) (Ic), material temperature (t), DM single pellet density

(pp), piston displacement at maximum agglomeration pressure (Sm), pellet shift in the die (vp),

specific compaction work (Ls), and specific work for pellet shifting in the die (Lv).

Parameter Additive A MC Ic t Pp Sm Vp Ls Lv
Additive 1.000

A 0.486*  1.000

MC 0.001 -0.004 1.000

lc 0.004 -0.001 -0.005 1.000

t -0.003  0.003 0.008 0.005 1.000

Pp 0.021 -0.056 0.186* 0.112* -0.404*® 1.000

Sm -0.225* -0.063 0.156* 0.143* -0.377* 0.468*  1.000

Vp 0.033 -0.010 -0.571* -0.183* 0.349* -0.553* -0.667*  1.000

Ls -0.071 -0.022 0.405* 0.049 -0.255* 0.593* 0.408% -0.547%  1.000

Ly -0.088* -0.088* 0.400* 0.097% -0.343* 0.588% 0.332* -0.515* 0.839*  1.000

& statistically significant at p-value = 0.05



Table S3. Optimum condition for characteristic parameters of forming pellets with three

different types of materials

B

‘Vp

| Ls

‘ Ly ‘ Pp
Wheat straw (WS
MC, % 13.9 30.0 30.0 22.1 13.2
lc, mm 83.0 86.0 66.0 86.0 86.0
t, °C 78.3 78.0 93.8 78.0 78.9
Optimum value | 18.7 mm 1.48 mm 33.5kl-kg! | 34.8kJ-kg? | 785 kg'm
Wheat straw and cassava starch (WS+CS)
A, % 0.00 0.00 4.00 0.00 0.00
I, mm 30.0 30.0 30.0 30.0 30.0
t, °C 66.0 71.0 71.6 72.9 73.3
I, mm 78.0 78.0 78.0 108.0 78.0
Optimum value | 7.49 mm 2.27 mm 32.7kJ'kg? | 28.7kJ-kg? | 682kg'm3
Wheat straw and calcium carbonate (WS+CC)
A % 0.00 10.0 10.0 10.0 0.00
I, mm 10.0 25.7 18.7 21.1 18.1
t, °C 66.0 77.3 66.0 66.0 86.0
I, mm 108 78.0 78.0 78.0 78.0
Optimum value | 5.14 mm 2.96 mm 292 kJ-kg? | 21.7k]'kg? | 853 kg'm™®
For all
A % 0.00 10.00 0.00 0.00 4.00
I, mm 13.6 29.3 24.3 26.6 23.3
t, °C 86.0 78.3 86.0 86.0 78.5
I, mm 78.0 78.0 78.0 78.0 80.2
Optimum value | 16.8 mm 1.67 mm 31.6kI'kg? | 28.9kJ-kg? | 633 kgm3

A: additive ratio, MC: moisture content, Ic: die height, t: material temperature, Sm: piston

displacement at maximum agglomeration pressure, vp: pellet shift in the die, Ls: specific

compaction work, Ly: specific work for pellet shifting in the die, and pp: single pellet density.




Fig. S1. A stand for densification of material with a single die, with an open chamber, with a
universal test machine and the steering system. System for registration of the parameters of

the compaction process: 1 — die, 2 — electric bands (2 pieces), 3 — integrated temperature and

pressure sensor (3 pieces).



Fig. S2. An exemplary photo of pellets made of the blend of WS and CS at different technical
parameters of compaction: material moisture content, die height, material temperature, and

additive ratio
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Abstract: This study aimed to optimise the production conditions of wheat straw (WS) pellets and
pellets with the additives of cassava starch (CS) or calcium carbonate (CC) based on the criteria of
pellet strength and water absorption by crushed pellets. The pellets produced using a 2-10%-wt/wt
additive ratio, material moisture of 10-30% w.b., die height of 66-86 mm, and material temperature
of 78-108 °C were tested. The influence these factors on the strength parameters of pellets was
different than on the water absorption by the crushed pellets. The pellets made of WS blended
with CC additive were characterised by better strength parameters and the compressed pellets were
characterised by better water absorption than those with CS. High and positive correlation among
specific pellet compression work, elasticity modulus for pellet compression, and tensile strength
values were observed. As the strength parameters of pellets showed high correlation with single
pellet density, for the consistency of conclusions, the optimal conditions for pellet production were
assumed based on the density. For optimal conditions at 4% wt/wt additive ratio, 23% w.b. material
moisture, 78 mm die height, and 80 °C material temperature, the specific pellet compression work
was 3.22 mJ-mm~2, elasticity modulus was 5.78 MPa, and maximum tensile strength of the pellets
was 2.68 MPa; moreover, the water absorption by crushed pellets amounted to 2.60 g HyO-g~! of
dry matter.

Keywords: additives; crushed pellets; optimization; regression models; tensile strength

1. Introduction

The bedding material type, particles size, as well as moisture bedding and caking, have been
identified as the main factors to birds” welfare [1]. In comparative tests of pelleted straw, chopped
wheat straw (WS), wood chips, rice straw, and shredded paper as bedding material, pelleted straw
showed the lowest incidence of foot-pad dermatitis (FPD) [2]. The occurrence or appearance of FPD is
less frequent by 24 to 29 days among birds kept on pelleted straw in compared to birds kept on chopped
straw and paper. This may be connected with its ability to absorb water and vaporisation speed as
pelleted straw is denser than chopped straw, causing less crushing of the bedding material and creation
of small particles. The results of comparative studies of four classes of western red cedar (Thuja plicata)
wood chips and Douglas fir (Pseudotsuga menziesii) with western juniper (Juniperus occidentalis) show
that the absorption capacity and rate of moisture release increase with decreasing particle size [3].
Smaller bedding particle sizes and increased bedding quality are associated with reduced FPD [4].
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Sharp edges of chopped straw may be responsible for the occurrence of FPD [1]. Bedding material
with large particle size and high moisture content also had an impact on the development of FPD [4].
The significantly high correlation between high bedding material moisture, caking results, and FPD
occurrence frequency has been previously recorded [1]. Chipped pine, chopped straw, cotton-gin
trash, and pine shaving bedding have shown the highest correlation. Mortar sand and ground door
filler (a wood fibre-based material used in insulating metal doors) showed the lowest value of FDP
occurrence. The ability of bedding to absorb and quickly release moisture may be the most important
bedding feature for preventing FDP [1].

The evaluation of pellet quality can be conducted using various indicators. Previous considerations
that take into account the relationships among parameters indicate the effect of pellet production,
with its ability to absorb water, is important and significant to this study [2,5]. These parameters
are also relevant to energy pellets, where their ability to absorb water or moisture should be as low
as possible. Water absorption by biomass is the process of resulting molecules, atoms, or ions and
adsorption is a surface phenomenon. Often these phenomena occur simultaneously and are referred
to as sorption. The absorption mechanism of bedding or fluid-treated pellets by the entire volume
of particles dominates and whose intensity is time, is defined as the diffusion coefficient. Moisture
diffusion in the material structure depends on the type of the material, volume of micro gaps among
particles, and volume of particles or pellets, fibre fraction volumes, the speed of the mass stream,
time, additives, moisture, relative humidity, and air temperature [6,7]. Smaller particles and higher
temperature increase the speed of absorption. The modification of the structure of the pellets intended
for the bedding should be directed on enhancing hygroscopic characteristics, contrary to energy pellets.
There are more moisture absorption data results from the air by energy pellets made of blends of
various materials, than by the pellets intended for bedding. If the fuel pellets do not meet the trade
conditions, they can be used for bedding [5].

The moisture content of crushed straw was statistically higher than pelleted wheat straw, chipwood,
and rice straw [2,8]. This result may be linked with the higher ability of crushed straw to absorb and
release the water.

The comparative studies with pine shavings and sawdust have shown that shredded pellets have
a good moisture retention capacity, an acceptable level of fine particles, and a low level of chemical
contamination [9].

The production of stable pellets with high density requires the optimal range of biomass moisture.
In the defined temperature, water acts as a bonding agent, enhancing the bonds among material
particles, helping to develop van der Waals forces, and increasing the area of contact among moister
particles [10]. The lignin melting point can be lowered from 140 °C [11] to 100-135 °C (usually achieved
during commercial pelleting) using moisture of 8-15% in biomass raw materials [12].

The analysis of several factors influencing the quality of pellets, especially density and strength,
requires optimisation methods. For this purpose, linear and nonlinear regression equations are used,
as well as more advanced analytic methods. The optimisation is based on linking all these aims with
respect to the relevant factors [13].

There are not enough research results in the available literature for bedding pellets made of
WS with cassava starch (CS) or calcium carbonate (CC) additives at various moisture and density
parameters. There is also not enough information about the optimal conditions for undertaking the
process of densification of such blends due to the strength of pellets and water absorption ability by
crushed pellets intended for bedding.

The aim of this study was to determine the most favourable combinations of the density parameters
of WS by itself and blended with CS or CC as bonding additives by maximising the pellets’ compressive
strength and water absorption by crushed pellets (k). The parameters characterising the pellets
compressive strength were specific pellet compression work (E;), during which the pellets cracked;
elasticity modulus (E); and maximum tensile strength (o). Crushed pellets as a potential material
for bedding were accessed on the basis of k. In the analysis of these research results, the single pellet
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density (pp) was also taken into account in the evaluation of the compression process. The control
variables were the participation of bonding additives CC and CS, material moisture content (MC),
die height (I), and material temperature (t) during agglomeration pressure. The obtained data results,
being criterion indicators for the quality of pellets, were elaborated in a statistical manner using variant
analysis and features correlation. For the response function, mathematical models and optimisation of
compaction conditions due to assumed criterion indicators were developed. The novelty in the work
was the type of logically selected bonding additives to WS in the production of pellets for bedding and
its influence on the quality of pellets, including on k and the optimisation of compaction conditions
using Scilab v.6.02 software.

The selection of additives and factors with their level of values were presented in our two previous
articles [14,15].

2. Materials and Methods

2.1. Materials

For this study, the pellets made of WS were used with CC or CS as bonding additives, with the
involvement of three additive ratios (A) (2, 6, and 10% wt/wt) and three levels of MC (10, 20, and
30% w.b.). The pellets were made of die in an open chamber with adjustable heights of 66, 76, and
86 mm at temperatures of 78, 93, and 108 °C (Table 1). The additive ratio of 0% wt/wt means pure
WS. These described factors are the most important characteristics of the material and the pelleting
process. The range of values for these factors was selected on the basis of preliminary research with
taking into account the practical use. More information about the selection of factors were provided
in our first article [15]. The selection of additives was dictated by their physicochemical properties,
hygroscopicity, neutrality towards the environment and the positive effect on the litter properties.
A wide range of factor values will allow for more reliable determination of optimal pelleting conditions,
due to the strength of the pellets and their water absorption capacity. In order to receive the more
reliable database, the tests for each combination of factors and levels were performed.

Table 1. Pelleting factors and levels.

Moisture Content, Material Die Height, I, Additive Ratio, ops
Level MC, % w.b. Temperature, t, °C mm A, % Additive Type
1 10 78 66 0 Cs
2 20 93 76 2 CcC
3 30 108 86 6 -
4 - - - 10 -

2.2. Material Moisture Content (MC)

Immediately before the measurements of pellet compression and k, the MC was determined [16].
The samples of the milled material with a weight of 2 g each were weighed on an analytical balance
(WPA 40/160/C/1, Radwag, Radom, Poland) with a 0.00001 g accuracy and dried at a temperature
of 105 + 2 °C for 24 h using an SLW 115 laboratory dryer (Pol-Eko Aparatura, Wodzistaw Slaski,
Poland). The moisture measurements were reported three times for every combination. As the samples
were stored in a room with the same temperature of 20 + 2 °C and relative humidity of 68% =+ 5%,
they achieved moisture equilibrium moisture. The average value of the MC of all combinations was
estimated as 8.15% = 0.03% w.b. The research results were converted into a dry matter (DM).

2.3. Pellets Strength to Compressive Loads

The strength of single pellets for compressive loads was determined by diametric compression
tests, which have been widely used by researchers [17-19]. The pellets were cut in 20 mm pieces using
a scalpel. The front surfaces of the pellets were ground and the samples placed in triangular element
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to keep the surfaces perpendicular to the pellet axis. The diameter of pellets was measured at half
of their length in two perpendicular directions. Their length was measured using a MAUa-E2 4F
digital calliper (FK Vis, Warsaw, Poland) with an accuracy of 0.01 mm. Each pellet was weighed on an
electronic scale (WPS 600/C, Radwag, Radom, Poland) with an accuracy of 0.01 g.

The pellets were placed individually on the steel plate of the TIRAtest (Matest, 1.6dZ, Poland)
universal testing machine and were compressed with a 25 x 50 mm? punch with a speed of 5 mm-min~!
until the moment when the piston shifted 4 mm (8 mm pellet diameter) (Figure S1 in Supplementary
Materials). The measurements were performed three times for each combination of the pellet production.
The pellets compressive strength was assessed by determining E;, E, and o¢ [20]. As this parameter is

defined differently in the literature, the term more commonly used has been adopted [21].

2.4. Pellet Strength Parameters during Compression

Based on the set of data force-displacement, the strength parameters during compression were set
as Ej, E, and o, at which the pellet cracked based on the following relationships:

1 Al
Ej=g fo Fdx 1)
Fd
E= SAl )
_ 2Fax
GC - ndlp 7 (3)

where E; is the specific compression work, in mJ-mm~2, until pellet cracking is achieved; F is the
compression force in N; S is the surface of the pellet subjected to load in mm?
displacement in mm, equal to pellet deformation; E is the elasticity modulus at compression in MPa; d is
the pellet diameter in mm before loading; Al is the radial displacement of the punch (pellet deformation
under load) in mm; o is the maximum tensile strength during pellet cracking in MPa; Fiay is the

; x is the punch

maximum compression force in N; and I, is the pellet length in mm.

2.5. Water Absorption

Directly after the pellet compression tests, the samples of the crushed pellets were placed in a
coffee brewer of know weight (tare) and weighed on an electronic scale (WLC1/A2, Radwag, Radom,
Poland) with an accuracy +£0.01 g. These tests were conducted by immersing the samples in purified
water at 20 + 1 °C for 30 min. The coffee brewers with pellets were left to drain for 5 min. After taking
them out of the water, they were gently shaken three times to remove excess water from the screen of
the sieve and weighed again (Figure S2).

The difference in mass of the sample after and before immersing is k. The value of k, based on dry
matter mass, was calculated according to the following formula:

k= (msl —Wlso)/mso(l—MC/l()O), (4)

where k is water absorption by crushed pellets in g H;O-g~! DM; my is the weight in g of the sample
of pellets crushed after immersion in water; msg is a mass in g of sample of pellets crushed before
immersion in water; and MC is the moisture in % of the pellets crushed before immersing in water

In the same way, for contrast, the water absorption of chopped WS and blends of WS with CS or
CC with A values of 2%, 6%, and 10% wt/wt was tested. In the comparative research, only the material
with the lowest moisture 10% w.b. was used because only dry material was used as bedding.
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2.6. A Method for Optimising Compaction Conditions Due to the Pellets” Strength and Their Water
Absorption Capacity

The control variables for WS with CS or CC were: A, MC, I, and t. The responses of the dependent
variables, E]-, E, oc, and k, were calculated based on values obtained from experiments and can be
defined as a general regression Equation:

4 4 34
Yn = Po + zﬁixi + Z Biix? + Z Z Bijxixj, (n=1,2,3,4), &)
i1 i—1

i=1 j=it1

where y is the specific pellet compression work (E; in m]J-mm~2); y, is elasticity modulus (E in MPa);
y3 is a tensile strength of pellets (d. in MPa); y4 is water absorption by crushed pellets (k in g HyO-g~!
DM); xq is the additive ratio (A in % wt/wt); x; is the material moisture content (MC in % w.b.); x3 is the
die height (I in mm); x4 is the material temperature (f in °C); o, f;, Bii, and B;; are the coefficients of
intercept terms, linear terms, quadratic terms, and interaction terms in the equation, respectively.

For the objective function (Equation (5)) relative to the four control variables A, MC, I., and ¢,
the gradient g, was determined using finite differences in the matrix equation form.

_ agﬂ ag” agn agn
& =\24" aMC’ I’ ot ©)

The minimising function, y,(A,MC,l.t) was calculated at the initial conditions of the decision
variables Ay, MCy, l.9, and ty being 4% wt/wt, 15% w.b., 70 mm, 90 °C, respectively, with the bound
constraints being 0% wt/wt < A < 10% wt/wt, 10% w.b. < MC < 30% w.b., 66 mm < /. < 86 mm,
and 78 °C <t < 108 °C.

To minimise the non-linear function MICnlicrl}Ayn (MC, I, t,A), an “optim” function with the

Quasi-Newton algorithm was used.
The optimal process parameters for the objective function and graphs were developed using the
open-source software package Scilab v.6.0.2.

2.7. Statistical Analysis

The data were analysed for the influence of factors (the type of material, A, MC, I, and t) on the
resistance features of pellets (E]-, E, o¢) and k using the multi-criteria MANOVA variance analysis with
an F test (Fisher-Snedecor). The statistical importance of the differences between the average values
of the parameters was determined using the Tukey test method in relation to criterion parameters
characterising pellet strength and k. The analysis was conducted with an assumed significance level of
p < 0.05. Statistica v.13.3 (StatSoft Polska Ltd., Cracow, Poland) was used for the statistical analysis.

3. Results and Discussion

3.1. Research Results

In majority of the cases, the main factors (additive type, A, MC, I;, and t) of pellet quality
parameters (p < 0.0002, Table 2) showed highly significant statistical differences.

Factor A was insignificant for E; (p = 0.0523), E (p = 0.5438), and o, (p = 0.2428). The feature /.
did not significantly affect the differences in the E (p = 0.4100). The matrix of correlation coefficients
among the quality parameters of pellets and control variables is presented in Table. The p, value was
included in the joint interpretation of the strength parameters and k.

The values of the regression coefficients for the mathematical models of strength parameters and
k are shown in Table S2. Their graphic interpretation is shown in Figures 1-4. The optimal values of
control variables, for which the objective functions characterising the quality of pellets reached their
optimum tested limits of control variables, are presented in Table 3.
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Table 2. Results of analysis of variance, mean values, and standard deviation (SD) of dry matter (DM)

single pellet density, specific pellet compression work, elasticity modulus for pellet compression, tensile

strength, water absorption by crushed pellets for different type of additive, A, MC, I, and .

pp’ E]’ Er O¢c,

k

Factor kg m3 mJ-mm™2 MPa MPa g H,0-g"1 DM
p-value
Additive 0.0285 <0.0001 <0.0001 <0.0001 <0.0001
A <0.0001 0.0523 0.5438 0.2428 <0.0001
MC <0.0001 0.0002 <0.0001 <0.0001 <0.0001
I <0.0001 <0.0001 0.4100 <0.0001 <0.0001
t <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Mean and + SD for type of additive
WS 490 " + 23 253P+£0.19 462° +0.30 1.95P +0.17 545° +0.16
CSs 4052 £ 11 1.282 + 0.08 7.42°¢ +0.26 1.232 £ 0.09 2242 1+ (.04
CC 475° + 18 2.66° +0.20 2392 +0.12 2.11b +0.15 480° +0.11
Mean and + SD for additive ratio A (% wt/wt)
0 490°¢ + 23 2.53¢+0.19 4622 +0.30 1.953 +0.17 5.45°¢ +0.16
2 446 + 18 207 +0.19 5192 +0.32 1.752 £ 0.15 356° +0.15
6 4302 + 18 1.922 +0.19 4802 +0.31 1.682 +0.15 3.69P +0.15
10 4433b 1 19 1.922 £ 0.21 4732 +0.32 1.582 +0.15 3302 +0.12
Mean and + SD for material moisture content MC (% w.b.)
10 3722 £15 1.122 +£0.11 4122 +0.24 0.852 £ 0.09 440°€+0.14
20 495¢ + 19 251b +0.20 473b + 025 1.98P £ 0.15 3352 +0.11
30 479° + 14 257b +0.17 5.71¢+0.32 231¢+0.14 3.64P +0.14
Mean and + SD for die height /. (mm)
66 4022 +15 1.812 £0.17 4752 +£0.30 1432 £0.13 4.00¢ +0.15
76 479 ¢ + 17 2.12b +0.18 4982 +0.27 1.83P +0.14 3.83P +0.14
86 4660 + 17 228b +0.17 4842 +0.26 1.90P £ 0.14 3562 +0.12
Mean and + SD for material temperature ¢ (°C)
78 542+ 18 2.60° +0.19 525b +0.28 225b +0.15 3352 +(.12
93 494 + 16 257P +0.19 5.83¢+0.27 211b +0.15 3.60P £0.12
108 3102 + 10 1.032 + 0.08 3482 +0.25 0.792 + 0.07 444°+0.15

pp, single pellet density; E;, specific pellet compression work; E, elasticity modulus for pellet compression; o, tensile
strength; k, water absorption by crushed pellets; A, additive ratio; MC, material moisture contents; /., die height; t,
material temperatures. * different letters in each column and factors within a value represent a significant difference

at p < 0.05 using Tukey’s test.

Ej=f(MC lc.t)

5
£, my/mm 2

Figure 1. The surface chart of specific pellet compression work E; vs. material moisture MC and

die height . for three material temperature levels ¢ (78, 93, and 108 °C) with the marked optimal
point A = 0.00% wt/wt, MC = 21.6% w.b., [ = 86 mm, t = 86 °C, for which optimum value of Ejis

3.66 mJ-mm™2.
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Figure 2. The surface chart of the elasticity modulus for pellet compression E vs. material moisture MC
and die height I for three material temperature levels ¢ (78, 93 and 108 °C) with the marked highest
point A = 4.00% wt/wt, MC = 30.0% w.b., I = 71.0 mm, t = 88.5 °C, for which the optimal value of E is

6.77 MPa.

Table 3. The most favourable condition for characteristics parameters of pellets strength and the single
pellets density and water absorption by crushed pellets with three different types of materials.

pp E] E O¢ k
Wheat straw (WS)

MC, % 13.2 30.0 23.2 30.0 10.0

le, mm 86.0 86.0 86.0 86.0 66.0

t,°C 78.9 91.6 91.2 90.9 108
Optimum value 785kgm™  4.64 mJ-mm™2 8.69 MPa 3.56 MPa 6.99 g H,0-g"! DM

Wheat straw and cassava starch (WS + CS)

A, % 0.00 0.00 0.00 4.00 6.10

MC, % 30.0 30.0 30.0 30.0 10.0

lo, mm 73.3 71.0 66.0 76.1 66.0

t,°C 78.0 78.0 87.8 78.0 81.2
Optimum value 682 kg-m_3 2.30 mJ-mm™2 11.96 MPa 3.16 MPa 315¢g H20~g_1 DM

Wheat straw and calcium carbonate (WS + CC)

A, % 0.00 0.00 0.00 0.00 0.00

MC, % 18.1 16.1 10.0 16.9 10.0

Ic, mm 86.0 71.0 86.0 71.0 66.0

t,°C 78.0 78.0 78.0 78.0 108.0
Optimum value 853kgm™  6.10 mJ-mm~2 5.54 MPa 4.17 MPa 6.99 g H,0-g~! DM

For all

A, % 4.00 0.00 4.00 4.00 0.00

MC, % 233 21.6 30.0 30.0 10.0

lo, mm 78.5 86.0 71.0 86.0 66.0

t,°C 80.2 86.0 88.5 87.6 108.0
Optimum value 633kgm™  3.66 m-mm~2 6.77 MPa 3.06 MPa 6.28 g H,0-g™! DM

A: additive ratio, MC: moisture content, I.: die height, t: material temperature, p,: DM single pellet density, Ej:
specific pellet compression work, E: elasticity modulus for pellet compression, o.: pellets tensile strength, k: water

absorption by crushed pellets.

3.2. Specific Pellet Compression Work E;

The pellets made of the WS blend with CC were characterised by the largest E; (2.66 mJ-mm~2)
during the deformation until cracking. The pellets made of pure WS required slightly less destructive
work (by 5%) but without a statistically significant difference. The pellets made of the WS blend with
CS were characterised by the lowest of E; (1.28 mJ-mm™2).
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ae=H(MClct)

Figure 3. The surface chart of pellet tensile strength o vs. material moisture MC and die height /. for
three material temperature levels f (78, 93, and 108 °C) with the marked optimal point A = 4.00% wt/wt,
MC =30.0% w.b., [ = 86 mm, t = 87.6 °C, for which the optimal value of o is 3.06 MPa.

k=f(MC lc.t)

k, g H20/g DM

Figure 4. The surface chart of water absorption by crushed pellets k vs. material moisture MC and die
height . for three material temperature levels ¢ (78, 93, and 108 °C) with marked highest point A = 0.00%
wt/wt, MC = 10.0% w.b., [ = 66 mm, t = 108.0 °C, for which the optimal value of kis 6.28 g Hzoog_1 DM.

Cracking cross-sections depend on the particle size arrangement [22].and amount of adhesive
bonds associated with surface wettability [23]. There is a positive relationship between wettability and
wood adhesion [24].

The CS additive probably reduced the wettability of the surface and reduced the adhesion among
particles whose grains were crystalline and finely porous [25]. CC grains form clusters that combine
randomly with larger aggregates and have the ability to combine with lignocellulose particles, which
makes the bonds durable [26].

Increasing the additive ratio to WS contributed to an insignificant decrease of E;. The CS additive
decided of this averaged, negative downward trend of decreasing work vs. additive ratio. It can only
be pointed out the tendency, because the statistical analysis shows that the influence of involvement
of additives was not unambiguous (p = 0.0523), and the values of correlation coefficients were not
correlated (Table S1).

The pellets with increased moisture content were characterised by higher resistance to compression
loads. The growth of E; was significantly higher in the first moisture range (10-20% w.b.) than in the
second (20-30% w.b.), amounting to 124% and 2%, respectively.

In the second range, the differences were statistically insignificant and at the moisture level slightly
higher than 20% w.b. the parameter reached the stabilisation state. The significant growth of E; was
recorded at the highest ¢ of 108 °C. At 78 °C and 93 °C, the change courses of E; reached plateaus
(Figure 1). Contrary to the MC, the growth of the t decreased o.. At ranges of 78-93 °C and 93-108 °C,
the decline amounted to 1% and 60%, respectively. For lignocellulose pellets, temperature was the most
important factor for o, followed by the compaction pressure, particles size, and MC [19]. On the other
hand, the changes of E; vs. I were proportional and had a digressive gradient. It is logical because at
the higher I, pellets were more densified and higher work was needed in order to the pellets cracking.

The work E; needed for the pellet to crack increased with an increase in the value of p, because the
correlations between these parameters were either high, r = 0.514 for the blend of WS with CS or very
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high, with r = 0.813 and r = 0.816 for WS and the blend of WS with CC, respectively (Table S1). High
or very high correlations were recorded among E;, E, and o.. A negatively high correlation (r ~ —0.5)
was recorded between E]- and k; the less the pellet was immersed in water, the more it was resistant
to cracking.

In summary, the influence of CC was more significant than CS as an additive to WS due to the
need to use larger E; for the pellets to crack. The involvement of bonding additives did not have a
higher influence on the E;. The influence of the /. on the resistance of the pellet to cracking during
radial compressive load was also confirmed [19]. The influences of MC and t were contrary and with
an exponential shift, with characteristics increasing to a plateau for E; as the moisture increased and
with inverted characteristics as t decreased (Figure 1).

The increase in temperature caused changes in the physicochemical properties of the lignocellulosic
compounds of WS, leading partially to the decrystallisation of particles. At higher MC, this caused a
shift of the glass transition temperature towards lower values [27]. The moisture effect vs. temperature
was more visible for pure WS. For the WS bonded with CC, it densified at the highest t of 108 °C.
The characteristics of E; for the CS and CC additives were different; the former was characterised by
concavity with a minimum for the temperature of 108 °C and the latter by convexity with a maximum
at78 °C.

3.3. Elasticity Modulus for Pellet Compression E

The average value of E was the highest (7.42 MPa) for the pellets made of WS and CS blends and
lowest (2.39 MPa) for the pellets made of WS and CC blends. The E for the pellets made of pure WS
was 4.62 MPa.

The CS has a low porosity crystal structure and is characterised by high adhesiveness and long
texture; its addition increased the density effect as indicated in the starch characteristics [28]. Adding
CC and improving the plasticity of the blends, including WS, contributed to decreasing the elasticity
of pellets.

E increased progressively along with MC; within the following moisture ranges 10-20% w.b. and
20-30% w.b., E growth amounted to 15% and 21%, respectively. WS particles and additives filled
out with moisture absorption and could have better elasticity at higher moisture. Moreover, water
is incompressible; hence its greater share in the material increases its elasticity. Water absorption
by 5-25 p starch grains occurred at relatively low temperatures [25] and, as a result, E was higher
within these temperature ranges. The highest E (5.83 MPa) was recorded for pellets produced at 93 °C.
At 78 °C, the value of E decreased by 10% and at the highest temperature (108 °C), it decreased by 40%.
This shows that there is optimal moisture at which E reaches a maximum value (Figure 2).

The correlation between E and t was negative and weak. E correlated very highly with E; and o,
correlation coefficient values higher for the pellets of WS blends with CC than with CS and similar to
the value for pure WS pellets, with an average r value of ~0.7 (Table S1).

3.4. Maximum Tensile Strength o,

The pellets made of WS with CC had the highest average values of 0. (2.11 MPa). They were
higher by 71% than o, for the pellets of WS with CS. The highest growth of o, was recorded for the
increase of MC from 10% w.b. to 20% w.b. which was 133%. In the 20-30% moisture range, this growth
was 17%. A similar tendency but with a gradient level four times lower was observed for the following
die height ranges I; = 66-76 mm and I, = 76-86 mm, in which the growth values of o, were 28% and
4%, respectively. The reverse tendency in MC and /. was apparent in the temperatures; in the ranges of
78-93 °C and 93-108 °C, the decrease of o, amounted to 6% and 63%, respectively. These differences
are visible in the o, vs. MC and I, diagrams for the three temperature levels (Figure 3). Higher water
content decreased the temperature of softening point of lignin and increased the softness of fibrous
materials at high temperatures [28]. The highest temperature of 108 °C led to a significant plasticisation
of lignin and reduction of pellet strength. Thus, ¢ should be lowered as indicated in the production of
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rice straw pellets, which were unstable at 100 °C and showed proper strength at 60-80 °C [28]. On the
other hand, at temperatures above 100 °C, the amount of evaporated moisture increased on the die
surface, which hindered the plasticisation of lignin [29].

Many researchers indicate that the durability and strength of pellets or briquettes initially increase
with moisture and then decreases with further increases in moisture [19,30-32]. This indicates the
existence of an optimum moisture value for effective durability and pellet strength during the material
compaction process.

The parameters of ¢, correlated highly with E, r = 0.515-0.702 but foremost, they were highly
correlated with Ej, r = 0.830-0.928 (Table S1). The higher the E; and E, the more the pellets were
characterised by higher o.. It is important to note that this high correlation was recorded between
independently measured strength parameter values and p,. The parameters of p, are the main
indicators of pellet quality, followed by those of 0., and pellet water content [33]. The best results
were achieved for the pellets produced from the blend of WS with CC for which the correlation
between o and the p, was almost perfect with a correlation coefficient of r = 0.904. This result was
not consistent, especially without a converse relationship. It was recorded that if o, is higher, p, is
also higher; however, but the opposite is not always true, as higher p, does not necessarily imply
stronger bonds [34]. Comparative studies did not show any relationship between the density and
durability of pellets and biomass briquettes [35]. High p, may be caused by the high specific density of
the material, which was noted in our research with walnut shells whose particles were characterised by
high sphericity and the bonds between them were much weaker [19] than between the fibrous particles
that enhanced their strength [32]. Each material requires specific optimal densification conditions [36].

3.5. Pellet Water Absorption k

The largest k (5.45 ¢ HyO-g~! DM) was achieved by crushed pellets made of pure WS. The addition
of CC reduced k by 12% and the addition of CS by as much as 59%. An increase in the additive ratio
from 2% wt/wt to 6% wt/wt increased k from 3.56 to 3.69 g H,O-g~! DM, by 4% and in a larger additive
range (6-10% wt/wt), absorption was reduced from 3.69 to 3.30 g H,O-g~! DM; that is, by 34%.

Moisture increased with absorption (Figure 4) but there is no unequivocal tendency between the
types of additives. For all bonds, the highest k at the lowest MC for the CC additive minimal k value
was achieved at an MC of 20-22%. For CS, k was the lowest at the highest MC.

The pellets made at the lower /. (66 mm) were characterised by the highest of k = 4.00 g H,O-g ™!
DM. Increasing the I to 76 mm decreased k by 4%. Further increasing the height to 86 mm decreased
the water absorption ability of the crushed pellets by another 11%. Thus, the decrease gradient in k
was progressive.

The temperature at which the pellets were produced induced opposite behaviour. The pellets
produced at the lowest temperature of 78 °C had the lowest k at 3.35 g H,O-g™! DM. An increase in the
temperature by 15 °C increased the water saturation of the crushed pellets by 7%. Further increasing
the temperature by 15 °C increased k by 23%.

In conclusion, it should be stated that the main factors including the type of material, A, MC, I,
and ¢, which varied during the production of pellets, had different influences on k than on p, and
pellets strength. Therefore, the relations among these criterion parameters and k were contrary, as
evidenced by the high but negative correlation coefficient values (Table S1). The relation between
k and p, was the highest because the values of the correlation coefficients r ranged from —0.502 to
—0.645. Among the strength parameters, o. correlated best with k, for which the values of correlation
coefficients ranged —0.505 to —0.574. Due to the k criterion, producing pellets with lower density and
compressive strength was favourable.

The most critical parameter of k was likely the specific surface area, which was larger for the pellets
that cracked and were flattened easily under compressive loads. A similar assumption was formulated
in the study of moisture absorption by wood chips western red cedar (Thuja plicata), Douglas fir
(Pseudotsuga menziesii), and western juniper (Juniperus occidentalis) [3].
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In contrast, the water absorption of chopped WS with an MC of 10% w.b. was 4.97 g H,O-g~!
DM. This value is lower than that of pelleted WS but higher than that of the WS blend with CS or
CC, 6.27 and 6.43 g H,O-g~! DM, respectively. The additive of 2-10% wt/wt was not statistically
significant in the differentiation of water absorption because the results were within the narrow range
of 6.20-6.51 g HyO-g™! DM, composed of a homogenous group. The research results were presented
only for the smallest WS moisture as it is reasonable to use dry straw as bedding.

Pelleted WS, however, had better properties in terms of the appearance of FPD, which was smaller
than for birds kept on chopped straw [2] because chopped straw has sharp edges [1].

Due to water absorption, CC proved to be a better addition to WS than CS. The addition of CC to
the organic substance in the pelleting process facilitates the form and a small addition reduces bedding
dusting [37]. The addition of gypsum to the bedding lowered its pH due to the precipitation of CC
and bicarbonate [38]. The blends of straw with CC increased N mineralization and promoted NH,*
formation by increasing urease activity and buffering against large pH increases [39].

In terms of water absorption and compared to CC, the effect of CS as an additive to WS was
diverse and without diversification toward additive rations. The main reason for this might be a
low compaction pressure, which resulted from low friction between the WS and CS blends and die
hole surface. Although the available literature does not provide enough explanations concerning the
bond mechanisms of CS with organic substances, there are studies regarding the compaction of blends
to pellets or briquette [40,41]. For example, briquettes from a blend of carbonised corncob and CS,
corn starch, and gelatine were characterised by favourable density and strength as well as acceptable
stability after several months of storage [41].

3.6. Optimisation of Pelleting Conditions Due to Pellets Strength and Water Absorption

The objective functions were limited to basic restrictions that were the highest Ej, E, ap, and k.
The conclusions from the results of studies and statistical analyses allowed to develop mathematical
models for strength parameters and k. On the basis of models, the optimal values of variables directing
the compression process were set (Table 3). In Table 3, additionally, the parameters for the p, have been
included in order to compare these conditions with the conditions characterising pellets strength and k.
The graphic interpretations of the answers functions were presented in the Figures 1-4 by marking on
the charts the optimal point or a point with the highest value if the optimum was outside the range of
studies. The analysis was conducted separately for WS and its blends with CS and CC and also for all
connected data to check the possibility of generalising mathematical models. In Table S2, only the
regressive factors important from the statistical point of view were included and for regression the
results of the Fisher-Snedecor F test and multiple correlation coefficient values. The objective functions
were limited to the basic restrictions which were the highest values of E;, E, op, and k.

The analysed objective functions achieved the optimal values at diverse decision-making factors
but due to this study’s purpose, A was an important value. Interestingly, the optimal CS additive
was 4% wt/wt for the o, and 6.1% wt/wt for k. The optimal CC additive was near zero for all other
objective functions. At a generalised approach, the A value for objective functions pp, Ej, E, and o, was
4% wt/wt.

The best strength pellet parameters of pure WS were achieved in similar pelleting conditions; at
moisture 23-30% w.b., [ = 86 mm, and  around 91 °C. These last two variables were the largest for WS
compared to the variables of other types of materials.

Comparing the pure WS to the blend of WS with CS, the best pellets in terms of strength were
achieved under the conditions of higher moisture 30% w.b., lower /. of approximately 70 mm, and
lower temperature of 80 °C.

Adding CC to WS changed the pelleting conditions mostly with regard to MC, which should
not be higher than 16% w.b. In these conditions, including I, of approximately 76 mm and ¢t =78 °C,
the pellets with the best strength parameters were achieved. The required MC and ¢ of the WS and
CC blend were the lowest compared to the other two materials. The compaction of the WS and CC
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blend required lower I than during the pelleting of pure WS and was higher than for the blend of WS
with CS.

The conditions for pelleting the WS blend with CS were different than for the pure WS and
WS blend with CC. Similar characteristics of the parameters for these last two materials affected the
generalised pelleting conditions. The results show that pellets with the highest p,, (853 kg:'m ™) and o,
(4.17 MPa), which required the largest E; (6.10 mJ-mm~2) to crush, were produced from a blend of WS
with CC.

Compared to the strength requirements, the criterion of the highest absorption k required different
pelleting conditions. To achieve the highest k, material compression should take place in the conditions
of the lowest MC (10% w.b.), lowest I, (66 mm), and highest ¢ (108 °C) according to the tested range
of control variables. The compression of the WS blend with CS requires a lower ¢ of 81 °C; however,
in the area of optimal MC and I, the k characteristics were only slightly different.

For the optimal conditions for which k was the highest, the strength parameters are unacceptable
and even unrealistic for E;, and o.. Therefore, it was assumed that the criterion for choosing pelleting
conditions should be based on the pellet strength requirements and p,. It was taken into account
that the pellet’s strength parameters, in particular, the Ej, and o, highly correlated with the pp. In
addition, the assessment of pelleting was expressed by the criterion of p,. Taking into account previous
analyses and explanations, it was assumed that the p, will also be a criterion for determining pelleting
conditions in relation to the E; E, and o.. Under these technical conditions, pellets with favourable
strength properties were obtained, and k was a derivative of these criteria. For optimal pelleting
conditions with the addition of 4% wt/wt, MC =23.3% w.b., [ = 78.5 mm, and t = 80.2 °C, the parameter
values were calculated based on mathematical models listed in Table S2. In these technical conditions,
pellets were produced whose loaded radial compressive force was characterised by E; = 3.22 mJ-mm~2,
E =5.78 MPa, and o, of 2.68 MPa, with a k value of 2.60 g HZO-g‘1 DM. This k value was close to the
values reported in the available literature [3]. For this scenario, the calculated parameter values were
smaller than the largest values that were obtained from mathematical models for optimal conditions.
For these optimal conditions, the objective function values were 3.66 mJ-mm~2, 6.77 MPa, 3.06 MPa,
and 6.28 g H,O-g~! DM, respectively. The relative differences among the calculated values with
respect to the most favourable values were 12, 15, 12, and 59%, respectively. Thus, the strength of the
pellets produced under optimal conditions due to p, was only slightly lower than the pellets obtained
under optimal conditions for each strength parameter separately. For these considered conditions, the
differences between the values of k were significant. The presented analysis and interpretation of the
test results indicate that in the quality assessment of pellets one cannot rely on the criterion of k. Pellets
produced under such conditions would be unacceptable due to their low density and strength. During
transport, storage, and handling, they would crumble and dustiness would increase, implying a lower
quality of crushed pellets for bedding.

4. Conclusions

The pellets produced from crushed WS and its blends with CS or CC with an A of 2-10% wt/wt,
with a MC of 10-30% w.b., I of 66-86 mm, and ¢ of 78-108 °C were evaluated on the basis of strength,
and after crushing them, they were evaluated on the basis of k.

Parameters of Ej, E, and o, positively and highly correlated between mutual values, and all three
strength indicators negatively correlated with k.

Based on five control variables, regression models were developed, and target function values
were determined with basic constraints indicating optimal pelleting conditions according to the pellet
strength and k value.

It was assumed that the produced pellets should be most resistant to compressive loads. As the
pellet strength parameters correlated highly with the p,, which was the criterion for assessing the
pelleting process, to maintain the inference consistency, the density was assumed as a criterion for
assessing the pellets.
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For optimal conditions of A = 4% wt/wt, MC = 23% w.b., [, =78 mm, and ¢ = 80 °C, E; was 3.22
mJ-mm~2, E = 5.78 MPa, the compressive stress of pellets was 2.68 MPa and k 2.60 g H,O-g~! DM. In
this scenario, the values of the parameters characterising the quality of the pellets intended for bedding
were smaller than the largest calculated based on the optimisation of the objective function of the four
criterion parameters; i.e., Ej, E, pc, and k were smaller by 12%, 15%, 12%, and 59%, respectively.

The pellets produced from the WS blend with the CC additive had better strength parameters,
and the crushed pellets had better k than those produced using the CS additive.

It is recommended that the pellets from the WS and CC blends be produced under the specified
technical conditions and after crushing, evaluated via comparative tests with chopped WS as
bedding material.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/19/4375/s1,
Figure S1: Pellet compression on the universal testing machine TIRAtest, Figure S2: Water absorption test for
crushed pellets from the WS blend with the addition of CS, Table S1: Correlation matrix for type of additive,
additive ratio (A), material moisture content (MC), die height (I.), material temperature (t), DM single pellet
density (pp), specific pellet compression work (E)), elasticity modulus for pellet compression (E), pellet tensile
strength (o), water absorption by crushed pellets (k) and for different types of material, Table S2: Regression
coefficients of the variables for specific pellet compression work (E;), elasticity modulus for pellet compression (E),
pellet tensile strength (o.), water absorption by crushed pellets (k).
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Nomenclature

A additive ratio (% wt/wt)

d pellet diameter (mm)

E elasticity modulus for pellet compression (MPa)

E specific pellet compression work (m]-mm™2)

F compaction / compression force (N)

k water absorption by crushed pellets (g H,O-g~! DM)

I die height (mm)

Ip pellet length (mm)

MC material moisture content (% w.b.)
Pm maximum agglomeration pressure (MPa)
t material temperature (°C)

Pp single pellet density (kgm~3)

Oc maximum tensile strength (MPa)
CcC calcium carbonate

CSs cassava starch

WS wheat straw
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SI APPENDIX

Table S1. Correlation matrix for type of additive, additive ratio (A), material moisture content (MC), die height
(Ic), material temperature (), DM single pellet density (pp), specific pellet compression work (E)), elasticity
modulus for pellet compression (E), pellet tensile strength (oc), water absorption by crushed pellets (k) and for
different types of material.

Type A Parameters A MC le t Or E; E oc k
WS MC 1.000

WS le 0.001  1.000

WS t 0.001  0.001  1.000

WS Op 0.124 0.317= —0.569=  1.000

WS Ej 0.252=  0.307= —0.383= 0.813=  1.000

WS E 0.255=  0.150 —0.343= 0.711= 0.656>  1.000

WS oc 0.243»=  0.315= —0.392= 0.891= 0.896= 0.702=  1.000

WS k —0.424> —0.192 0.459* —0.600= —0.466° —0.449: —0.544> 1.000
WSCs A 1.000

WSCS MC 0.001  1.000

WSCS I 0.001  0.001  1.000

WSCS ¢ 0.001  0.001  0.001  1.000

WSCS oy 0.039 0.334= —0.039 —0.175>  1.000

WSCS  Ej —0.042 0.394= 0.051 -0.115 0.514> 1.000

WSCS E —0.045 0.2900 —0.109 —0.237= 0.434> 0.446> 1.000

WSCS o —0.058 0.501=  0.004 —0.193= 0.600= 0.830° 0.515*  1.000
WSCS  k 0.009 —0.492= —0.055 0.157= —0.502= —0.450° —0.240° —0.505* 1.000
WSCC A 1.000

WSCC MC 0.001  1.000

WSCC I 0.001 —0.006  1.000

WSCC ¢ 0.001  0.006  0.006  1.000

WSCC  py —0.032 0.141= 0.133= —0.516=  1.000

WSCC E; —0.022 0.233=  0.039 —0.344> 0.816>  1.000

WSCC E —0.101  0.053 0.169: —0.193= 0.653= 0.623>  1.000

WSCC o —0.026 0.249¢  0.088 —0.386* 0.904> 0.928= 0.700°  1.000
WSCC & —0.131= —0.121 —0.174> 0.426= —0.645> —0.490@ —0.3762 —0.574= 1.000

a statistically significant at p-value = 0.05



Table S2. Regression coefficients of the variables for specific pellet compression work (E)), elasticity

modulus for pellet compression (E), pellet tensile strength (oc), water absorption by crushed pellets (k).

E; E Op k

Bi p-value Bi p-value i p-value Bi p-value
Wheat straw (WS)
Intercept —54.1 <0.0001  —118 <0.0001  —40.2 0.0002 9.39 <0.0001
MC - - - - - - —0.46 0.0001
le - - - - 0.15 <0.0001 - -
t 1.23 <0.0001  2.72 <0.0001  0.79 0.0008 - -
M2 - - -0.01 0.0001 - - 0.007 0.0019
I2 0.001 <0.0001 - - - - - -
2 —0.007 <0.0001  —0.02 <0.0001  —0.005 0.0001 - -
MCxIl.  —0.004 0.0010 - - —.003 0.0027 —0.002 0.0030
MCxt 0.004 0.0001 0.006 <0.0001  0.004 0.0004 0.003 <0.0001
lext - - 0.0007 0.0075 - - - -
F test 76.6 115 94.2 510
R 0.7288 0.7614 0.6809 0.7276
Wheat straw + cassava starch (WS+CS)
Intercept 1.08 <0.0001 - - —22.8 0.0089 5.77 <0.0001
A - - - - - - 0.11 0.0306
MC - - - - - - —035 <0.0001
le - - - - 0.64 0.0057 - -
t - - 0.24 <0.0001 - - - -
A? - - - - - - —0.009 0.0302
MC2 0.003 <0.0001  0.02 <0.0001  0.005 <0.0001 - -
I - - - - —0.004 0.0058 —0.001 <0.0001
2 - - —0.001 <0.0001 - - —0.0004  0.0007
AxMC - - - - - - - -
Axle - - 0.01 0.0050 - - - -
Axt - - —-0.01 0.0034 - - - -
MCxIl. - - —0.007 <0.0001 - - 0.003 <0.0001
MCxt —0.0007  0.0098 - - -0.001 <0.001 0.0009 0.0048
lext - - - - - - 0.0009 0.0022
F test 118 2382 87.7 569
R 0.4347 0.4831 0.6116 0.6508
Wheat straw + calcium carbonate (WS+CC)
Intercept - - —86.8 <0.0001 - - 44.0 <0.0001
A -1.24 0.0021 —0.94 0.0002 —-0.23 0.0136 - -
MC - - - - - - —0.79 <0.0001
le - - 1.36 0.0001 - - - -
t 0.24 <0.0001  0.89 <0.0001  0.14 <0.0001  —0.72 <0.0001
A? - - - - - - —0.006 0.0018
Mc? —0.02 <0.0001  —0.006 0.0010 —0.01 <0.0001  0.01 <0.0001
I - - —0.006 0.0039 - - —0.0002  0.0002
2 —0.003 <0.0001  —0.004 <0.0001  —0.002 <0.0001  0.004 <0.0001
AxMC  0.02 0.0016 0.009 0.0188 0.01 0.0145 - -
A x e - - - - - - - -
Axt 0.009 0.0290 0.008 0.0028 - - - -
MCxI. - - —0.004 0.0021 - - - -
MCxt 0.007 <0.0001  0.005 <0.0001  0.006 <0.0001  0.002 0.0025
lext - - —0.003 0.0013 - - - -



F test 359 57.0 77.7 494

R 0.5833 0.5895 0.6099 0.6956

For all

Intercept —20.6 0.0045 —46.8 0.0001 —16.9 0.0025 6.92 <0.0001
A —0.18 0.0048 - - - - —0.42 <0.0001
MC - - 0.08 <0.0001 - - —0.30 <0.0001
le 0.024 0.0276 - - 0.02 0.0052 - -

t 0.52 0.0010 1.15 <0.0001 0.41 0.0008 - -

A? - - - - - - 0.03 0.0001
M2 —0.006 <0.0001 - - —0.003 0.0080 0.007 <0.0001
1.2 - - - - _ - - -

12 —0.003 0.0001 —0.007 <0.0001 —0.003 <0.0001 0.0003 <0.0001
AxMC  0.007 0.0232 - - - - - -

Axle - - - - - - - -

Axt - - - - - - - -

MC x [ - - - - - - - -

MC xt 0.003 <0.0001 - - 0.002 <0.0001 - -

lext - - - - - - —0.0002  0.0107
F test 86.1 270 135 432

R 0.4484 0.3078 0.4909 0.4536

A: additive ratio, MC: moisture content, lc: die height, #: material temperature, R: goodness of fit.



Figure S1. Pellet compression on the universal testing machine TIR Atest.



Figure S2. Water absorption test for crushed pellets from the WS blend with the addition of CS.
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In this study, changes in the nature of particle size distribution (PSD) of wheat straw (WS) were analysed
after the addition of calcium carbonate (CC) additives or cassava starch (CS) with 2 and 6% wt/wt ratios,
respectively. Pelletising was conducted for materials with moisture contents of 20% w.b. at a temperature
of 78 °C, in a die with an open compaction chamber with a height of 80 mm, using single doses of 50, 100,
and 150 mg. The straw blend with 6% wt/wt CC exhibited the most even PSD and the lowest particle size
geometric mean of 0.71 mm. These features positively influenced the mechanism of bonds among the
particles, compaction effect, and quality of the pellets. Based on mathematical models, it was observed
that under optimal conditions, agglomeration of the blend with 4% wt/wt CC using the 100 mg dose
aided in achieving the maximum single pellet density of 850 kg m~2. This required a specific compaction
work of 36 k] kg1 followed by a pellet shift of 0.63 mm in the die, by using a piston realising a specific
work of 10.92 k] kg '. The produced pellets were characterised by a superior elasticity modulus of
6.15 MPa and high compression strength; for their deformation until cracking, a specific compaction
work of 5.52 mJ mm ™2 was required. Furthermore, the water absorption capacity of the crushed pellets
was 4.00 g H,0 g—! DM (dry matter), which was higher than those of pure WS, the blend with CS, and

uncrushed pellets.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The pelletising process and its effects on pellet quality depend
on several factors that characterise a material, the pre-treatment
method, and the technical parameters of the machine working
units (Jezerska et al., 2019). The proper combination of these factors
leads to the production of durable and strong pellets (Whittaker
and Shield, 2017).

While the available literature presents the results of tests con-
ducted mainly with dies having closed compaction chambers, there
are extremely few studies focusing on dies with open compaction
chambers (Frodeson et al., 2018). The compaction of materials in a
die with an open chamber better reflects the actual pelletising
process, provided that the appropriate compaction pressure and
die temperature are maintained; the die temperature usually

* Corresponding author.
E-mail address: aleksander_lisowski@sggw.edu.pl (A. Lisowski).

https://doi.org/10.1016/j.jclepro.2020.124006
0959-6526/© 2020 Elsevier Ltd. All rights reserved.

ranges between 100 °C and 130 °C (Nielsen et al., 2009). Achieving a
compaction pressure of 115—300 MPa (Whittaker and Shield, 2017)
can be attributed to back pressure (Frodeson et al., 2019), which is a
consequence of the material’s property of developing internal
friction between particles, and between the outer surface of the
agglomerate and the die hole, as well as the die height (thickness;
Ic). Developing friction increases both the pressure and tempera-
ture of the die. The heat from the heated die diffuses into the ma-
terial particles, whose gradients depend on the type and moisture
content (MC) of the material. The material under the influence of
temperature undergoes changes in its physical properties, and the
changes in the structure of the material are inversely dependent on
the moisture content (Lisowski et al., 2017). Therefore, we attain
complex feedback loops, the explanation of which is important to
understand why different materials produce different back pres-
sures and frictional forces.

Particle properties that affect the pelletising process include
particle size distribution (PSD) (Labbé et al., 2020; Lisowski et al.,
2020), moisture (Frodeson et al., 2019; Lisowski et al., 2019b),
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Nomenclature

additive ratio (%)

coefficient of gradation, dimensionless
coefficient of uniformity, dimensionless

dose mass (mg)

pellet diameter (mm)

die opening diameter (mm)

elasticity modulus for pellet compression (MPa)
specific pellet compression work (mJ-mm~2)
compaction forces: current, maximum and pellet
shift, respectively (N)

F, Fes, Fon compressive force; current, in the elastic loading
range, maximum, respectively (N)

mm§-9~bp@>

mE

Fmax- FE

I uniformity index (%)

k, ky water absorption by crushed and uncrushed pellets,
respectively (g H,0-g~! DM)

Ky graphic kurtosis, dimensionless

la agglomerate length (mm)

Ic die height (mm)

Ip pellet length (mm)

Lg specific compaction work (k]-kg~!)

L, specific work for pellet shift in the die (kJ-kg™!)

MC moisture content (% w.b.)

mgy, Mg pellet sample weight after and before soaking in the
water (g)

n Rosin-Rammler particle size distribution parameter

Nsg size guide number (mm)

p compaction pressure (MPa)

Pm maximum agglomeration pressure (MPa)

Se end of piston displacement (mm)

Sg dimensionless standard deviation

Sig inclusive graphic skewness, dimensionless

Si mass relative span

Sm piston displacement at maximum agglomeration

pressure (mm)
STDy, STD,, and STD, distribution geometric standard deviation
of the high, low, and total regions,

respectively

Sy particle size range variation (%)

t material temperature (°C)

Vp pellet shift in the die (mm)

X95, X90, X84, X75, X60, X50, X30, X25, X16, X10, aNd X5 are
corresponding
particle sizes
at 95, 90, 84,
75, 60, 50, 30,
25, 16, 10, and
5% cumulative
particle
undersizes,
respectively

Xg geometric mean of particle size (mm)

Xgm graphic mean (mm)

XR Rosin-Rammler particle size parameter (mm)

Al pellet deformation under load (mm)

Pp single pellet density (kg-m~>)

Oc tensile strength (MPa)

Gig inclusive graphic standard deviation (mm)

CcC calcium carbonate

CS cassava starch

WS wheat straw

lignin content (Berghel et al., 2013), bulk density (Chevanan et al.,
2010), flowability index and coherence (Stasiak et al., 2018), inter-
nal and external friction coefficients (Rossouw et al., 2003), types of
extracts (waxes, tannins, terpenes) (Roffael, 2016), type of additive
and additive ratio (A) (Xia et al., 2019). The chemical differences
between the materials may have a greater influence on the features
of the pellets in comparison with their morphology and particle
sizes (Frodeson et al., 2018).

High temperatures initiate chemical modifications of the mol-
ecules in biomass that may affect the properties of the pellets.
Lignin and hemicellulose are thermoplastic polymers, and under
high material temperatures (t), undergo a change from the glass
state into the rubbery state owing to the change in their elasticity
modulus and decrease in their stickiness. This clearly demonstrates
the flow properties of the particles. The higher the value of t in
comparison with the glass transition temperature during densifi-
cation, the easier the flow of particles (Stelte et al., 2011a). The glass
transition temperature is highly dependent on MC, and in a water
saturated environment, the glass transition temperature is lower
than the ambient temperature (Roos, 2010). By increasing MC and ¢,
the pelletising pressure can be reduced. This indicates that the
optimisation of these three control variables is essential for pellet
durability (Whittaker and Shield, 2017).

The optimal pelletising MC depends on the type of material; for
wood biomass, it is 6—12% (Stelte et al., 2012b) whereas for agri-
cultural biomass it is 8—20% (Kaliyan and Morey, 2009). Specific
optimal values have been provided in targeted studies. The opti-
mum MCs of sawdust, corn straw, and peanut shell are 12%, 12%,
and 14%, respectively (Jiang et al., 2020). If MC is lower than the
optimal value, then pellet production is impossible, despite the fact

that the friction is higher for a dry than for a wet material. Friction
generates a higher temperature that leads to faster thermal
decomposition of particles that come in contact with the die
channel. With a larger MC, owing to water incompressibility, the
water vapour pressure inside the pellet increases excessively,
weakening the hydrogen bonds (Nielsen et al, 2020). Some
research results indicate that the recommended MC and PSD values
may change because several other factors interfere with the pel-
letising process, such as heat treatment and the type of biomass
raw material itself, with respect to MC (Younis et al., 2018). Small
material particles have larger specific surface areas than large
particles and the density of produced pellets is higher, owing to
better material packing. Moreover, the stability of the pellets is
better owing to the higher bond energy among the small particles
(Tumuluru et al, 2011). However, under extremely large in-
volvements of small particles with sizes smaller than 0.5 mm, the
durability of the pellets may change; thus, diversification of the
sizes of the particles is recommended (Stelte et al., 2012b).
Furthermore, better densification conditions can be achieved by
using additives. Additives typically used in pelletising are lignin
(Berghel et al., 2013) and starch (Stahl et al., 2012). An organic-rich
freshwater lake sediments (sapropel) was used as a natural binder
to prepare granules from wood fly ash and biochar as a soil
improver. In the extrusion and rotation drum granulation methods
the mechanically stable granules to withstand its own weight for
column over 20 m were achieved (Vincevica-Gaile et al., 2019). In
commercial pellets, the addition of flour, starch, or vegetable oil is
limited by normative requirements up to 2% dry basis of the total
mass (Whittaker and Shield, 2017). Despite various studies on these
additives, substances that improve the quality of pellets are still
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being researched, and there is a lack of knowledge on suitable
additives or bonds for raw biomass materials (Tarasov et al., 2013)
particularly in respect to pellets intended for bedding. Low mo-
lecular weight inorganic components may have a low impact on the
mechanical properties of pellets; however, calcium ions may cross-
link the functionality of carboxylic acid polysaccharides (Braccini
and Pérez, 2001). Additionally, organic additives can disrupt the
bonding mechanisms. Moreover, plastic straw wax may increase
the adhesion and cohesion forces, and the puttying effect may
hinder the strong hydrogen bonding and Van der Waals forces in
polysaccharides (Roffael, 2016).

The durability and strength of the agglomerate further depends
on the amount of material supplied to the die chamber. However,
studies on a differentiated single dose compacted material have
been rarely conducted. The weight of a single dose depends on the
type of material and the pelletising conditions. In the available
literature, researchers indicate in their initial studies, the basic
estimate of the dose mass (D) while considering the quality of the
pellets along with the criterion of the process and product assess-
ment. Parameter D of biomass lies in a wide range and depend on
the type of material and the die diameter (d), which is written in
parentheses after the mass value. When pelleting milled wheat
straw, barley straw, corn stover and switchgrass, the amount of the
dosed material was 0.2—0.4 g (d = 6.4 mm), without providing
information about the differences between the types of biomass
(Mani et al., 2006). The weight of the wheat straw, barley straw and
canola straw samples used for compaction varied between 0.5 g
and 0.7 g (d = 6.25 mm) (Adapa et al., 2009). The material dose was
differentiated depending on the type of biomass and during the
compaction of untreated and stream pre-treated poplar wood chips
and wheat straw was 0.5 g (d = 6.35 mm) (Shaw et al., 2009), pre-
treated or untreated wheat straw — 0.5—-0.6 g (d = 6.35 mm)
(Kashaninejad and Tabil, 2011), wheat straw with addition of wood
residue, bentonite, crude glycerol — 0.5 g (d = 6.35 mm) (Donghui
et al., 2014), torrefied wheat straw with binder — 1.0 g (d = 10 mm)
(Bai et al., 2017), sludge, camphor and rice straw, represent the class
of softwoods, hardwoods and grass, respectively — 0.8 g
(d = 7.0 mm) (Jiang et al., 2016), Miscanthus, Jerusalem artichoke
and Spartina pectinata — 0.2 g (d = 8.0 mm) (Lisowski et al., 2017),
selected agricultural biomass samples, such as reed canary grass,
switchgrass, and timothy hay — 1.2 g (d = 8.0 mm) (Harun et al,,
2018), spent coffee grounds — 0.8 g (d = 8.0 mm) (Lisowski et al.,
2019a), walnut shell — 0.4 g (d = 8.0 mm) (Lisowski et al., 2019b),
seven different materials representing stiff polysaccharides, flexible
polysaccharides, softwoods and hardwoods — 1.0 g (d = 8.4 mm)
(Frodeson et al., 2019). However, there is a lack of knowledge with
regard to the influence of a compacted single dose of biomass on
the pellet quality, which can be expressed by its durability and
strength. Additionally, this gap in knowledge refers to the material
blends intended for densification and pellet production, which can
serve as bedding for birds after crushing.

This study aims to 1) develop the PSD characteristics of milled
wheat straw (WS) and WS blends with cassava starch (CS) and
calcium carbonate (CC) additives having different values of A; 2)
conduct densification tests of these materials with different single
doses, along with the determination of single pellet densities (pp)
and pellet strength parameters during pellet compression: elas-
ticity modulus (E), specific compression work (Ej), during which the
pellet cracks, and tensile strengths (o.); 3) assess the water ab-
sorption capacity of uncrushed (k) and crushed pellets (k).

During the pelletising process, the influences of the above-
mentioned factors on the piston displacement during pellet for-
mation (sm), shift of the ready pellet in the die (vp), specific
compaction work (Ls), and specific work for pellet shift in the die
(Lv) were studied. Using the feature correlation method, the

number of parameters characterising PSD as well as the pelletising
process and pellets were reduced. Considering the quality criteria
of the pellets, the optimal conditions of the pressure agglomeration
were determined. This paper presents novel research on the pel-
letising of pure WS and its blends with CS or CC at different ratios
using a single diversified material dose. The results of research in
this field are presented for the first time. The production of pellets
with CC or CS additives to straw for broiler bedding should take
place with the most favourable parameters regarding the amount
of additive and a single dose of compacted material. For this
application of the products, it is important that the produced pel-
lets are not only of well density and strength, but above all, the
crushed pellets should be characterised by proper water absorp-
tion. Such results are presented in this paper.

2. Materials and methods
2.1. Materials and additives

The milled WS was obtained from the pellet producer Lootor
Ltd. (Stonsk, Poland). First, a WS weighing about 30 kg was pro-
cessed by cutting in a 132 kW machine at 1200 rpm, equipped with
196 knives. Then the cut WS was ground in a 250 kW beater mill at
1488 rpm, equipped with 160 beaters and a perforated screen with
holes of 8 mm in diameter.

CC and CS, as a binder, in the amount of 2 kg each were pur-
chased from a hypermarket. CC of 98.0% purity had a moisture
content of 6.7% w.b. and the geometric mean of the particle size was
0.15 mm. CS had a moisture content of 6.8% w.b. and the geometric
mean of the particle size was 0.29 mm.

Milled pure WS and the blends of WS with CS and CC with an
additive ratio of 0%, 2%, and 6% wt/wt, respectively, were used. MC
was 20% w.b., and the values of A and MC were selected based on
the results of tests conducted within the ranges of 0—10% wt/wt
and 10—30% w.b., respectively.

MC was determined by the drying-weighting method in accor-
dance with the requirements of the S358.2 standard. The mea-
surements were performed thrice for each combination factor.

2.2. Sample preparation

After the initial measurement of MC in WS (approximately 7.5%
w.b.), demineralised water was added according to the relation
Mo = my (1-MCq)/(1—-MGCy), where myp0 is the mass of water to
refill, g; my is the initial mass of WS, g; MCj is the initial content of
moisture in WS; and MG; is the desired content of moisture in WS.
The tank content was divided into five portions. One portion con-
tained pure WS, and WS with CC or CS with a 2% wt/wt or 6% wt/wt,
respectively, was added to the remaining portions. To two tanks with
WS of 5 kg each a CC or CS with aweight of 0.102 kg each were added,
and to the next two tanks 0.319 kg of additives was added. Prepared
blends of WS with CC or CS were thoroughly mixed in a feed mixer
(M-100, Metal Works, Przysiek, Poland). The mixing time was 15 min
and was selected on the basis of previous experience. During mixing,
the MC was checked and water was added to the required MC of 20%
w.b. Then, the prepared material was stabilised in a climatic cham-
ber (3001-01, Ilka, Feutron Greiz, Germany) at 4 + 1 °C and a relative
air humidity of 65 + 2% for 5 days, stirred once daily. The samples for
testing were taken as needed, monitoring MC; in the event that MC
decreased by 0.2% w.b., water was added.

2.3. Particle size distribution

Milled WS and WS blends with the addition of CC and CS were
separated using the vibrating screen separator LAB-11-200/UP
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(Eko-Lab, Brzesko, Poland) in accordance with the ANSI/ASAE
$319.4 standard. Two sets of six sieves with square meshes, whose
side dimensions were 0.1, 0.15, 0.212, 0.3, 0.425, 0.6, 0.85, 1.18, 1.6,
2.36, 3.35 and 4.76 mm, and a pan were used. 25 g of the material
was screened for 600 s through each set of sieves. The sample
weight and fraction from the sieves were weighed on an electronic
balance with an accuracy of 0.01 g. Five separation tests were
conducted for each measurement system. Based on the test results,
the characteristic PSD parameters were calculated. The cumulative
PSDs of the mixtures were approximated using the Rosin-Rammler
(RR) model (Rosin and Rammler, 1933). The calculation formulas
are presented in Appendix A.

Considering that a human has limited perception of processing
information (7 + 2 items of information) (Miller et al., 1994), the
analysis of the possibilities of reducing the parameters character-
ising PSD was conducted. This method has been described in pre-
vious studies (Lisowski et al., 2019b).

2.4. Pelletising process

Pelletising tests were conducted using the universal test ma-
chine TIRAtest (Matest, £.6dZ, Poland) in the die, made of chrome-
plated steel with an outer diameter of 60 mm, inner diameter of
8 mm, and height of 300 mm. The die was wrapped using two
heating elements with a total power of 1.3 KW. The values of ma-
terial temperature at heights of 15, 30, and 45 mm from the die base
were measured using a thermocouple (type ]) with an accuracy of
0.1 °C and controlled by a 3710 ESM controller (Selfa, Szczecin,
Poland; Fig. S1). The pelletising process was controlled using the
Matest software. The compaction speed was 10 mm-min~ 1, and the
force was measured with an accuracy of 10 N in the range up to
10 000 N. The coordinates of the force-displacement relationship
were recorded at 0.03 mm increments. The heating elements were
switched on for 1 h before pelletising by setting the temperature to
116 °C, corresponding to a t of 78 °C. The piston displacement of
80 mm, which was equal to the length of the agglomerate filling the
die hole I;, was set by the limit sensor. The values of t and I. were
selected on the basis of previous test results. D was differentiated
into three levels of 50 mg, 100 mg, and 150 mg. The material dose
was weighed on an analytical balance with an accuracy of +0.1 g.

The weighted dose in the 50—150 mg range was added to the die
hole and compressed until the limit sensor shut down. The material
was compacted along the piston displacement section until the
maximum pressure was reached (Fig. 1). On pushing further, the
piston began moving the formed pellets in the die by v,. The total
displacement path of the piston s is se = s, + Vvp, where s, is the
displacement of the piston to the maximum pressure in mm; vy is
the pellet shift in the die in mm. The actual hole length I, which is
required to achieve the maximum pelletising force, is the sum of
the two segments: Ic = v, + I, where vj, is the displacement of the
formed pellet in mm; [, is the length of the agglomerate filling the
die hole in mm. Under stable conditions, at least six pellets were
produced, for which p, was specified. Additionally, three uncrushed
and crushed pellets were subjected to the water absorption test
during the compression test.

2.5. Parameters of compaction process and pellets

The diameter (d), length (I,), and density p, were determined for
a single pellet. The pelletising process was characterised by sm, vp,
L;, and L. The parameters Ls, L,, and p, were related to the dry
matter (DM).

Density p, was determined one week after the pellets were
formed, after completion of the pellet expansion. The dimensions,
I, and d, were measured in two perpendicular directions using an
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Fig. 1. The scheme of single material dose compaction sequence in the die with an
open chamber; A) the beginning of compaction of a new dose of the material, B)
reaching maximum compaction force/pressure, C) the shift of the currently compacted
pellet along with the agglomerate located under it; d — die (pellet) diameter, I, —
agglomerate length, I — real die height, s, — piston displacement at maximum
agglomeration pressure, s, — end of piston displacement, v, — pellet shift in the die, F,
Fmax and F. — compaction forces: current, maximum and pellet shift, respectively.

MAUa-E2 4F electronic calliper (FK Vis, Warsaw, Poland) with an
accuracy of 0.01 mm. The dimension d was measured in the middle
of I,. Moreover, the pellet was weighed on an electronic scale with
an accuracy of 0.01 g.

2.6. Pellet resistance to tensile strength

After p, determination, the pellets were placed on the surface of
the steel plate of the universal testing machine and the pellets were
compressed in the radial direction with a 25 x 50 mm punch at a
speed of 5 mm min ! until the piston moved by 4 mm (with a pellet
diameter of 8 mm; Fig. S2a). The measurements were performed
thrice for each combination of the formed pellets. The crushed
pellets were used for the water absorption test.

2.7. Water absorption

Immediately after the compression tests, the crushed and
uncrushed pellet samples were placed in a coffee brewer (Fig. S2b)
of a known mass (tare) and weighed on an electronic laboratory
scale with an accuracy of 0.01 g. The samples were immersed in
demineralised water at 20 + 1 °C for 30 min. The brewers with
pellets, after removal from the water, were left to drain for 5 min,
gently shaken thrice, and then weighed again.

Based on the water mass absorbed by the pellets and the initial
pellet mass referred to as DM, the amount of water absorbed was
measured.

2.8. Statistical analysis

The data were analysed for the influence of factors (type of
material, A, D) on: the parameters characterising PSD, the pressure
agglomeration process (Ls, Ly, Sm, Vp, pc), pellet strength (E;, E, o),
and ability to absorb water by uncrushed k; and crushed pellets k
on the basis of multicriterial variance MANOVA analysis by using
the Fisher-Snedecor test (F test). The statistical significance of the
differences between the mean values of the parameters was
determined using the Tukey test method. Non-linear regression
models were elaborated for criterial parameters that were used to
determine the most favourable pelletising conditions and features
of pellets for which the values of parameters were calculated.

Yn=00 + B1X1 + B2Xo + B3} + Bax5 + Bsx1x2, (N = 1-8)
(1)

where y1 is the pellet shift in the die (v, in mm); y; is the specific



P. Matkowski et al. / Journal of Cleaner Production 277 (2020) 124006

compaction work (Ls in k]-kg—1); y3 is the specific work for pellet
shift in the die (L, in k]-kg—); y4 is the DM single pellet density (Pp
in kg m—3); ys is the specific pellet compression work (Ej in
mJ-mm~2); y is the elasticity modulus for pellet compression (E in
MPa); y7 is the water absorption by crushed pellets (k in g HyO-g—!
DM) and yg is the water absorption by uncrushed pellets (ku in g
H,0-g—! DM); 1 is the dose (D in mg) and x; is the additive ratio (A
in % wt/wt); Bo—Bs are the regression coefficients.

The analyses were performed at the assumed statistical signif-
icance level of p < 0.05 using Statistical v. 13.3.

3. Results and discussion
3.1. Particle size distribution

The PSDs of WS and blends of WS with CC and CS with an ad-
ditive ratio of 2% wt/wt and 6% wt/wt, and their cumulated distri-
butions together with the graphical illustration of fitting these
distributions using RR models are illustrated in Fig. 2.

The PSD characteristics of these materials and parameters of xg
and n of the RR models, together with the assessment of the fit of
the regression function using the determination coefficient of R?
are summarised in Table S1. The RR models closely reflect the cu-
mulative PSD for all the materials, as the coefficients of determi-
nation are at least 97%, and yield significantly high values in the F
test; F = 2319—9261.

The PSDs for blends with 2% wt/wt additive with right skewness
were similar in shape to the WS distribution (Fig. 2a), but were
significantly different from the distributions of the WS blends with
6% wt/wt additive with right skewness (Fig. 2b), regardless of the
type of additive. All distributions could be considered as fine
skewed, because 0.1 < Sjg < 0.3 (Sjg — inclusive graphic skewness)
(Blott and Pye, 2001). The geometric mean particle size (xg) for WS
was the largest, i.e., 1.18 mm. The 2% wt/wt additive reduced this
average to 0.95—0.96 mm, and the 6% wt/wt additive reduced it to
0.71-0.74 mm, by 19% and 39%, respectively. The additive influ-
enced the diversification of x¢ in a statistically important manner;
however, there were no such differences between the types of
additives. The better CC effect can be attributed to the fact that the
powder particles create special clusters and randomly bind with
other biomass particles to form larger aggregations (Xu et al., 2014).

The mass relative span (relative distribution) S;, which was 1.95,
indicated a larger contribution of the finer particles in the blend
with 6% wt/wt CC. Mass relative span was negatively correlated
(r = —0.964) with the n distribution parameter of the RR model,
confirming the current observations (Bitra et al., 2009b, 2009a).

a) 100

% e««PSD: WS

2} 20 ¢ cumulative distribution v oo PSD: WS+CS2%
K] «+« PSD: WS+CC2%
e 70 —cp:ws

B 60 ws —CD: WS+CS2%
g —CD: WS+CC2%
3 50 -=RR: WS

§ 40 | ==RR: WS+C52%
g ==RR: WS+CC2%
2 30

o

2 20 ‘e,

8

g .

10 WS+CS2% ".:-, particle size distribution

5.00

""znllllll|.'.|nn|---q

2.00 3.00 4.00
Diagonal of screen opening size, mm

0

0.00 6.00

b)

Mass on screen, Cumulative value, %

5

Mass relative span was inversely related to the uniformity index I,,.
The confirmation of the balanced PSD was the represented by the
value of the coefficient of uniformity (C,), which was the highest for
the blend with 6% wt/wt CC with a value of 4.19 against the lowest
value of 3.14 for the pure WS. Furthermore, the PSD with coefficient
of uniformity, which was slightly higher than 4, was considered
uniform (Basiji et al., 2010).

After analysing the feature correlations, the number of PSD
characterising parameters listed in Table S1 were reduced from 28
to 4, namely, dimensionless standard deviation (Sg), coefficient of
gradation (Cg), inclusive graphic standard deviation (o), and
graphic kurtosis (Kg), which were the least correlated to each other.
For a complete description, we need to further provide the type of
material, confirming that each material has its own specific prop-
erties (Mostafa et al., 2019).

The blend distributions with 2% wt/wt additive were charac-
terised by the most diverse particle sizes, because dimensionless
standard deviation s was the largest, amounting to 2.17—2.22.
Increasing the additions to 6% wt/wt contributed to the decrease in
Sg to 2.08—2.10. The dimensions of pure WS were characterised by
the lowest span, s; = 2.03. Differences in PSD, characterised by x,
and s, were negatively correlated (r = —0.656) and resulted only
from the type of blends and additive ratio. Thus, the parameters of
PSD can be shaped not only by the way in which the material is
fragmented (Bitra et al., 2009b; Lisowski et al., 2018a), but also by
the additive ratio and type of biomass additives.

Coefficient of gradation for PSD, amounting to 1.15—1.21 and
ranging from 1 to 3 represents a well-graded all-biomass-type PSD
(Lisowski et al., 2018b). For WS and blends with A of 2% wt/wt and
6% wt/wt, the values of inclusive graphic standard deviation ojg
were 0.67 mm, 0.63—0.67 mm, and 0.55—0.58 mm, respectively.
Based on these values, the PSD can be classified as ‘moderately well
sorted’ because 0.50 < ojz < 0.70 mm (Blott and Pye, 2001).
Therefore, it can be concluded that the materials exhibit a relatively
good inclusive graphic standard deviation. Blends including 6% wt/
wt additive exhibited relatively better sorting, and the best sorting
was observed with the addition of CC, because oj; = 0.55 mm.
Positive values of graphic kurtosis (K; = 0.97—0.98) proved the
‘mesokurtic’ steepness (0.90 < Kz < 1.11) of PSD (Blott and Pye,
2001). Similar trends were observed for switchgrass, wheat straw,
and corn stover (Bitra et al.,, 2009a) as well as straw and hay
(Lisowski et al., 2020).

Characteristics of PSD include important parameters, on the
basis of which conclusions can be drawn with regard to the sus-
ceptibility of materials to compaction, the possibility of movement
among particles, and the bonds and creation of permanent
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Fig. 2. Particle size distribution (PSD), cumulative distribution (CD), and approximation with the RR model for milled WS and blends of WS with CS or CC with a) 2% wt/wt and b) 6%

wt/wt of additives.
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mechanical or chemical bonds that influence the density, durability,
and strength of the produced pellets.

3.2. Process of pressure agglomeration

Pressure curves vs. piston displacement during compaction,
with the exemplary value of D = 100 mg (levels of all three doses
are analysed later in this paper), demonstrated a typical exponen-
tial course until the commencement of pellet movement (Fig. 3).
From point M (Fig. 3), at which the back pressure was sufficient, the
compaction curves assumed a typical course. The pellet movement
began after the maximum pressure was reached, which dropped
instantly. This was typical of the process (Stelte et al., 2011b).

During bond compaction with the CC additive, the compaction
curves were less regular and the maximum pressure was lower in
comparison with both the blends with CC additive as well as the

pure WS. These differences in the material compaction
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characteristics may be due to the frictional force that is required to
be overcome. Pure straw required the highest pressure (135 MPa).
Despite the fact that increasing friction generated higher temper-
ature, at relatively low t of 78 °C, the temperature increase was not
sufficiently large to significantly change the WS lignin structure.
It was reported that the glass transition temperatures of hemi-
cellulose, lignin, and cellulose isolated from wood in aqueous
conditions were 40 °C, 50—100 °C, and 100 °C, respectively (Kong
et al., 2017). The glass transition temperature for lignin WS with
an MC of 8—9% was 53 °C, which increased to 63 °C after the
extraction of waxes (Stelte et al., 2012a) The increase in the biomass
moisture decreases the glass transition temperature (Lisowski et al.,
2017) because water acts as a plasticiser. The glass transition tem-
perature depends on the type of the material, MC, and sample
preparation (Bouajila et al., 2006). Under the process conditions of
t =78 °C and MC = 20% w.b., for WS, a maximum friction existed
that developed early, before making the pellet move; the tendency
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Fig. 3. Compaction pressure vs. piston displacement for a) wheat straw (WS), b) wheat straw and 2% wt/wt cassava starch (CS) blend and c) wheat straw and 6% wt/wt cassava
starch (CS) blend and d) wheat straw and 2% wt/wt calcium carbonate (CC) blend and e) wheat straw and 6% wt/wt calcium carbonate (CC) blend at 100 mg material dose and 78 °C
material temperature and 80 mm die height; M — change of pellet shift characteristics in the die and beginning of pelleting stability. The black line indicates the beginning of the
pellet shift in the die. (In order for the charts to be clearer, the scales of the ordinates are differentiated).
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then decreased, owing to the nature of the kinetic friction and the
reduction in the total actual contact surface of the tips of the ma-
terial particles with the surface of the die channel. The presented
interpretation results based on the observation of an experiment
with several types of biomasses demonstrated that on increasing
the temperature from room temperature to 60—90 °C, friction
increased, and on further increasing the die temperature, the fric-
tion decreased (Puig-Arnavat et al., 2016).

On addition of 2% wt/wt of CS, the powder attached to the
surfaces of moist particles (20% w.b.) and created glue, causing the
adhesion to increase on the die hole surface and between the
adjacent particles. Increased adhesion contributed to the earlier
onset of friction that had to be overcome (Fig. 3b). With 6% wt/wt of
CS, there was a greater effect of changing the features of CS under
the influence of a temperature of 78 °C linked with an MC of 20%
wt/wt. Under such conditions, CS undergoes plasticisation. The
effect of water plasticisation at constant temperature is identical to
the effect of the temperature increasing under constant MC (Slade
and Levine, 1995). Thus, the plasticisation friction was too low to
create an adequate back pressure in the die chamber.

In comparison with CS, CC significantly improved the densifi-
cation characteristics. The greatest effect was achieved with 6% wt/
wt CC (Fig. 3e). The smooth curves can be attributed to the lubricant
effect of CC combined with water, which prevents the phenomenon
of stick-slip. The temperature of 78 °C had a negligible effect on the
change in the thermal properties of pure CC, because CC maintains
fairly stable structure properties up to 224 °C (Rodriguez-Navarro
et al., 2016). A moisture of 20% w.b. was sufficiently large, such
that combined with the temperature, the CC material’s suscepti-
bility to plastic deformation increased along with its elasticity and
friction in the die chamber, and the required pressure decreased to
lower than that required for pure WS. The CC material on the sur-
face of the particles migrated into the water, increasing their vis-
cosity. The plasticity of the wetted area of the particles increased.
Additionally, the greater share of fine particles in the CC blend PSD
(Section 3.1) and the smaller geometric mean of particle size
demonstrated a positive effect on these processes and the dislo-
cation of particles during compaction.

The described changes in the pelletising characteristics for
different types of materials and additive ratio exhibited an impact
on the pelletising parameters and pellet properties.

3.3. Parameters of the pressure agglomeration process and pellets

By using the feature correlation method, the two parameters
(tensile strength o, and piston displacement s;;;) were deleted from
the initially proposed parameters. Both parameters exhibited high
values of correlation coefficients (Table S2), respectively, with spe-
cific pellet compression work Ej, r = 0.861 and vp, r = —0.991. It is
worth mentioning that 6. was strongly correlated with pp, r = 0.806,
and both parameter values were achieved using independent
measurements. The results of the correlation coefficients are ana-
lysed while describing the remaining parameters that characterise
the pelletising and pellet quality (Table 1). In majority of the cases,
the main factors (type of additive, A, and D) demonstrated a signif-
icant influence on the diversification of the criteria parameters.

D, pellet diameter; I, pellet length; v;, pellet shift in the die; L,
specific compaction work; L,, specific work for pellet shift in the
die; pp, single pellet densities; Ej, specific pellet compression work;
E, elasticity modulus for pellet compression, k, water absorption by
crushed pellets; ku, water absorption by uncrushed pellets; NO, no
additive. The values for NO and an additive ratio of 0% wt/wt are
equivalent.

Different letters in each column and factors within a value
represent a significant difference at p < 0.05 using Tukey’s test.

Parameter [, was insignificant against the main factors
(p = 0.1374—0.7467). The results of the analysis were presented to
prove that I, was maintained within the limits of the measurement
error.

3.3.1. Pellet diameter d, pellet shift in the die v}, specific pellet
compaction work Ls and specific work for pellet shift in the die L,

The pellet dimension of d was greater than the die hole con-
struction dimension, which implied that the pellets expanded after
leaving the die and at the time of their weekly storage. At the
smallest dose, the expansion of the pellets was the lowest; thus, the
durability of the bonds between material particles was the highest.

The pellets made of pure WS exhibited the lowest dimension;
however, A caused an increase in the pellet expansion.

The pellet shift of v, was the lowest at D = 100 mg with a value of
0.37 mm. A significantly higher value of v, = 0.42 mm (by 13%) was
obtained at the lowest dose, and the largest value of vy = 1.13 mm (3
times) was recorded at the highest dose. A smaller D implied a lower
height of the material for compaction; however, the height was
extremely small to be able to increase the lateral material pressure.
Therefore, sufficient back pressure in the die channel was not
available (Miao et al., 2015). At the highest D, the effect of compacted
material elasticity was occurred (Nona et al., 2014).

Pellet shift was the lowest (0.39 mm) during pelletising of pure
WS and increased for the blends with CS and CC, by 51% and 97%,
respectively. In comparison with pure WS, the additives of 2% wt/
wt and 6% wt/wt caused an increase in v, shift by 100% and 64%,
respectively.

The relations between D, A, and v, are used to formulate the
regression model (Eq. (1)) for which the regression coefficients,
important from a statistical point of view, are listed in the Table 2,
and the graphic interpretation is depicted in Fig. S3. The lowest
values of v, can be achieved at the doses of 80—100 mg and without
the additive, whereas A does not significantly influence the increase
in vp in this dose range.

The compaction work Lg was the highest during material pel-
letising at the dose of 100 mg and was 70.80 k] kg~ .. Decreasing the
dose by half decreased the request for compaction work by 48%,
and the increase in D to 150 mg increased L slightly (by 5%).

During the compaction of pure WS, the largest Ly work was
99.77 k] kg™, and after adding CS and CC, L decreased by more
than 3.3 and 2.8 times, respectively. Thus, A had a significant and
inversely proportional influence; for the addition of 2% wt/wt and
6% wt/wt, Ls decreased by 2.1 and 3.6 times, respectively. The best
conditions favourable for pelletising were an A of 2% wt/w and
D = 100 mg (Fig. 4). For spent coffee grounds pellets the Ls was
42-23.8 k] kg~ (Lisowski et al., 2019a) and that of walnut shell
was 9.9-33.3 k] kg~ (Lisowski et al., 2019b). The type of material
affects the value of the Ls. During formation of Miscanthus and
switchgrass briquettes, Ls was smaller and amounted to
2.5—-7.7 k]-kg—1 (Miao et al., 2015), probably due to the much larger
particle size of 6.35—300 mm.

The pellet shift work L, (5.75—27.31 k] kg~!) was 3.6—4.8 times
smaller than specific compaction work Ls (27.37—99.77 k] kg™,
Table 1). Both works were positively correlated, r = 0.427 (average
correlation). In terms of the L, criterion, the best pelletising conditions
occurred at doses of 100—150 mg and an A of up to 2% wt/wt (Fig. 5).

3.3.2. Single pellet density pp, specific compaction work Ej, elasticity
modulus E, water absorption by crushed k and uncrushed k, pellets
Pellet density p, at the dose of 100 mg was the largest,
722 kg m~> (Table 1). Decreasing and increasing the dose resulted
in a decrease in density, by 14% and 8%, respectively. The high
correlation (r = 0.615) between specific compaction work Ls and p,
proves the effectiveness of pelletising. The compaction effect (o)
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Table 1
Results of variance analyses, mean values and standard deviations (SD) of the pellet

diameter, pellet length, pellet shift in the die, specific compaction work, specific work for

pellet shift in the die, single pellet densities, specific pellet compression work, elasticity modulus for pellet compression, water absorption by crushed pellets and water

absorption by uncrushed pellets for different dose of material (D), type of additive

and additive ratio (A).

Factor d I Vp Ls kJ-kg—" L, kJ-kg—!
mm mm mm

p-value
D 0.0017 0.7467 <0.0001 <0.0001 <0.0001
Additive <0.0001 0.1374 <0.0001 <0.0001 <0.0001
A 0.0002 0.6058 <0.0001 <0.0001 <0.0001
Mean and +SD for dose of material D (mg)
50 8.04% +0.03 16.26% +2.05 0.42° +0.25 36.46 +25.25 7.23% £5.46
100 8.07° + 0.05 16.31% +2.23 0.37% +0.23 70.80° + 42.79 15.56° + 10.41
150 8.07° + 0.05 16.63% +2.45 1.13c £0.52 67.24b + 61.5 27.31c +15.56
Mean and +SD for type of additive
NO 8.03% +0.03 16.77% +1.62 0.39% +0.30 99.77¢ +47.06 22.10¢ +14.45
cs 8.06° + 0.03 16.63% +2.33 0.59° + 0.58 29.70* +19.90 5.75% +4.07
cc 8.08° +0.05 15.80 +2.57 0.77c +0.37 36.03" + 23.56 17.75b + 12.23
Mean and +SD for additive ratio A (% wt/wt)
0 8.03 +0.03 16.77% +1.62 0.39% +0.30 99.77¢ +47.06 22.10° +14.45
2 8.08° + 0.04 16.17% +2.22 0.78° +0.68 47.14° + 21.43 13.46° + 10.46
6 8.07° + 0.05 16.26% +2.74 0.64° + 0.41 27.37% £19.60 10.69% +10.77
Factor pp kg m—3 Ej mJ-mm? E k Ky

MPa g H,0-g—' DM ¢ H,0-g—' DM
p-value
D <0.0001 <0.0001 0.0384 <0.0001 <0.0001
Additive <0.0001 <0.0001 0.0468 09116 <0.0001
A <0.0001 <0.0001 0.0001 0.5337 <0.0001
Mean and +SD for dose of material D (mg)
50 618% +147 3.50° + 1.88 6.37% + 1.30 5.98" + 0.85 3.10° + 1.30
100 7220 £ 137 415 £ 1.75 6.67° + 2.08 3.98% +1.00 2.11% £0.48
150 664% +135 2.49% +1.22 5.79a +1.21 4.42% +0.69 339° + 1.52
Mean and +SD for type of additive
NO 5522 +123 2.10* +0.81 6.77% +1.31 4.79° +0.93 2.29% +0.46
cs 684° + 131 319" +1.28 6.11% £1.33 4.85% +1.02 336 £1.57
cC 768° +85 4.85° +1.80 5.95% +2.01 4.74 +1.63 2.96" + 1.36
Mean and +SD for additive ratio A (% wt/wt)
0 5522 +123 2.10% +0.81 6.77° + 1.31 4.79% £0.93 2.29° +0.46
2 716" + 145 434° + 220 6.89" + 1.76 4.57% +1.05 2.37% +0.60
6 735" + 79 3.70° + 1.13 5.17% +1.09 5.02% +1.58 394" + 1.66

Table 2

Regression coefficients of the variables for pellet shift in the die (v,), specific compaction work (L), specific work for pellet shift in the die (L,), DM single pellet density (pp),

specific pellet compression work (Ej), elasticity modulus for pellet compression (E),

depending on the dose (D) and additive ratio (A).

water absorption by crushed pellets (k) and water absorption by uncrushed pellets (ku)

Vp Ls L, Pp

Bi p-value Bi p-value Bi p-value Bi p-value
Intercept 1.15 <0.0001 — — - — 236 0.0246
D —0.027 <0.0001 1.90 <0.0001 0.23 <0.0001 6.93 0.0035
A 0.23 <0.0001 —-28.7 <0.0001 —4.62 <0.0001 108 <0.0001
D? 0.00017 <0.0001 —0.0075 <0.0001 — — —0.032 0.0057
A? —0.034 <0.0001 3.72 <0.0001 0.70 <0.0001 —12.96 0.0006
D x A 0.00028 <0.0001 —0.060 <0.0001 —0.012 <0.0001 — -
F test 607 741 570 511
R 0.7815 0.7929 0.6959 0.6482

E; E k ky

Bi p-value Bi p-value Bi p-value Bi p-value
Intercept - - 6.92 <0.0001 10.44 5.72 <0.0001
D 0.067 <0.0001 — — -0.11 —0.088 0.0001
A 1.52 <0.0001 — — — — —
D? —0.00039 <0.0001 — — 0.00049 0.00045 0.0001
A? —0.21 <0.0001 —0.048 <0.0001 — 0.047 <0.0001
D x A - - - — — — -
F test 74.4 561 583 74.2
R 0.6625 0.4869 0.7190 0.7342

D: dose, A: additive ratio, R: goodness of fit.

and pp (r = 0.806) indicates that the created bonds between the
particles are durable. The bonds that do not break during stress
relaxation and elastic expansion of the pellets after leaving the die
chamber are mostly due to the cohesion bonds (Nielsen et al.,
2020). These bonding mechanisms are observed for biomass, as

well as for pharmaceutical powders and feed (Tumuluru et al.,
2011). Therefore, adding the additives CS and CC increased p, by
24% and 39%, respectively. Additives of 2% and 6% wt/wt increased
pp by 30% and 33%, respectively. The value of p, reached the
maximum (850 kg m~3) near the coordinates D = 100 mg and
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Fig. 4. The surface chart of specific compaction work Ls vs. material dose D and ad-
ditive ratio A.

L =0.23D-4.624+0.704°-0.012DA
v

S

L. 4

Fig. 5. The surface chart of specific work for pellet shift in the die L, vs. material dose D
and additive ratio A.

A = 4% wt/wt (Fig. 6).

The pellets formed under these conditions were also charac-
terised by the highest resilience to tensile strength, because specific
pellet compression work E; reached the maximum value,
5.52 mJ mm2 (Fig. S4). The results of Ej confirm the previous an-
alyses regarding the 100 mg dose and a more favourable CC addi-
tive than CS (Table 1). Thus, one can conclude that the bond
between the material particles were durable and the addition of CS,
particularly CC with 2—4% wt/wt, increased the conditions of these
bonds, especially at an MC of 20% w.b. and t = 78 °C. In the litera-
ture, it was indicated that CS increases the durability of the pellets
and is economically and ecologically favourable (Kuokkanen et al.,
2011).

p =236+6.93D+1084-0.03D-12.964>
V4

4000
900
800 >800

<740
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b <640
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500
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&
%\x?m\ A
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Fig. 6. The surface chart of DM single pellet density p, vs. material dose D and additive
ratio A.

Modulus E was strongly dependent on A (Fig. S5) but the relation
between these values was inverse. The pellets formed at the 100 mg
dose were characterised by the relatively highest E, 6.67 MPa. The
value of E decreased for the pellets formed at both the smallest and
the highest dose and was 6.37 MPa and 5.79 MPa, respectively
(Table 1).

An important parameter characterising the quality of the pellets
intended for bedding is the absorption parameter k. The pellets
produced at the lowest dose (Table 1) were characterised by the
best k = 5.98 g H,0 g~! DM. Within the range of the used dose, the
relation between k and D formed a complete parabolic function, for
which kmin = 3.85 g H,0 g—! DM at D = 112 mg (Fig. S6). The type of
additive and its ratio did not have an influence on the value dif-
ferentiation of water absorption by crushed pellets k. Negative
correlations of k with Ly, pp, and o, prove that the pelletising con-
ditions, which have a positive influence on the compaction process
as well as on the pellet quality, prevent the pellet formations that
after crushed would be characterised by proper water absorption.
The pellets at smaller density and those that undergo cracking
more easily, as a result of tensile strength, exhibit a higher specific
surface area, making water absorption easier (Pearson et al., 2000).

For comparison, the results of the uncrushed pellets k, prove
that the crucial relations between the factors are preserved, which
is confirmed by the positive correlation with k (Table S2). High k,
(5 g H,0 g—! DM) was characterised by both the products produced
at the smallest and highest doses, and at the highest A of 6% wt/wt
(Fig. S7). The CS additive demonstrated a greater influence on k;
than the CC additive, and the pellets made of pure WS were char-
acterised by the lowest water absorption of 2.29 g H,0 g—! DM.

In summary, it can be stated that the additions improved k, and
considering that the additive of CC can increase N mineralisation
and promote NH4+ (Burt et al., 2018) and lowering the bedding pH
(Hammes et al., 2003), the optimal CC additive with 4% wt/wt can
be indicated as an additive to WS in the production of pellets for
poultry bedding. In comparison with CS, the pellets formed at the
dose of 100 mg with the CC additive were more durable and less
exposed to crushing during handling and transport and displayed a
lower risk of dustiness.
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4. Conclusion

In this study, pure WS and blends of WS with additives of CS and
CC in ratios of 2% wt/wt and 6% wt/wt were used. The PSDs were
‘fine skewed’ and ‘mesokurtic,’ and ‘moderately well sorted.” In
comparison with pure WS, the addition of 6% wt/wt CC enabled a
more even distribution and reduced geometric mean of particle
size xg to the maximum extent, from 1.18 mm to 0.71 mm.

The feature correlation analysis indicated that standard devia-
tion sg, coefficient of gradation Cg, inclusive graphic standard de-
viation ojg, and graphic kurtosis K, characterised PSD the best.

Pelletising of the material with an MC of 20% w.b. at t of 78 °C in
the die at a height of 80 mm was the most effective in terms of
pellet resilience to compression pp and k using the 100 mg dose
(from the 50—150 mg range) with the WS blend with 4% wt/wt CC
additive (from the 0—6% wt/wt range). Superior pelletising effi-
ciency of the CC blend was favoured by the even PSD and a rela-
tively large proportion of particles with an average size of 0.71 mm,
resulting from the self-contained aggregates of the finest particles
and significant reduction in the share of the largest particles.

Under these conditions for the optimal compaction of the ma-
terial, the maximum density of the pellets was 850 kg m>; to
achieve this, the work to be realised was Ls; = 36 k] kg~! by moving
the pellets in the die by 0.63 mm and performing the work of
L, = 10.92 k] kg~ . The produced pellets were characterised by a
proper elasticity modulus, E = 6.15 MPa, and tensile strength,
because their deformation, until the cracking phase, required the

work of Ej = 5.52 m] mm 2. Therefore, pellets made from WS and
CC blends could be used as bird beddings, because the water ab-
sorption was 4.00 g H,O g—' DM, which was higher than that for
pure WS or blends of WS with CS. Adding CC or CS to biomass in-
creases the material and operational costs, which requires further
economic research.
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Appendix A. Descriptive parameters of particle size
distribution, and pelletising and pellets properties

Parameter

Formula

Geometric mean of particle size (mm)
Dimensionless standard deviation

Geometric mean of particle size on the i-th sieve
Part of mass material, finer than size x

Particle size with part of mass material Y

Graphic mean (mm)

Inclusive graphic standard deviation (mm)
Uniformity index (%)

Size guide number

Size range variation (%)

Mass relative span
Coefficient of uniformity
Coefficient of gradation
Inclusive graphic skewness
Graphic kurtosis

Geometric STD of high region
Geometric STD of low region
Geometric STD of total region
Maximum pressure

Specific compaction work (kJ-kg~!)

Specific work for pellet shift in the die (k]-kg™')

Single pellet density (kg-m~3)

Specific pellet compression work until cracking (m]-mm~?2)

Elasticity modulus for pellet compression (MPa)
Maximum tensile strength during pellet cracking (MPa)

Water absorption (g H,0-g~! DM)

xg = log™ ' [Y>(mjlogxs;) / S my]
sg =log™\/S>(mi(logxs; — logxg))/ S m;
Xsi = XiXi—1

ol )

oft- )]

Xgm = (X16 + X50 + Xg34)/3

Oig = (X34 — X16)/4+ (Xo5 — X5)/6.6
I, = 100X5/X90

Ngg = 100xs0

Sy =100(xg4 — X16)/2X50

Si = (X90 — X10)/X50

Cu = X60/X10

Cg = X3/ (X10%60)

Sig = (X16 + Xs4 — 2X50)/2(Xga — X16) + (X5 + Xo5 — 2X50)/2(X95 — X5)
Kg = (xo5 — X5)/2.44(X75 — X25)
STDy = X34 /X50

STD; = X50/X16

STD: = +/Xga/X16

X = XR

L — /S Fdx,/[ms(1 — MC /100)]
0

(Se=Sm)
L, :/ Fdx/[ms(1 — MC /100)]
Sm
_ 32m(1 - MC/100)
P m(dy +d2)? (py + 1)

1 Al
E; :5/0 Fedx

Fd

E=r
_ 2Fem

¢ = i,

k = (ms; — my)/mgo(1 — MC/100)
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where x; geometric mean of particle size; m;, mass of the ma-
terial on the i-th sieve; x,;, geometric mean of particle size on the i-
th sieve; s, dimensionless standard deviation; x;, holes diagonal of
i-th sieve; x(j_1), diagonal of sieve hole which is above the i-th sieve;
Y;, part of mass material; x, particle size, receiving from the
equivalent of diagonal sieve opening; xg, Rosin-Rammler particle
size parameter; n, Rosin-Rammler particle size distribution
parameter; Xgp, graphic mean; ojg, inclusive graphic standard de-
viation; I, uniformity index; Nig, size guide number; S,, particle size
range variation; S, mass relative span; C,, coefficient of uniformity,
dimensionless; Cg, coefficient of gradation, dimensionless; S, in-
clusive graphic skewness, dimensionless; K,, graphic kurtosis,
dimensionless; STDy, STD;, and STDy, distribution geometric stan-
dard deviation of the high, low, and total regions, respectively; and
X95, X90, X84, X75, X60, X50, X30, X25, X16, X10, and X5 are corresponding
particle sizes at 95, 90, 84, 75, 60, 50, 30, 25, 16, 10, and 5% cu-
mulative particle undersizes, respectively; pmax, Mmaximum
compaction pressure; Fpax, maximum compaction force d, die
hole diameter; Ls, and L,, DM specific works of compaction and
pellet shift in the die; s, and s., piston displacement to achieve a
proper maximum compaction pressure and end piston position
after pellet displacement in the die (vy = s — sm); Vp, pellet shift in
the die F, compaction force; ms, dose mass; MC, material moisture in
reference to wet substance; pp, DM single pellet density; m, pellet
mass; dq, and da, pellet diameters in two perpendicular directions;
Ip1, and I, pellet lengths in two perpendicular directions; Ej, energy
of compression work until pellet cracking; F., compressive force; S,
pellet surface on which the load works; E, elasticity modulus during
compression; F, tensile strength within the range of elasticity; d,
pellet diameter before loading; 4! pellet deformation under load
(mm),; o, maximum tensile strength during pellet cracking; I,
pellet length; k, water absorption by pellets; mg;, mass of pellet
sample after soaking in water; myg, mass of pellet sample before
soaking in water.
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SI APPENDIX

Table S1. Parameters of the particle size distribution characteristics of the milled WS and

blends of WS with CS or CC with the addition of 2% wt/wt and 6% wt/wt

Parameter | WS | WS+CS 2% | WS+CC 2% | WS+CS 6% | WS+CC 6%
Xg, MM 1.18% 0.96° 0.95° 0.74° 0.71°
Sq 2.03? 2.17° 2.22¢ 2.08% 2.10P
XR, MM 1.38 1.19 1.15 1.00 0.93
n 1.90 1.69 1.54 1.53 1.49
R2,% 97.36 98.48 99.32 98.48 98.57
F 2319 4087 9261 4093 4329
p-F <0.0001 | <0.0001 <0.0001 <0.0001 <0.0001
X5, MM 0.29 0.21 0.17 0.14 0.13
X10, MM 0.42 0.31 0.27 0.23 0.21
X16, MM 0.55 0.42 0.37 0.32 0.29
X25, MM 0.72 0.57 0.51 0.44 0.40
X30, MM 0.80 0.65 0.59 0.51 0.47
X50, MM 1.14 0.96 0.91 0.79 0.73
Xg0, MM 1.32 1.13 1.09 0.94 0.88
X75, MM 1.64 1.44 1.42 1.24 1.16
Xga, MM 1.90 1.70 1.71 1.49 1.40
Xg0, MM 2.14 1.95 1.98 1.73 1.63
Xg5, MM 2.46 2.28 2.35 2.05 1.94
14, % 13.55 10.77 8.59 8.09 7.98
Nsg, mm 114.0 96.0 91.0 79.0 73.0
Sv,% 59.2 66.7 73.6 74.0 76.0
Si 1.51 1.71 1.88 1.90 1.95
Cu 3.14 3.65 4.04 4.09 4.19
Cyq 1.15 1.21 1.18 1.20 1.20
Xgm, MM 1.20 1.03 1.00 0.87 0.81
Gig, MM 0.67 0.63 0.67 0.58 0.55
Sig 0.17 0.22 0.26 0.26 0.27
Kg 0.97 0.98 0.98 0.98 0.98
STDh, mm | 1.67 1.77 1.88 1.89 1.92
STD;, mm | 2.07 2.29 2.46 2.47 2.52
STD, mm | 1.86 2.01 2.15 2.16 2.20

* different letters in each column and factors within a value represent a significant difference
at p<0.05 using Tukey’s test.

Xg, geometric mean of particle size; sy, dimensionless standard deviation; xr Rosin-Rammler
particle size parameter; n Rosin-Rammler particle size distribution parameter; R?, coefficient
of determination; F, Fisher-Snedecor test; p-F, p-value for F; Xgs, Xa0, X84, X75, X60, X50, X30, X25,
X16, X10, and Xs are corresponding particle sizes at 95, 90, 84, 75, 60, 50, 30, 25, 16, 10, and
5% cumulative particle undersizes, respectively; Iy, uniformity index; Nsg, Size guide number;
Sy, particle size range variation; S;, mass relative span; Cy, coefficient of uniformity; Cg,
coefficient of gradation; Xgm, graphic mean; cig, inclusive graphic standard deviation; Sig,
inclusive graphic skewness, dimensionless; Kg, graphic kurtosis, dimensionless; and STDp,
STD,, and STDy, distribution geometric standard deviations of the high, low, and total regions,
respectively.



Table S2. Correlation matrix for dose (D), type of additive, additive ratio (A), pellet dimeter
(d), pellet length (lp), DM single pellet density (pp), specific pellet compression work (Ej),
elasticity modulus for pellet compression (E), tensile strength (oc), displacement at maximum
agglomeration pressure (sm), pellet shift in the die (vp), specific compaction work (Ls), specific
work for pellet shift in the die (Lv), water absorption by crushed pellets (k), water absorption
by uncrushed pellets (ku)

Parameter D  Additive A d b Po E E oc Sm Vo Ls Ly k ky
D 1.000

Additive 0000  1.000

A 0.000 -0.655* 1.000

d 0207 -0.288* 0.270* 1.000

o 0063 0.024 -0.072-0.333* 1.000

Po 0128 -0.367* 0456* 0.473* -0.236 1.000

E 0228 0243 0.283" 0.158 -0.020 0.615* 1.000

E 0147 0152 -0420* -0.229 -0.208 0.077 0.267 1.000

oc 0152 -0.323* 0.426* 0.216 -0.084 0.806* 0.861* 0.285* 1.000

Sm 0611*  0245-0.274* 0021 -0.144 0.047 0185 0235 0161 1.000

Vo 0627¢ -0.240 0231 0020 0.136 -0.051 -0.176 -0.216 -0.170 -0.991* 1.000

Ls 0.097 05212-0.592* -0.164 0.075 -0.190 -0.208 0.256 -0.206 0.477*-0.435* 1.000

Ly 04828  0.591*-0.390° 0.124 -0.144 0.053 -0.187 0.083 -0.175 -0.160 0.183 0.427* 1.000

k 0533 -0021 0.104 -0.322* -0.098 -0.375* -0.195 -0.243 -0.278* 0.127 -0.140 -0.211 -0.410* 1.000
ky 0.093 -0.342% 0572* -0.201 0.414* -0.061 -0.128 -0.388* -0.057 -0.412* 0.379*-0.332* -0.277* 0.285* 1.000

& statistically significant at p-value = 0.05



Fig. S1. Stand for biomass compaction with a single matrix with an open chamber, using a
universal testing machine, as well as a system for controlling and recording parameters of
compaction process



Fig. S2. Stands for measuring pellet quality parameters a) pellet strength during tensile
strength, b) water absorption by uncrushed and crushed pellets
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Fig. S3. The surface chart of pellet shift in the die vp vs. material dose D and additive ratio A
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Fig. S4. The surface chart of specific pellet compression work E; vs. material dose D and
additive ratio A
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Fig. S5. Elasticity modulus for pellet compression E vs. additive ratio A
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Fig. S6. Water absorption by crushed pellets k vs. material dose D
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Fig. S7. The surface charts of water absorption by uncrushed pellets ky vs. material dose D
and additive ratio A
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