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STRESZCZENIE

Celem pracy bylo opracowanie kompleksowego rozwigzania technologicznego,
zgodnie z zastosowaniem zasad 6R, umozliwiajacego zagospodarowanie wyttokéw roslinnych
jako dodatku funkcjonalnego w produkcji zywnosci. Zastosowanie wytlokéw roslinnych
pozwala zredukowac zapotrzebowanie na wode technologiczng oraz energochtonno$¢ procesu
ekstruzji z uwzglednieniem uwarunkowan srodowiskowych oraz procesowych. W badaniach
wykorzystano produkty uboczne przemyshu rolno-spozywczego pochodzace z tloczenia
owocOw (jabtko, aronia), warzyw (dynia) oraz nasion roslin oleistych (czarnuszka, siemig
Iniane), ktore charakteryzuja si¢ wysoka zawartoscig sktadnikow odzywczych. Wymienione
dodatki funkcjonalne wprowadzano w ilosci 10, 20 1 30% do mieszanek surowcowych na bazie
surowcow skrobiowych, w tym skrobi ziemniaczanej i produktow ziemniaczanych, ktére
nastgpnie przetwarzano w procesie ekstruzji. W tym celu wykorzystano ekstruder
jednoslimakowy typ EXP-45-32 (Zamak Mercator) wyposazony w zmodyfikowany uktad
plastyfikujacy o L/D=16 oraz L/D=20. W badaniach zastosowano r6zne matryce formujace
przy zréznicowanej predkosci obrotowej slimaka ekstrudera wynoszacej 40, 60 1 80 obr/min.
Proces ekstruzji jest ztozony i zalezny od wielu czynnikdéw, parametréw technologiczno-
srodowiskowych oraz mechanicznych. W badaniach okreslono jego wydajnos¢,
energochlonno$¢, stabilno$¢ temperaturowa i procesowa w zalezno$ci od zastosowanych
dodatkéw (produktow ubocznych przemystu rolno-spozywczego). Uzyskane ekstrudaty
poddano badaniom wybranych cech fizykochemicznych okreslajacych ich funkcjonalnosci.
Okreslono aktywno$¢ antyoksydacyjng wybranych ekstrudatow, gestos¢ nasypowa, wskaznik
ekspandowania, wytrzymatos$¢ na uszkodzenia mechaniczne oraz wskazniki rozpuszczalno$ci
WSI i chtonnosci wody WAI. Szczeg6lng uwage poswigcono wptywowi konstrukcji uktadu
plastyfikujacego ekstrudera na efektywnos$¢, zapotrzebowanie energetyczne 1 stabilnos¢
procesu przetwarzania mieszanek zawierajagcych wytloki roslinne. Rownolegle dokonano
identyfikacji potencjatu energetycznego wykorzystania materialdw poprodukcyjnych
powstajacych podczas rozruchu linii ekstruzyjnej, badz tez ekstrudatoéw niespetniajacych norm
jakosciowych. Dzieki wysokiej zawartosci tatwofermentujacych zwigzkéw organicznych,
materialy te zostaly wykorzystane do fermentacji beztlenowej, umozliwiajacej odzysk energii
w postaci biogazu. Dziatanie tego typu wpisuje si¢ w zalozenia gospodarki o obiegu
zamknietym oraz umozliwia ograniczenie ilo$ci 1 ucigzliwosci srodowiskowej pozostatosci
poprodukcyjnych. Przedstawiona koncepcja technologiczna taczy podejscie srodowiskowe,

energetyczne 1 procesowe, umozliwiajgc tym samym kompleksowe zagospodarowanie
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produktéw ubocznych przemystu rolno-spozywczego. Optymalizacja procesu ekstruzji
1 wykorzystanie produktow ubocznych w postaci wyttokow w kierunku produkcji zywnosci
funkcjonalnej oraz bioenergii przyczyniajg si¢ do zwickszenia efektywnosci surowcowej
1 energetycznej, zmniejszajac jednoczesnie negatywne oddzialywanie przemystu spozywczego
na $rodowisko naturalne.

Wykonane badania, w ramach fazy wstepnej i fazy gldwnej, umozliwity poznanie
wpltywu poszczegdlnych zmiennych, analizowanych w odniesieniu do sformutowanych
probleméw naukowych, na przebieg procesu ekstruzji 1 wiasciwosci uzyskanych pelletow
przekaskowych z dodatkiem wyttokow roslinnych. Uzyskane dane pozwolity na opracowanie
warunkéw przetwarzania oraz na poznanie i poglebienie wiedzy z zakresu przemian
wlasciwos$ci uzyskanych produktow w wyniku zastosowania zmiennych warunkéw procesu
ekstruzji zgodnie z idea zréwnowazonego rozwoju 1 ekoprojektowania procesOw
technologicznych. Otrzymane rezultaty moga stanowi¢ cenne wskazéwki w konstruowaniu
urzadzen przystosowanych do zrownowazonej produkcji ekstrudowanych pelletow

przekaskowych z dodatkiem wybranych wyttokow roslinnych.

Stowa kluczowe: proces ekstruzji, wytloki roslinne, uktad plastyfikujacy, fermentacja

beztlenowa, biogaz, efektywno$¢ energetyczna, gospodarka obiegu zamknigtego



SUMMARY

Possibilities of the utilization of agri-food industry by-products using extrusion-
cooking technology

The aim of the study was to develop a comprehensive technological solution, in
accordance with the 6R principles, enabling the management of plant pomace as a functional
additive in food production. The use of plant pomace reduces the demand for technological
water and the energy consumption of the extrusion-cooking process, taking into account
environmental and process conditions. The study used by-products of the agri-food industry
from the pressing of fruit (apple, chokeberry), vegetables (pumpkin) and oilseeds (nigella seed,
flaxseed), which are characterized by high nutritional value. These functional additives were
added in amounts of 10, 20 and 30% to raw materials mixtures based on starch, in particular
potato starch and potato products, which were then processed by extrusion-cooking. For this
purpose, a single-screw extruder EXP-45-32 (Zamak Mercator) equipped with a modified
plasticizing system with L/D=16 and L/D=20 was used. The study used various forming dies
and variable extruder screw speeds of 40, 60 and 80 rpm. The extrusion-cooking process is
complex and depends on many factors, including technological, environmental and mechanical
parameters. The study determined efficiency, specific energy consumption, temperature and
process stability depending on the additives used (by-products of the agri-food industry). The
extrudates obtained were tested for selected physicochemical properties determining their
functionality. The antioxidant activity of selected extrudates, bulk density, expansion index,
resistance to mechanical damage, water absorption (WAI) and solubility (WSI) indices were
determined. Particular attention was paid to the impact of the design of the extruder-cooker
plasticizing system on the efficiency and stability of the processing mixtures containing plant
pomace. At the same time, the energy potential of using post-production materials generated
during the start-up of the extrusion-cooking line or extrudates that do not meet quality standards
was identified. Due to high contents of easily fermentable organic compounds, these materials
were used for anaerobic fermentation, enabling energy recovery in the form of biogas. This
type of activity is in line with the principles of the circular economy and makes it possible to
reduce the amount and environmental impact of post-production residues. The presented
technological concept combines environmental, energy and process approaches, thus enabling
comprehensive management of by-products from the agri-food industry. The optimization of

the extrusion process and the use of by-products in the production of functional foods and



bioenergy contribute to increased raw material and energy efficiency, while reducing the
negative impact of the food industry on the natural environment.

The research conducted during the preliminary study and the main phase made it
possible to determine the impact of individual variables, analyzed in relation to the scientific
problems formulated, on the extrusion-cooking process and the properties of the snack pellets
obtained with addition of selected plant by-products. The data obtained allowed for the
development of processing conditions and for the acquisition and deepening of knowledge in
the field of changes in the properties of the obtained products as a result of the application of
variable extrusion-cooking process conditions in accordance with the idea of sustainable
development and eco-design of technological processes. The results obtained may provide
valuable guidance in the design of equipment adapted to the sustainable production of extruded

snack pellets with the addition of selected plant pomace.

Keywords: extrusion-cooking process, plant pomace, plasticizing system, anaerobic

fermentation, biogas, energy efficiency, circular economy



1. WPROWADZENIE

Przemyst rolno-spozywczy, bedacy istotnym elementem $wiatowego systemu
zywnosciowego, jednoczes$nie odpowiada za powstawanie duzej ilosci produktéw ubocznych
1 odpadéw [Mishra i in. 2024; Varzakas i in. 2024]. Ich obecno$¢ w duzej mierze stanowi efekt
intensywnych procesoéw technologicznych, obejmujacych caty cykl — od zbioru surowcow po
koncowe etapy przetwarzania [Ferdes i in. 2022; Pandey i1 in. 2025]. Produkty uboczne
powstajace w tych etapach — m.in. wyttoki roslinne, otr¢gby, makuchy, pestki czy pozostatosci
po tloczeniu — stanowig powazne wyzwanie Srodowiskowe, gdy nie zostaja odpowiednio
zagospodarowane [Ratu i in. 2023; Zukiewicz i in. 2022]. W tradycyjnych modelach
gospodarki znaczna czg$¢ takich produktéw ubocznych nie jest odpowiednio zabezpieczona na
koncowych etapach produkcji, nie spetniajac tym samym obowigzujacych norm. Odpady
organiczne lub produkty uboczne przemyshu rolno-spozywczego bardzo czgsto sg spalane lub
sktadowane w niewlasciwy sposob, powodujac emisje gazow cieplarnianych, a co za tym idzie
marnotrawi si¢ cenne zasoby organiczne [Bhatia i in. 2023; Carrére i in. 2010]. W konteks$cie
rosnacej presji spolecznej i legislacyjnej dotyczacej zrbwnowazonego rozwoju i gospodarki
o obiegu zamknigtym, dziatania tego typu staja si¢ nieakceptowalne. Konieczne jest zatem
opracowywanie innowacyjnych i1 efektywnych sposobow ponownego wykorzystania tego
rodzaju produktéw ubocznych [Sarangi i in. 2024].

Wiyttoki roslinne, sklasyfikowane jako produkt uboczny proceséOw ttoczenia sokow
owocowo-warzywnych lub olejow roslinnych, do niedawna uznawane byly za odpady
przemystowe o ograniczonym zastosowaniu, gtownie na cele paszowe [Mironeasa i in. 2023;
Shalini 11in. 2010]. W ostatnich latach, wraz z rozwojem nauki, postgpem technologicznym oraz
rosngcym naciskiem na gospodarke o obiegu zamknigtym, produkty te zyskaty status surowcow
wtornych o wysokim potencjale aplikacyjnym, zaréwno w sektorze spozywczym,
farmaceutycznym, jak i energii odnawialnej [Cassani 1 in. 2022; Garcia-Lomillo 1 in. 2017].

Bioragc pod uwage sktad chemiczny, wytloki roslinne stanowig Zrddlo cennych
sktadnikow odzywczych 1 bioaktywnych, ktorych koncentracja czesto przewyzsza poziomy
wystepujace w surowcu wyjsciowym [Berenguer 1 in. 2023; Répa 1 in. 2024]. Nalezg do nich
m.in. blonnik pokarmowy (zaréwno frakcje rozpuszczalne, jak i nierozpuszczalne), wysokiej
jakosci bialka roélinne, nienasycone kwasy tluszczowe, zwigzki mineralne, a takze polifenole
1 inne substancje o dziataniu przeciwutleniajagcym [Tama i Kara$ 2025]. Sktad wytlokow zalezy
przede wszystkim od rodzaju przetwarzanego surowca oraz metod przetworczych, dzieki

ktérym zostaty pozyskane. Czynniki te wptywaja na ich jako$¢, dzigki czemu surowce te moga
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wykazywa¢  wlasciwosci  prebiotyczne,  przeciwzapalne,  hipolipemiczne  oraz
immunomodulujace [Mateus i in. 2024; Ratu i in. 2023; Ueda i in. 2022]. Wprowadzenie
wytlokéw do produkcji zywnosci funkcjonalnej wpisuje si¢ w aktualne trendy konsumenckie
oraz strategi¢ zrownowazonego rozwoju [Ait-Kaddour i in. 2024]. Wzrasta zainteresowanie
zywnoscia, ktora nie tylko cechuje si¢ akceptowalnoscig sensoryczng, ale takze korzystnie
wplywa na zdrowie, co czyni wyttoki atrakcyjnym sktadnikiem innowacyjnych receptur
zywnos$ciowych w wielu sektorach branzy spozywczej. Wyttoki moga peli¢ funkcje
naturalnych dodatkéw wzbogacajagc zywnos¢ w sktadniki funkcjonalne, ograniczajac
konieczno$¢ wprowadzania do receptur surowcowych sztucznych dodatkéw czy syntetycznych
suplementow. Jednocze$nie mozliwe jest zagospodarowanie znacznych ilo$ci produktow
ubocznych generowanych w przetworstwie rolno-spozywczym, realizujagc tym samym idee
gospodarki cyrkularnej 1 ograniczajac negatywny wptyw produktow zywno$ciowych na
srodowisko [Mironeasa i in. 2023; Schmid i in. 2020].

Zastosowanie wytlokdw w przemysle spozywczym ma takze wymiar ekonomiczny.
Czesto sg one dostepne lokalnie, relatywnie tanie, a w wielu przypadkach ich wykorzystanie
pozwala ograniczy¢ koszty zwigzane z ich utylizacja. Wytloki roslinne moga by¢
wykorzystywane w postaci naturalnej, czyli o wysokiej wilgotnosci, jaka charakteryzujg si¢
bezposrednio po procesie ttoczenia lub przetwarzania [Baglary 1 in. 2024; Chamorro i in. 2022].
PodwyzZszona zawarto$¢ wody stanowi jednak istotne wyzwanie technologiczne, poniewaz
czyni te produkty nietrwalymi mikrobiologicznie. Z drugiej strony, obecnos¢ naturalnej wody
moze przynie$¢ korzy$ci w niektorych gateziach przemystu spozywczego — na przyktad
w produkcji zywnosci ekstrudowanej — gdzie podwyzszona wilgotno$¢ wsadu zawierajacego
mokra frakcje wyttokow pozwala ograniczy¢ zuzycie dodatkowej wody technologicznej, tym
samym obnizajac koszty procesu [Dushkova i in. 2024]. Diugoterminowe przechowywanie
wytlokdw roslinnych wymaga ich odpowiedniego zabezpieczenia oraz przeprowadzenia
dodatkowych procesow przetworczych, ktore zapewnig stabilnos¢ mikrobiologiczng
1 zachowanie wlasciwosci funkcjonalnych surowca [Borah i in. 2016]. Przeksztalcenie
wyttokow w petnowarto§ciowe surowce wtorne najczesciej realizowane jest poprzez suszenie,
mielenie oraz standaryzacj¢ ich sktadu chemicznego. Dzigki temu staja si¢ one surowcem
fatwym do zastosowania w przemystowych recepturach zywnosciowych. W tej perspektywie
podkresla si¢ ich ponowne wykorzystanie, polegajace na przeksztalceniu pozostatosci po
procesach produkcyjnych w materiat o okreslonych wtasciwosciach uzytkowych.

Wiyttoki, klasyfikowane jako produkt uboczny procesow technologicznych, stanowia

kategori¢ materiatlow marginalizowanych w praktyce przemystowej, pomimo iz charakteryzuja

11



si¢ istotnym potencjalem funkcjonalnym i aplikacyjnym [Galanakis 2012]. Wyttoki roslinne
znajduja zastosowanie w wielu sektorach przemyshu spozywczego. Najczesciej
wykorzystywane sg do produkcji mieszanek herbat, w piekarnictwie jako dodatek do maki lub
ciasta, do produkcji makaronow, przekasek, batonow zbozowych i napojow biatkowych typu
instant. Coraz cze$ciej petnig takze funkcj¢ nos$nikoéw dla probiotykdéw lub substratow
w procesach fermentacji przemystowej. W sektorze paszowym stosowane sg od lat jako zrodto
widkna pokarmowego i1 mikroelementow, stanowigc staly element wielu mieszanek
zywieniowych dla zwierzat [Asma i in. 2023].

Wsrod wielu metod przetworstwa zywnos$ci szczegdlng uwage zwraca technologia
ekstruzji, ktora wykazuje duzy potencjat w wykorzystaniu wyttokéw roslinnych [Luo i in.
2020]. Proces ten umozliwia produkcje szerokiej gamy wyrobdw, takich jak chrupkie
przekaski, galanteria $niadaniowa, zywno$¢ typu instant czy zamienniki migsa, przy
jednoczesnym wzbogaceniu ich sktadu o cenne zwigzki bioaktywne obecne w wytlokach —
m.in. btonnik pokarmowy oraz naturalne przeciwutleniacze. Z tego wzgledu ekstruzja
uznawana jest za jeden z najbardziej obiecujacych kierunkéw rozwoju produkcji Zzywnosci
w kontekscie zagospodarowania produktéw ubocznych przemyshu rolno-spozywczego.
Niemniej jednak, skuteczne wdrazanie wyttokow do procesow produkcyjnych w tej technologii
wymaga dalszego doskonalenia parametrow technologicznych oraz precyzyjnej optymalizacji
skladéw surowcowych tak, aby zapewni¢ odpowiednia jako$¢, atrakcyjno$¢ sensoryczng
1 trwatos$¢ gotowych wyrobow [Offiah i1 in. 2019; Yagc1 1 in. 2020].

Proces ekstruzji (ang. extrusion-cooking process) to technologia, ktéra od kilku dekad
zajmuje istotne miejsce w przetworstwie surowcoOw roslinnych, szczegdlnie w kontekscie
produkcji zywnosci wygodnej typu convenience food, przekaski, teksturaty biatkowe, produkty
$niadaniowe, granulaty skrobiowe, ale takze pasze i komponenty biodegradowalne [Ali i in.
2024]. Technologia ta taczy w sobie kilka etapéw przetwarzania w jednej, zintegrowanej
operacji jednostkowej, podczas ktérej w jednym ciggtym cyklu produkcyjnym zachodzi proces
mieszania, uplastyczniania, gotowania, $cinania 1 formowania przetwarzanego materiatu.
Dziatania ta realizowane s3 w warunkach podwyzszonej temperatury (zwykle w zakresie 80—
200°C), cisnienia oraz sil $cinajacych powodujacych istotne zmiany fizykochemiczne
w strukturze sktadnikow — m.in. skleikowanie skrobi, denaturacje biatek, inaktywacje
niektorych enzymow oraz redukcje aktywnosci mikrobiologicznej [Cotacallapa-Sucapuca i in.
2021; Sule i in. 2024].

Jedna z kluczowych =zalet procesu ekstruzji jest jego elastyczno$¢ procesowa.

Technologia ta umozliwia przetwarzanie zréznicowanych materiatdw pochodzenia roslinnego,
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w tym takze surowcoé6w uznawanych za trudne w obrébce technologicznej, takich jak produkty
uboczne przemyshu owocowo-warzywnego czy thuszczowego — np. wytloki z jabtek, dyni,
siemienia Inianego, aronii czy czarnuszki. W tradycyjnych warunkach sktadniki te czesto
charakteryzuja si¢ niestabilnos$cig mikrobiologiczng, wysoka wilgotnos$cig oraz niejednorodng
strukturg 1 sktadem wynikajacymi z wczesniejszych procesow przetworczych, co w duzym
stopniu utrudnia ich bezposrednie wykorzystanie. Proces ekstruzji pozwala na ich stabilizacje
1 wlaczenie do produkcji petnowartosciowych wyrobéw o kontrolowanej strukturze
1 wydluzonym okresie przydatnosci do spozycia [Pismag i in. 2024].

Ekstruzja jako wysokotemperaturowa obrobka w krétkim czasie (ang. HTST- high
temperature short time) sprzyja takze zachowaniu wielu cennych substancji bioaktywnych
zawartych w surowcach ros$linnych. Z punktu widzenia stabilno$ci sktadnikow odzywczych,
intensywna obrobka termiczna moze prowadzi¢ do obnizenia zawarto$ci niektorych
wrazliwych zwiagzkéw, takich jak witaminy. Jednakze precyzyjna optymalizacja warunkow
procesu pozwala ograniczy¢ te straty, a jednoczes$nie zapewnia rGwnomierne rozmieszczenie
substancji funkcjonalnych — w tym polifenoli, btonnika pokarmowego oraz biatek roslinnych
w matrycy produktu. Oprocz utrwalenia, strukturyzacji i1 teksturowania, proces ekstruzji
wpltywa rowniez na wlasciwosci sensoryczne — m.in. stopien ekspandowania, twardosé,
porowato$¢ 1 barwe — co daje mozliwos¢ projektowania nowoczesnych produktow
konsumenckich [Xu i in. 2025].

Z technologicznego punktu widzenia proces ekstruzji wymaga precyzyjnego doboru
1 kontroli wielu parametréw operacyjnych, takich jak:

e wilgotno$¢ surowca (najczesciej] w zakresie 14-35%),

e temperatura w poszczeg6lnych strefach cylindra ekstrudera,

e predkos¢ obrotowa $limaka/§limakow,

e cis$nienie wewnatrz cylindra,

e geometria ukladu plastyfikujacego (w tym stosunek dlugosci slimaka do jego $rednicy

—L/D).

Niewtlasciwy dobor parametréw produkcji moze prowadzi¢ do niestabilnosci procesu
ekstruzji, czgsciowego lub catkowitego ograniczenia przeptywu masy surowcowej przez
cylinder 1 matryce ekstrudera lub uzyskania niepozadanych zmian strukturalnych produktu
koncowego. Z kolei optymalizacja warunkow procesu ekstruzji — m.in. poprzez dostosowanie
parametréow do wiasciwosci fizykochemicznych surowcow podstawowych i dodatkéw

ros$linnych — umozliwia uzyskanie ekstrudatow spetniajacych wymagania jakosciowe przy
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jednoczesnej minimalizacji zuzycia energii 1 wody [Jiang i in. 2025; Judrez-Barrientos i in.
2025].

Z punktu widzenia zrdwnowazonego rozwoju technologia ekstruzji bywa postrzegana
jako proces o podwyzszonym zuzyciu energii oraz potencjalnie zwigzany z generowaniem
odpadow produkcyjnych. Wysokotemperaturowa obrébka, duze sily $cinajace oraz
konieczno$¢ precyzyjnej kontroli parametréw technologicznych w poszczegolnych sekcjach
ekstrudera moga przyczynia¢ si¢ do zwigkszenia §ladu weglowego, szczegdlnie w warunkach
przemystowych [Lue-lue i in. 2009]. Jednak w odpowiedzi na te wyzwania podejmowane sa
dzialania majace na celu poprawe efektywnosci srodowiskowej procesu ekstruzji. Przyktadem
jest wykorzystanie surowcOw o naturalnie wyzszej wilgotnosci poczatkowej, co pozwala
ograniczy¢ zuzycie wody technologicznej i energii cieplnej. Istotne znaczenie ma réwniez
odpowiednie projektowanie receptur, uwzgledniajace wlasciwosci fizykochemiczne
sktadnikow — w tym surowcow wtornych, takich jak wytloki roslinne — ktére wspomaga
osiggniecie stabilno$ci procesu i zmniejsza ilos¢ generowanych odpadéw [Yadav i in. 2025].
W efekcie, mimo, ze ekstruzja moze by¢ klasyfikowana jako technologia wymagajaca
dostarczenia duzej iloSci energii, rozwdj innowacyjnych rozwigzan procesowych
i surowcowych stopniowo zmienia jej charakter w kierunku bardziej zrownowazonym.
Mozliwos$¢ lokalnego przetwarzania produktéw ubocznych przemystu rolno-spozywczego oraz
skracania tancuchéw dostaw dodatkowo wspiera odporno$¢ na zakldcenia logistyczne
1 wahania rynkowe w branzy rolno-spozywczej, a takze przyczynia si¢ do realizacji celow
gospodarki o obiegu zamknigtym. W zwigzku z powyzszym, ekstruzja stanowi nie tylko
efektywng technike przetworstwa surowcoOw roslinnych, lecz takze jedno z kluczowych
narzgdzi w realizacji strategii gospodarki o obiegu zamknig¢tym oraz projektowania zywnosci
funkcjonalnej i1 zgodnej z zasadami zréwnowazonego rozwoju. Jej dalszy rozwoj — zar6wno
w wymiarze technologicznym, jak i Srodowiskowym — jest istotnym kierunkiem dla przyszto$ci
przetworstwa rolno-spozywczego [Dey 1 in. 2021; Offiah i in. 2019].

W tradycyjnym modelu gospodarki materialowej produkty powstajace na etapie
rozruchu linii do ekstruzji, a takze te charakteryzujace si¢ niejednorodnoscia sktadu mieszanek
czy tez produkty niespetniajace norm jakoSciowych, sg traktowane jako produkty o niskiej
przydatnosci, przeznaczone do utylizacji lub kompostowania. Tymczasem ich sktad chemiczny
— szczegoblnie przy wysokim poziomie suchej masy i1 zawartosci tatwostrawnych zwigzkow
organicznych — sprawia, ze moga by¢ wykorzystane jako substraty w biogazowniach rolniczych
1 przemystowych [Pazera i1 in. 2015]. Proces fermentacji beztlenowej nie tylko umozliwia

odzysk energii w postaci biogazu (zawierajacego zwykle 50—70% metanu), lecz takze pozwala
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na istotne zmniejszenie masy i objgtosci powstajacych produktow oraz poprawe parametréw
koncowego pofermentu, ktéry moze sthuzy¢ jako naw6z organiczny [Qian 1 in. 2025; Vaskina
1 in. 2025]. Z perspektywy strategii zrownowazonego rozwoju i gospodarki o obiegu
zamknietym integracja technologii pozyskiwania energii ze zrodet odnawialnych z procesami
przetwoérstwa rolno-spozywczego stanowi jedno z kluczowych narzedzi optymalizacji zasobow
w tej branzy. Odpady powstajace w trakcie produkcji zywnosci, ktoére dotychczas stanowity
kosztowny problem logistyczny, moga zostac¢ skutecznie zagospodarowane jako zrodio energii
odnawialnej. Takie podejscie umozliwia zamkniecie cyklu zycia produktu, ograniczajac
zalezno$¢ od paliw kopalnych, a takze zmniejsza catkowity slad weglowy sektora spozywczego
[Bhatia i in. 2023; Kumar i in. 2022].

Na uwage zashuguje takze fakt, ze biogazownie dziatajace w poblizu zaktadow
przetworstwa spozywczego moga w latwy sposob integrowac si¢ z lokalnymi producentami
Zywnosci, tworzac tzw. ,,symbiozy przemystowe”. Oznacza to, ze produkty uboczne z jednego
zakladu (np. z rozruchu linii produkcyjnej lub produkty niespelniajace norm) moga by¢
w efektywny sposob przetwarzane w energi¢ i ciepto oraz wykorzystywane nastepnie przez ten
sam lub sgsiadujacy obiekt — np. w procesach suszenia, uruchomienia i pracy linii produkcyjne;j
czy wytwarzania pary procesowej. Takie dziatania pozwalaja na minimalizacj¢ strat
energetycznych, redukujg emisje gazow cieplarnianych 1 ograniczaja zapotrzebowanie na
zewnetrzne zrodta energii [Albarracin 1 in. 2024]. Z punktu widzenia znaczenia
srodowiskowego fermentacja beztlenowa stanowi jedno z najbardziej przyjaznych srodowisku
rozwigzan w zakresie utylizacji odpadow organicznych. Proces ten nie tylko prowadzi do
zmniejszenia emisji nieprzyjemnych zapachow, ale réwniez ogranicza emisj¢ metanu do
atmosfery, ktory w warunkach sktadowania ulega niekontrolowanej dyfuzji. Przechwycenie
1 ukierunkowanie tego gazu jako Zrédla energii to przyktad efektywnego i odpowiedzialnego
zarzadzania emisjami w sektorze rolniczo-spozywczym [Baglary i in. 2024; Chamorro i in.

2022].
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2. ZALOZENIA BADAWCZE I CELE NAUKOWE

2.1.  Problem naukowy, hipotezy badawcze i cele szczegolowe

W $wietle rosnacej presji srodowiskowej, obejmujacej konieczno$¢ racjonalnego
gospodarowania zasobami naturalnymi oraz potrzeby zwigkszania efektywnos$ci surowcowe;j
przetworstwa rolno-spozywczego, istotnym wyzwaniem staje si¢ zagospodarowanie roslinnych
produktow ubocznych — takich jak wytloki owocowe 1 olejarskie — umozliwiajgc tym samym
ich pelne wykorzystanie w modelu gospodarki o obiegu zamknigtym. Dotychczasowe metody
ich utylizacji (kompostowanie, spalanie lub sktadowanie) nie tylko nie wykorzystuja ich
petnego potencjatu funkcjonalnego i energetycznego, ale takze generuja dodatkowe koszty
1 wplywaja negatywnie na srodowisko.

Jednoczeénie zastosowanie procesu ekstruzji jako metody przetworstwa zywnosci
otwiera nowe mozliwosci zagospodarowania tego typu produktéw. Jednakze wlaczenie
wyttokow do matrycy skrobiowej wiaze si¢ z licznymi wyzwaniami technologicznymi — m.in.
wplywem na wydajnos$¢, energochtonno$¢ i przebieg procesu, stabilno$¢ termiczng oraz jakos¢
ekstrudatéw. Wpltyw konstrukeji uktadu plastyfikujacego na przebieg procesu ekstruzji

mieszanek zawierajacych produkty uboczne przemystu rolno-spozywczego wymaga analiz.

Na podstawie powyzszych informacji 1 wykonanego przegladu literatury z zakresu
tematyki pracy sformutowano nastepujacy problem naukowy:

Zagospodarowanie wybranych produktéw ubocznych przetwérstwa rolno-
spozywczego jako dodatkow wzbogacajacych decyduje o przebiegu procesu ekstruzji i ma
wplyw na ksztaltowanie wybranych wlasciwosci fizykochemicznych i funkcjonalnych
uzyskiwanych pelletow przekaskowych.

W odpowiedzi na przedstawiony problem naukowy sformutowano nast¢pujace hipotezy
badawcze:

e HI: Zastosowanie procesu ekstruzji pozwala na zagospodarowanie produktow
ubocznych w postaci wyttokéw owocowo-warzywnych i oleistych do uzyskania
nowej gamy produktow ekstrudowanych w postaci pelletow przekaskowych
ograniczajgc tym samym konieczno$¢ ich utylizacji.

e H2:Ilos$¢ 1 rodzaj dodatku wytlokéw roslinnych do mieszanek skrobiowych oraz
konfiguracja uktadu plastyfikujacego ekstrudera, predko$¢ obrotowa Slimaka

1 zastosowana matryca formujgca determinujg przebieg procesu ekstruzji oraz
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ksztaltuja wybrane wlasciwosci fizykochemiczne i funkcjonalne ekstrudatow, co
moze przyczyni¢ si¢ do uzyskania nowych wyrobow o zdefiniowanych cechach
przy minimalizacji zapotrzebowania energetycznego.

e H3: Materialy powstale w procesie ekstruzji zawierajag znaczng ilo$¢
tatworozktadalnych  zwigzkéw  organicznych  umozliwiajacych  ich
wykorzystanie jako substratu do przeprowadzenia fermentacji beztlenowej

i produkcji biogazu, co przynosi pozytywny efekt srodowiskowy.

Na podstawie tak sformulowanego problemu naukowego i wyznaczonych hipotez

badawczych sformulowane nastepujace cele szczegotowe:

1.

Ocena wplywu dodatku wytlokéw jablkowych w mieszance pszenno-kukurydzianej
oraz roznych predkosci obrotowych $limaka ekstrudera na przebieg procesu ekstruzji
1 wlasciwosci antyoksydacyjne uzyskanych produktow [P1].

Ocena wptywu roznych uktadow plastyfikujacych na przebieg procesu ekstruzji oraz
wybrane wlasciwosci fizyczne pelletéw przekaskowych na bazie surowcow
ziemniaczanych, otrzymanych przy dodatku réznej ilosci i rodzaju wyttokow roslinnych
(jabtkowych, aroniowych, dyniowych, z nasion czarnuszki i1 siemienia lnianego) oraz
w zalezno$ci od predkosci obrotowej §limaka ekstrudera [P2 1 P3].

Badanie przebiegu procesu ekstruzji i wybranych witasciwosci fizycznych pelletow
przekaskowych na bazie surowcow ziemniaczanych w zaleznosci od ilosci 1 rodzaju
wytlokow roslinnych (jabtko, aronia, dynia, siemi¢ Iniane, czarnuszka) oraz predkosci
obrotowej $limaka ekstrudera [P4].

Badanie przebiegu procesu ekstruzji, ocena potencjalu biogazowego 1 wybranych
wlasciwosci fizycznych pelletéw przekaskowych na bazie surowcdéw ziemniaczanych
uzyskanych przy dodatku roznej ilosci 1 rodzaju wyttokdéw roslinnych (jabtko, aronia,

dynia, siemig¢ Iniane, czarnuszka) [P5].
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3. MATERIAL I METODYKA BADAWCZA

Prace badawcze przeprowadzono w laboratoriach Uniwersytetu Przyrodniczego
w Lublinie, Uniwersytetu Medycznego w Lublinie oraz Uniwersytetu Przyrodniczego
w Poznaniu, wykorzystujac dostepne zaplecze aparaturowe jednostek.

Opracowanie i1 przygotowanie mieszanek surowcowych, przeprowadzenie procesu
ekstruzji, a takze szczegotowa analiza parametréw przetwarzania oraz wybranych wtasciwosci
fizycznych uzyskanych ekstrudatow zostaly wykonane w laboratoriach Katedry Inzynierii
Procesowej Uniwersytetu Przyrodniczego w Lublinie.

Ocena potencjatu antyoksydacyjnego otrzymanych ekstrudatow, w tym oznaczenia
zdolno$ci zmiatania wolnych rodnikoéw oraz zawartosci zwiazkow polifenolowych, zostata
wykonana w Zaktadzie Chemii Nieorganicznej Uniwersytetu Medycznego w Lublinie.

Badania potencjalu biogazowego frakcji poprodukcyjnych, ze szczegdlnym
uwzglednieniem ich przydatnosci do procesow fermentacji metanowej, przeprowadzono
w ramach prac realizowanych w Pracowni Ekotechnologii Uniwersytetu Przyrodniczego

w Poznaniu.

3.1. Materialy badawcze

3.1.1. Surowce podstawowe

W badaniach wykorzystano r6zne mieszanki surowcowe petnigce funkcje komponentu
bazowego w procesie ekstruzji. Dobdr ich sktadu zalezat od specyfiki prowadzonego
eksperymentu oraz planowanego zastosowania koncowego produktu.

W  badaniach wstgpnych [P1] zastosowano mieszanke pszenno-kukurydziang
sktadajaca si¢ z 82,5% maki pszennej (Lubella, Lublin, Polska), 15% maki kukurydzianej
(EDMIR-POL, Chorzow, Polska), 2% soli (Culine, Janikowo, Polska) oraz 0,5% sody
oczyszczonej (Gellwe, Zabierzéw, Polska). Tego typu sktad wymaga wysokiej temperatury
przetwarzania (ok. 100°C) 1 jest typowy dla przekasek ekstrudowanych.

W dalszych etapach prac [P2—P5] komponent bazowy stanowity mieszanki skrobiowe
oparte gldwnie na bazie ziemniaczanej, ktore wymagajg nizszych temperatur przetwarzania (do

100°C). Surowce podstawowe jakie wykorzystano to:
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e skrobia ziemniaczana (SUPERIOR STANDARD pochodzaca
z Przedsigbiorstwa Przemystu Ziemniaczanego Bronistaw S.A., Strzelno,
Polska) — jako gtowny komponent zelujacy,

e platki ziemniaczane (Zaklady Przemystu Ziemniaczanego w Lublinie, Lublin,
Polska) — jako sktadnik wptywajacy na tekstur¢ produktu i efektywnos¢ procesu.

Udziaty skrobi ziemniaczanej i1 ptatkow ziemniaczanych wynosity odpowiednio 82% i 15%.
3.1.2. Funkcjonalne dodatki

W ramach prowadzonych badan zastosowano wybrane rodzaje wyttokow pochodzenia
roslinnego jako dodatkowe, funkcjonalne skladnik mieszanek surowcowych. Materialy te,
uznawane za produkty uboczne przetwoérstwa rolno-spozywczego, zostaly wprowadzone do
mieszanek w celu czeSciowego zastgpienia komponentow bazowych oraz zwigkszenia wartosci
odzywczej produktow koncowych. Wprowadzenie dodatku w postaci wyttokéw w ilosci 10, 20
i 30% wigzalo si¢ z konieczno$cig czesciowego zastapienia skrobi ziemniaczanej, co
skutkowalo obnizeniem jej udziatu w mieszance do 72%, 62% 1 52%, przy zachowaniu stalej
zawartoS$ci pozostatych sktadnikow.

Do badan wykorzystano wyttoki roslinne pozyskane od lokalnego dostawcy z gietdy
rolno-spozywczej w Elizowce (Lublin, Polska). Lokalny charakter pozyskania surowcow
pozwolit nie tylko na zachowanie ich wlasciwosci technologicznych, lecz takze wpisywat si¢
w idee skracania tancuchdow dostaw i1 ograniczenia §ladu srodowiskowego.

Do przygotowania mieszanek wykorzystano wyttoki z:

e jablek,
e aronii,
e dyni,

e nasion czarnuszki,
e nasion siemienia Inianego.

Wszystkie pozyskane wytloki zostaty otrzymane metoda tloczenia na zimno owocow,
warzyw 1 nasion ro$lin oleistych. Bezposrednio po procesach przetworczych surowce te zostaty
zabezpieczone w warunkach kontrolowanej temperatury i atmosfery (zapakowane proézniowo
1 schtodzone), co pozwolito na zachowanie ich wtasciwosci fizycznych 1 ograniczenie rozwoju
niepozadanej mikroflory. Przed ich wlaczeniem do receptur wytloki zostaly rozdrobnione
mechaniczne, a stopien rozdrobnienia byl zblizony do frakcji pozostalych sktadnikow

mieszanki. Takie dziatanie miato na celu ujednolicenie struktury i umozliwienie dalszego
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przetwarzania w ekstruderze. W zaleznosci od rodzaju wytlokéw wilgotno$¢ miescita si¢
w zakresie 20-65%.

Wytltoki wprowadzono do mieszanek w trzech wariantach udziatu procentowego: 10,
201 30%. Pozwolito to na oceng wptywu zaréwno rodzaju materialu roslinnego, jak 1 jego ilosci
na przebieg procesu ekstruzji oraz wybrane wilasciwosci fizykochemiczne otrzymanych
ekstrudatéw. Ponadto, dla celéw porownawczych, przygotowano jednorazowo proby kontrolne
niezawierajace dodatku wytlokow, co umozliwilo jednoznaczna oceng¢ efektow ich

zastosowania wzgledem produktu bazowego.
3.1.3. Komponenty pomocnicze — dodatki technologiczne

We wszystkich recepturach surowcowych, oproécz komponentow bazowych
(skrobiowych) 1 dodatkéw funkcjonalnych (wytlokéw), zastosowano réwniez dodatki
technologiczne petniace istotne funkcje w zakresie modyfikacji wtasciwosci reologicznych,
smakowych oraz procesowych mieszanek ekstrudowanych. Do grupy tej nalezaty:

e 56l spozywcza (CENOS Sp. z 0.0., Wrze$nia, Polska) — dodawana w niewielkich
ilosciach jako sktadnik poprawiajacy profil smakowy, ale rowniez jako czynnik
stabilizujacy struktur¢ 1 poprawiajacy retencje wilgoci w produktach
ekstrudowanych, charakteryzujacy si¢ odczynem obojetnym (pH wynosito
okoto 7,0),

e cukier (Krajowa Grupa Spozywcza S.A., Torun, Polska) — gtdwnie wptywa na
wlasciwo$ci sensoryczne produktu koncowego; ponadto sacharoza moze
wplywac na intensyfikacj¢ reakcji Maillarda podczas ekstruzji, co przektada si¢
na ciemniejszg barwe 1 ztozony aromat produktow koncowych,

e olej roslinny (Bunge Polska Sp. z o.0., Kruszwica, Polska) — ulatwiajacy
przeptyw masy (emulgator) w cylindrze ekstrudera oraz wptywajacy na teksture
1 smak ekstrudatow,

e sodaoczyszczona (Gellwe, Zabierzow, Polska) — wptywa na stabilizacje pH oraz
strukture ekstrudatow.

Kazdy z zastosowanych komponentow pomocniczych stanowit 1-2% catkowitej masy

mieszanki surowcowej.
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3.2.  Proces ekstruzji — przygotowanie mieszanek i przebieg procesu

3.2.1. Przygotowanie mieszanek surowcowych

Mieszanki przygotowano z nastepujacych komponentow takich jak: surowce
podstawowe (maki i produkty ziemniaczane), dodatki funkcjonalne (wyttoki) oraz komponenty
pomocnicze. Przygotowane i odwazone skladniki zostaly doktadnie wymieszane w celu
zapewnienia jednorodnej struktury i odpowiedniej charakterystyki fizycznej, kazda mieszanke
przesiewano mechanicznie za pomocg sita laboratoryjnego uzyskujac granulacje
o $rednicy nieprzekraczajacej 0,5 mm. W kolejnym etapie przygotowan okreslono zawartos¢
wody w mieszankach, po czym zostaly one dowilzone do docelowej wilgotno$ci wynoszacej
34%. Wartos¢ t¢ ustalono na podstawie aktualnej literatury naukowej i wnioskow z wczesniej
realizowanych prac badawczo-rozwojowych (LIDER/29/0158/L-10/18/NCBR/2019) oraz
badan wstepnych. Taki poziom dowilzenia zapewnia optymalny poziom uplastyczniania
przetwarzanej gestwy w cylindrze ekstrudera i umozliwia kontrolowane ekspandowanie
produktu koncowego. Mieszanki po dowilzeniu zostaty umieszczone w szczelnie zamknigtych
pojemnikach w warunkach chtodniczych (4-6°C) przez 24 godziny, co umozliwito
rownomierne roztozenie wilgoci i stabilizacje struktury. Zastosowanie wyttokow pozwolito na
ograniczenie dodatku wody technologicznej od 32 do 76% w zaleznos$ci od ich rodzaju i ilosci

wprowadzonych do mieszanki surowcowe;.

3.2.2. Przebieg procesu ekstruzji

Proces ekstruzji prowadzono przy wykorzystaniu ekstrudera jednoslimakowego EXP-
45-32 (Zamak Mercator, Skawina, Polska) z mozliwoscia zmiany konfiguracji uktadu

plastyfikujacego (Rys. 1).

Rys. 1. Ekstruder jednoslimakowy EXP-45-32 (Zamak Mercator, Skawina, Polska).
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W badaniach zastosowano dwie konfiguracje ekstrudera, r6znigce si¢ dtugoscia uktadu
plastyfikujacego, okreslone stosunkiem L/D (stosunek diugosci §limaka do jego S$rednicy)
wynoszacym odpowiednio 16:1 oraz 20:1 (Rys. 2). W krotszej konfiguracji (L/D=16)
wykorzystano konwencjonalny $limak o jednolitym cigglym zwoju, typowym dla
standardowego przetwarzania. Natomiast w dtuzszej wersji uktadu (L/D=20) zastosowano

slimak z dodatkowym elementem mieszajacym.

Rys. 2. Slimaki ekstrudera dla uktadu plastyfikujacego L/D=16 oraz 20.

Przygotowane 1 dowilZzone do poziomu 34% mieszanki surowcowe zostaly podane do
cylindra ekstrudera i przetwarzane przy trzech wariantach predkosci obrotowej §limaka 60, 80
1 100 obr/min w przypadku prac wstepnych oraz 40, 60 i 80 obr/min w kolejnych etapach badan.
Proces, w zalezno$ci od zastosowanej konfiguracji $limaka, prowadzono w uktadzie
grzewczym dla L/D=16 sktadajacym si¢ z czterech stref, a dla L/D=20 z pigciu stref grzewczo-
chlodzacych. Szczegdlowe zakresy nastaw temperaturowych w poszczegdlnych sekcjach
przedstawiono w tabeli 1. Zastosowany profil temperaturowy zostat zoptymalizowany na
podstawie aktualnej literatury, dotychczasowych testow prowadzonych w jednostce naukowe;j

1 wlasnych badan wstepnych.

Tab. 1. Nastawy temperatur w poszczegdlnych sekcjach ekstrudera dla uktadu LD=16 oraz

L/D=20 (opracowanie wiasne).

Rodzaj uktadu | Temperatura | Temperatura | Temperatura | Temperatura | Temperatura
plastyfikujacego sekcji [ sekeji 11 sekeji 111 sekeji IV sekcji V
L/D=16 30°C 60°C 70°C nie dotyczy 70°C
L/D=20 30°C 60°C 70°C 70°C 70°C

Podczas procesu ekstruzji monitorowano kluczowe parametry procesowe, takie jak
rzeczywista temperatura w poszczegolnych strefach cylindra, ci$nienie panujace w czesci
uplastyczniajagcej oraz zapotrzebowanie energii mechanicznej. Rejestrowane warto$ci
umozliwily ocene wplywu rodzaju surowcow oraz konfiguracji uktadu plastyfikujacego na

przebieg procesu oraz efektywnos$¢ energetyczng catego uktadu technologicznego.
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3.2.3. Rodzaje matryc formujacych i system ci¢cia

W zaleznosci od etapu badan oraz planowanego ksztattu produktu koncowego
stosowano rozne typy wktadek formujacych (Rys. 3):

e dla préobek formowanych z wykorzystaniem matrycy ptaskiej (Rys. 3a)
zastosowano zaprojektowany i wykonany w Katedrze Inzynierii Procesowej
zewngetrzy system cigcia SmartCut100L wykorzystujacy rolkowy podajnik oraz
uktad nozy umozliwiajacy natychmiastowe rozdzielenie masy na pojedyncze
ekstrudaty o regularnym ksztatcie kwadratoéw 25 x 25 mm. Uklad ten byt
zsynchronizowany z predkoscig wyptywu materiatu z ekstrudera, co zapewniato
jednorodno$¢ rozmiaru 1 ksztattu. Zastosowanie takiego systemu cigcia
wspomaganego wiatrakami chtodzacymi pozwolito na ustabilizowanie
temperatury masy, dzieki czemu uzyskiwano pellety o regularnym ksztatcie
pozbawione uszkodzen.

e dlaprobek formowanych z uzyciem wktadki pierscieniowej (Rys. 3b) stosowano
matryc¢ o grubosci szczeliny 0,6 mm, ktéra umozliwiala wytwarzanie
cylindrycznych pelletow ekstrudowanych. Dla tego rodzaju produktu, system
cigcia wyposazony w ndz obrotowy z regulacja obrotow i wlasnym zasilaniem

znajdowal si¢ bezposrednio przy gltowicy ekstrudera.

Rys. 3. Wktadki formujace: a) ptaska o wymiarach szczeliny 25 mm x 0,6 mm; b) pier§cieniowa

o grubosci szczeliny 0,6 mm.

Po zakonczeniu procesu ekstruzji otrzymane produkty poddawano suszeniu
w laboratoryjnej suszarni konwekcyjnej z wymuszonym obiegiem powietrza w kontrolowane;j

temperaturze (40°C). Taki zakres temperaturowy nie tylko minimalizuje naklady energetyczne,
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ale réwniez zapewnia ochron¢ integralno$ci strukturalnej oraz ograniczenie niekorzystnych
zmian fizykochemicznych, takich jak pekanie pelletow, degradacja skladnikéw
termowrazliwych czy nadmierna utrata lotnych zwigzkéw aromatycznych. Po zakonczeniu
suszenia probki zostaty umieszczone w szczelnych, hermetycznie zamykanych pojemnikach
chronigcych przed wilgocig oraz ekspozycja na tlen i zanieczyszczenia zewngtrzne. Tak

zabezpieczony material kierowano do dalszych badan.

3.3. Metodyka oceny wydajnosci i energochlonnosci procesu ekstruzji

W celu kompleksowej oceny zastosowania wytlokéw roslinnych jako dodatku
wzbogacajacego w procesie ekstruzji pelletow przekaskowych przeprowadzono szereg badan
eksperymentalnych, obejmujacych zardwno parametry procesu technologicznego, wybrane
wlasciwosci  fizykochemiczne oraz analiz¢  potencjalu  energetycznego  frakcji
poprodukcyjnych.

Ocena przebiegu procesu ekstruzji miata na celu okreslenie jego efektywnosci
technologicznej, stanowiacej istotny wskaznik zarowno jako$ci produkcji, jak i1 aspektow
ekonomicznych oraz srodowiskowych. W badaniach uwzgledniono dwa kluczowe parametry:
wydajnos¢ procesu (Q) oraz jednostkowe zapotrzebowanie energii mechanicznej (SME — ang.

Specific Mechanical Energy).
3.3.1. Wydajnos$¢ procesu ekstruzji

Wydajnos$¢ procesowa [P1, P2, P3, P4, P5] okreslono jako ilo$¢ materialu wytwarzana
w jednostce czasu [kg/h]. Pomiaru dokonywano w stanie ustabilizowanej pracy ekstrudera — po
odpowiednim nagrzaniu poszczegolnych sekcji oraz po fazie rozruchu — w warunkach statego
1 stabilnego wyplywu materialu przez matrycg. Warto§¢ okreslono poprzez pomiar masy
materiatu wyplywajacego z matrycy ekstrudera w czasie 30 sekund [P2, P3, P4, P5] 1 60 sekund
[P1] pracy urzadzenia, przy uzyciu wagi laboratoryjnej DS-788 (Yakudo, Tokio, Japonia)
o doktadnosci 0,001 kg. Wrydajnos¢ procesowa przeliczono zgodnie ze wzorem
przedstawionym przez Matysiak i1 in. [2018], za koncowy wynik przyjeto $rednig z trzech
pomiarow:

Q== [kg/h] )

gdzie:
0O — wydajnos$¢ procesu ekstruzji [kg/h],
m —masa otrzymanego ekstrudatu w trakcie pomiaru [kg],
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t — czas trwania pomiaru [h].
3.3.2. Energochlonnosé procesu ekstruzji

Energochtonno$¢ procesu ekstruzji [P1, P2, P3, P4, P5] zostata przedstawiona na
podstawie wyliczenia wskaznika jednostkowego zapotrzebowania energii mechaniczne;.
Zapotrzebowanie jednostkowe na energi¢ mechaniczng okre§lono na podstawie danych
rejestrowanych bezposrednio przez wbudowany system sterowania ekstrudera, przy
uwzglednieniu obcigzenia silnika, predkosci obrotowej oraz wydajnosci procesu. Parametr
SME obliczono na podstawie wzoru przedstawionego przez Krecisz [2016], za koncowy wynik

przyjeto wartos¢ §rednia z trzech pomiarow:

n 0 P

m
gdzie:

SME — wskaznik specyficznego zuzycia energii mechanicznej [kWh/kg],
n — predkos¢ obrotowa §limaka ekstrudera [obr/min],

nm— znamionowa predkos$¢ obrotowa §limaka ekstrudera [obr/min],

O — obcigzenie silnika w oparciu 0 moc znamionow3 [%],

P — moc znamionowa urzadzenia [KW],

0O — wydajnos$¢ procesu ekstruzji [Q].

3.4. Metodyka oceny wybranych wlasciwosci fizykochemicznych

ekstrudatow

W ramach badan przeprowadzono ocen¢ wybranych wilasciwosci fizykochemicznych
otrzymanych w procesie ekstruzji pelletow przekaskowych, majacg na celu okreslenie wpltywu
rodzaju oraz udzialu procentowego wytlokow roslinnych, jak rowniez parametrow procesu
ekstruzji na jakos¢ koncowego produktu. Analizy przeprowadzono dla probek z dodatkiem
wyttokow, jak rowniez dla probek kontrolnych niezawierajacych dodatku wzbogacajacego.

Zakres badan obejmowal wybrane wiasciwosci fizyczne, istotne z punktu widzenia
technologii ekstruzji i1 produkcji pelletow przekaskowych, jak 1 wybrane wlasciwosci
funkcjonalne $wiadczace o podwyzszonym potencjale zywieniowym 1 prozdrowotnym
otrzymanych ekstrudatow. Ws$rdd parametréw  fizycznych  oznaczono: wskaznik

ekspandowania, odporno$¢ na uszkodzenia mechaniczne, ggsto$¢ nasypowa, wskaznik
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absorpcji wody WALI (ang. Water Absorption Index) i wskaznik rozpuszczalnosci w wodzie
WSI (ang. Water Solubility Index).

Dodatkowo przeprowadzono ocen¢ potencjalu antyoksydacyjnego ekstrudatow,
obejmujacg trzy metody uzupeiniajace:

— oznaczenie catkowitej zawartosci zwiazkoéw polifenolowych (TPC) metoda Folina-
Ciocalteu’a,

— oceng¢ zdolnos$ci zmiatania wolnych rodnikow z wykorzystaniem metody DPPH,

— oznaczenie zdolnosci redukujacych jony zelaza metoda FRAP.

Wykorzystanie r6znych metod analitycznych umozliwito szczegdtowa charakterystyke
zachodzacych zmian jako$ciowych produktéw ekstrudowanych z udzialem wyttokow
ros$linnych.

W ramach badan wstgpnych pellety spozywcze z dodatkiem wytlokéw z jablek
poddawano obrébce temperaturowej z wykorzystaniem frytownicy oraz mikrofal do

ekspandowania do postaci przekasek gotowych do spozycia.
3.4.1. Wskaznik ekspandowania ekstrudatow spozywczych

Wskaznik ekspandowania [P4] okre$la zdolno$¢ produktu ekspandowanego do
zwigkszania swojej objetosci po opuszczeniu matrycy ekstrudera. W badaniach wyznaczono go
jako stosunek grubosci otrzymanych pelletow przekaskowych do grubosci otworu matrycy
ekstrudera. Wskaznik ten obliczony zostal na podstawie wzoru przedstawionego przez

Combrzynskiego 1 in. [2023], za wynik koncowy przyjeto Srednig z trzech pomiarow:
_d
X=5 [ G)
gdzie:
X — wspo6lczynnik ekspandowania [-],
d — grubos$¢ pelletu przekaskowego [mm],

D — grubo$ci matrycy ekstrudera [mm)].
3.4.2. Wytrzymalo$s¢ mechaniczna ekstrudatow

Wytrzymato$¢ mechaniczna ekstrudatéw [P4] zostata oceniona poprzez okreslenie ich
odpornosci na dziatanie sit mechanicznych powstajacych podczas ruchu obrotowego, zgodnie
zmetodg przedstawiong przez Mitrusa i in. [2023]. Badanie przeprowadzono z wykorzystaniem
aparatu typu Pfost, ktorego dzialanie opiera si¢ na rotacyjnym przemieszczaniu probek

wewnatrz bebna o prostopadtosciennym ksztatcie, w warunkach symulujacych dziatania
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transportowe lub magazynowe. Dla kazdej grupy pelletdéw odwazono po 100 g materiatu, ktory
nastgpnie poddawano analizie przez 10 minut przy statych obrotach pracy urzadzenia
wynoszacych 50 obr/min. Po zakonczeniu badania oceniano procent masy nieuszkodzonych
lub niepokruszonych elementéw do masy wyjsciowej probek. Pomiar wykonano w trzech

niezaleznych powtorzeniach, za wynik koncowy przyjeto srednig z wykonanych analiz.
3.4.3. Gestos¢ nasypowa

Gesto$¢ nasypowa [P2, P3, P4, P5] pelletow zostala wykonana w celu okreslenia
zalezno$ci miedzy ich masg a objetoscia, co posrednio odzwierciedla porowatos¢ oraz strukture
wewnetrzng produktu. Parametr ten ma nie tylko istotne znaczenie przy projektowaniu
1 optymalizacji procesOw pakowania i przechowywania, jak rdwniez podczas wytwarzania
produktéw koncowych w postaci przekasek otrzymywanych w wyniku obréobki termicznej
pelletow przekaskowych. Pomiar zostal wykonany w oparciu o okreslenie masy probki
wypetniajacej cylindryczny pojemnik o objetosci 0,001 m*. W tym celu wykorzystano wage
laboratoryjng DS-788 (Yakudo, Tokio, Japonia) wskazujaca wyniki z doktadnoscig do 0,001
kg. Nastgpnie gestos¢ nasypowa zostata obliczona jako stosunek masy probki do objetosci
naczynia, zgodnie ze wzorem przedstawionym przez Wojtowicz i in. [2013]:

BD== [kg/m?] €
gdzie:
BD — gesto$é nasypowa ekstrudatow [kg/m?],
m — masa probki [kg],
V — objetos$¢ naczynia [m’].
Analize przeprowadzono w trzech powtdérzeniach dla kazdego rodzaju pelletow, za

koncowy wynik przyjeto $rednig w zaokragleniu do 0,01 kg/m>.
3.4.4. Zawartos¢ calkowita zwigzkow polifenolowych

Catkowita zawarto§¢ zwigzkow polifenolowych TPC (ang. Total Polyphenolic Content)
[P1] to analiza przeprowadzona z zastosowaniem zmodyfikowanej metody Folina-Ciocalteu’a,
ktora zostata opracowana zgodnie z procedurg przedstawiong przez Kasprzak 1 in. [2018]
uwzgledniajaca wspomaganie ekstrakcji ultradzwiekami. Ekstrakty wykonane ze zmielonych
pelletow i1 ekspandowanych przekasek zostaly otrzymane poprzez zastosowanie metody
ultradzwigkowej, a nastepnie przeprowadzono analiz¢ fotometryczng. W tym celu zmieszano
200 pL ekstraktu z 1,8 mL wody destylowanej, a nastepnie dodano 200 puL. odczynnika Folina-
Ciocalteu’a i doktadnie wymieszano. Po odczekaniu 5 minut do mieszaniny dodano 2 mL 7%
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roztworu weglanu sodu (Na.COs). Tak otrzymang mieszaninge inkubowano w temperaturze
40°C przez 60 minut. Po zakonczeniu inkubacji, absorbancja zostala oznaczona
z wykorzystaniem metody spektrofotometrycznej przy dlugosci fali 760 nm z uzyciem
spektrofotometru UV-VIS (Genesys 20 UV-VIS Thermo Scientific, Waltham, MA, USA).
Zawarto$¢ polifenoli wyrazono jako ekwiwalent kwasu galusowego (GAE) w przeliczeniu na
gram suchej probki (mg GAE/g d.m.). Za koncowy wynik przyjeto Srednig z trzech

niezaleznych pomiarow.
3.4.5. Oznaczenie aktywnosci zmiatania wolnych rodnikow

Aktywno$¢ antyoksydacyjng ekstraktow [P1] okreslono metoda spektrofotometryczng
wykorzystujacg rodnik DPPH (2,2-difenylo-1-pikrylohydrazyl), zgodnie ze zmodyfikowang
procedurg przedstawiong przez Burd¢ i Oleszek [2001]. Metoda RSA (ang. Radical
Scavenging Activity) umozliwia ocen¢ zdolnos$ci zmiatania wolnych rodnikow DPPH przez
analizowang probke. Analizg przeprowadzono z wykorzystaniem spektrofotometru UV-VIS
Genesys 20 UV-VIS (Thermo Scientific, Waltham, MA, USA). Rejestracja absorbancji
prowadzona byta w odstepach pieciominutowych przy zastosowaniu fali o dtugosci 517 nm,
przez 30 min, w odniesieniu do probki kontrolnej przygotowanej na bazie czystego metanolu.
Wyniki wyrazono w postaci procentowej zdolnosci zmiatania rodnikow (RSA) oraz jako
rownowaznos¢ aktywnos$ci przeciwutleniajgce] TEAC (ang. Trolox Equivalent Antioxidant
Capacity), w przeliczeniu na zawarto$¢ suchej masy (%). Za wynik koncowy przyjeta Srednig

z trzech pomiardw.
3.4.6. Oznaczenie zdolnosci redukowania jonow zelaza w ekstrudatach

Analize zdolnosci ekstraktow do redukcji jonow zelaza (I11) [P1] wykonano w oparciu
o metode FRAP (ang. Ferric Reducing Antioxidant Power), zgodnie z procedurg
zaprezentowang przez Soj¢ 1 in. [2023], ktora polega na pomiarze zdolnoS$ci przeciwutleniaczy
do redukcji kompleksu Fe* — TPTZ do formy Fe?. Reagent FRAP przygotowano bezposrednio
przed analizg poprzez zmieszanie buforu (0,3 M, pH 3,6), roztworu chlorku Zelaza (III) (0,02
M) oraz roztworu TPTZ (2,4,6-tri(2-pirydylo)-1,3,5-triazyna, 0,01 M), w stosunku
objetosciowym 10:1:1. Do analizy wykorzystano 500 puL ekstraktu, do ktérego dodawano 2,5
mL $wiezo przygotowanego odczynnika FRAP. Probki inkubowano w zamknietych
probowkach w tazni wodnej o temperaturze 37°C przez 30 minut. Po inkubacji mierzono
absorbancje¢ przy dlugosci fali 593 nm wzgledem proby kontrolnej (na bazie czystego metanolu)

za pomocg spektrofotometru UV-VIS Genesys 20 UV-VIS (Thermo Scientific, Waltham, MA,
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USA). Za wynik koncowy przyjeto srednig z trzech pomiar6w wyrazony jako wartos¢ FRAP,

czyli milimole rownowaznika Troloxu na gram suchej masy probki (mmol Trolox/g d.m.).
3.4.7. Wskaznik absorbcji wody oraz rozpuszczalnosci w wodzie

Wskaznik absorbcji wody WAI [P2, P3, P5] oznaczono zgodnie z metodyka opisana
przez Woéjtowicz i Moscickiego [2014]. Parametr ten pozwala okresli¢ ilo§¢ wody, jakg moze
zaabsorbowa¢ produkt, co posrednio $wiadczy o stopniu skleikowania skrobi oraz
przetworzenia produktu. Do analizy wykorzystano zmielong probke ekstrudatow w ilosci 0,7
g, ktora doktadnie wymieszano z 7 mL wody destylowanej. Proces mieszania prowadzono
W sposob ciaggly przez 20 minut, co zapehito jednolite nawodnienie czastek. Po zakonczeniu
etapu hydratacji otrzymang zawiesing poddano procesowi wirowania przez 10 minut
z predkoscia 15000 obr/min przy wykorzystaniu wiréwki laboratoryjnej Digicen 21
(Labsystem, Krakow, Polska). Tak otrzymang klarowng ciecz (ciecz nadosadowa)
odseparowano, a pozostaly zel zwazono za pomoca precyzyjnej wagi laboratoryjnej WPS
210/C (Radwag, Radom, Polska) z doktadnoscig do 0,001 g. Za wynik koncowy podano $rednig

warto$¢ z trzech niezaleznych pomiardw, ktore zostaty wyliczone za pomocg wzoru:

WAI= = (g/g) (5)

gdzie:

WAI — wskaznik absorbcji wody [g/g],
mg —masa zelu [g],

ms — masa suchej probki [g].

Wskaznik rozpuszczalnosci w wodzie WSI [P2, P3, P5] oznaczono na podstawie
metodyki opisanej przez Wojtowicz i Moscickiego [2014]. Parametr ten pozwala na okres$lenie
ilosci rozpuszczalnych w wodzie sktadnikéw ekstrudatu, takich jak produkty czgsciowej
degradacji skrobi czy bialek i jest miarg intensywnosci przemian chemicznych zachodzacych
podczas procesu ekstruzji. Analiz¢ przeprowadzono bezposrednio po oznaczeniu wskaznika
WAI wykorzystujac ciecz uzyskang po wirowaniu probki, ktéorg odparowywano
w laboratoryjnej suszarce konwekcyjnej SLW 53 STD (Pol-Eko Aparatura S.J., Wodzistaw
Slaski, Polska) w temperaturze 110°C az do catkowitego usunigcia wody. Po zakonczeniu
procesu suszenia pozostalg stalg frakcje dokladnie zwazono przy uzyciu precyzyjnej wagi
laboratoryjnej WPS 210/C (Radwag, Radom, Polska) z doktadno$cig do 0,001 g. Wskaznik
WSI obliczano na podstawie wzoru (6), za wynik koncowy przyjeto S$rednig

z trzech pomiardéw 1 wyrazono w procentach:
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wSI = 24 % 100 [%] (6)

ms
gdzie:
WSI — wskaznik rozpuszczalno$ci w wodzie [%],
my — masa naczynia przed procesem suszenia [g],
mgy — masa naczynia po procesie suszenia [g],

m,s — masa suchej probki [g].

3.5.  Ocena potencjalu biogazowego frakcji poprodukcyjnych

W kontek$cie dazenia do zrownowazonego rozwoju i ograniczenia marnotrawstwa
zasobOw istotnym elementem strategii gospodarki o obiegu zamknigtym jest odzysk energii
z materialow poprodukcyjnych, ktére powstaja m.in. w procesie ekstruzji i zawieraja znaczng
1lo$¢ substancji organicznych pochodzacych z komponentéw roslinnych. W niniejszej czesci
badan oceniono przydatnos¢ ekstrudatow wzbogaconych wytlokami roslinnymi jako
substratow do fermentacji metanowej pod katem wplywu na wydajnos$¢ biogazu oraz zawarto$¢
metanu. Badania umozliwily oceng¢ potencjalu biogazowego rdéznych wariantow frakcji
poprodukcyjnych oraz wskazanie rodzaju i stezenia wyttokow szczegolnie perspektywicznych

dla efektywnej produkcji biogazu.
3.5.1. OKkreslenie efektywnosci fermentacji beztlenowej

Proces fermentacji [PS] przeprowadzono na podstawie metodyki opracowanej przez
Kupryaniuka i in. [2020] w warunkach mezofilowych (temperatura 39°C) z wykorzystaniem
laboratoryjnego bioreaktora fermentacyjnego o objetosci 2 dm’ (Rys. 4), umozliwiajacego
doktadng kontrole kluczowych parametréw procesu tj. temperatura, pH 1 stezenie substratu. Do
kazdego reaktora wprowadzono 1187 g aktywnego inokulum, pochodzacego z funkcjonujacej
instalacji biogazowej, zawierajagcego optymalng ilo$¢ aktywnych mikroorganizméw
metanogennych. Nastepnie wprowadzono 13 g catych ekstrudatow zawierajacych roézne typy
1 poziomy udziatu wyttokow roslinnych. Tak przygotowane reaktory szczelnie zamknigto
1 umieszczono w lazni wodnej, ktora utrzymywata stala temperature wynoszaca 39°C.
Produkcja i sktad ilo§ciowy gazow fermentacyjnych byl stale monitorowany w 24-godzinnym
cyklu za pomocg analizatora gazow GA5000 (QED Environmental Systems Inc., USA). Pomiar
obejmowat analize st¢zenia: metanu (CH4), dwutlenku wegla (CO»), tlenu (O2), siarkowodoru

(H2S) oraz amoniaku (NH3), a ci$nienia gazu miescity si¢ w zakresie od 4,182 do 4,927 kPa.
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Proces fermentacji trwal do momentu, gdy dobowy przyrost objetosci biogazu spadt ponizej
1%. Uzyskane dane przeanalizowano i przeliczono na jednostki:
e $wiezej masy substratu - CBPFM (ang. Cumulative Methane Production in m?
per Mg of Fresh Mass), CMPFM (ang. Cumulative Biogas Production in m® per
Mg of Fresh Mass),
e suchej masy- CBPDM - (ang. Cumulative Methane Production in m? per Mg of
Dry Mass), CMPDM- (ang. Cumulative Biogas Production in m* per Mg of Dry
Mass),
e suchej masy organicznej - CBPDOM (ang. Cumulative Methane Production in
m® per Mg of Dry Organic Matter, CMPDOM (ang. Cumulative Biogas
Production in m® per Mg of Dry Organic Matter).
Ostateczne wyniki zostaly przedstawione jako $rednia z dwoch powtdrzen udzialu
procentowego metanu w biogazie stanowigcy kluczowy wskaznik jako$ci gazu

fermentacyjnego. Cale badanie zostalo przeprowadzone zgodzie z normg DIN 38 414/S8.

™3

Rys. 4. Budowa biofermentora produkujacego biogaz [P5-Fig. 3]: 1 — podgrzewacz wody
z regulatorem temperatury, 2 — pompa wodna, 3 — izolowane przewody cieczy grzewczej, 4 —
plaszcz wodny, 5 — fermentor o pojemno$ci wsadu 2 dm?, 6 — rury do pobierania probek, 7 —
rura transportujaca biogaz, 8 — zawor do pobierania probek gazu 1 9 — zbiornik objetosciowy

biogazu.
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3.6.  Analiza statystyczna wynikow

W celu kompleksowej interpretacji otrzymanych wynikow wykorzystano metody
statystyczne umozliwiajace ocene¢ istotnosci rozni¢ miedzy badanymi probkami oraz

zidentyfikowanie zalezno$ci miedzy analizowanymi parametrami.
3.6.1. Macierz korelacji Pearsona

Identyfikacj¢ zalezno$ci pomigdzy analizowanymi wartosciami przeprowadzono
z wykorzystaniem wspodtczynnika korelacji Pearsona [P1], przyjmujac poziom ufnosci
wynoszacy 95%. Obliczenia przeprowadzono z uzyciem oprogramowania Statstica 13.0
(StatSoft Inc., Tulsa, OK, USA), co pozwolito na okreslenie sity powigzan migdzy wynikami

oraz oceng ich istotnosci.
3.6.2. Jednoczynnikowa ANOVA - test post hoc - test Tukeya

Zgromadzone wyniki poddano jednoczynnikowej analizie wariancji (ANOVA) [P5]
z wykorzystaniem pakietu Statistica w wersji 13.0 (StatSoft Inc., Tulsa, OK, USA). W celu
okreslenia istotnosci r6zni¢ pomigdzy wartosciami Srednimi zastosowano test post hoc Tukeya,

przyjmujac poziom istotnos$ci statystycznej o = 0,05.
3.6.3. Metoda powierzchni odpowiedzi RSM

Do opracowania wynikow z przebiegu procesu ekstruzji oraz wybranych wlasciwosci
fizycznych ekstrudatow przeprowadzono analize statystyczng wykorzystujacag metode
powierzchni odpowiedzi RSM (ang. Response Surface Methodology) [P2, P3, P4],
dopasowujac wielomianowe modele regresyjne, w ktdrych zmiennymi niezaleznymi byly
predkos¢ obrotowa $limaka (SS) oraz udziat procentowy wyttokow w recepturze (%). Na
podstawie uzyskanych danych uzyskano réwnania kwadratowe opisujace badane wtasciwosci
w zaleznoS$ci od zastosowanych parametrow procesu. Dodatkowo wyznaczono wspotczynniki
determinacji (R?), pozwalajace na ocene stopnia dopasowania modeli do analizowanych

danych.
3.6.4. Analiza glownych skladowych

Analiza gtownych sktadowych PCA (ang. Principal Component Analysis) [P1, P2, P4,
PS] zostata przeprowadzona z wykorzystaniem oprogramowania Statistica w wersji 12.0

(StatSoft Inc., Tulsa, OK, USA). Zastosowanie metody PCA umozliwilo identyfikacje
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zalezno$ci miedzy badanymi parametrami oraz ograniczenie liczby zmiennych opisujacych
probki. Dane wejsciowe zostaly automatycznie przeskalowane w celu zapewniania
porownywalnosci poszczeg6lnych cech. Liczbe gtownych sktadowych w kazdym przypadku
ustalono na podstawie kryterium Catella, co pozwolito wyodrebni¢ te komponenty, ktore

w najwigkszym stopniu wyjasniaty zmienno$¢ analizowanych danych.
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4.  OMOWIENIE WYNIKOW

Rosngce zainteresowanie wykorzystaniem surowcoOw ubocznych pochodzacych
z branzy rolno-spozywczej charakteryzujacych sie wysokim potencjalem technologicznym,
zywieniowym 1 funkcjonalnym, wynika zaréwno z potrzeby racjonalnego gospodarowania
zasobami, jak i dazenia do zwigkszenia wartosci dodanej produktow. Do tego rodzaju
komponentow nalezag m.in. wytloki roslinne, bedace zrodlem btonnika pokarmowego,
zwigzkow polifenolowych oraz innych sktadnikow bioaktywnych, ktére moga istotnie wptynaé
na wzrost wartosci odzywczej zywnosci [Naseem 1 in. 2024; Raczkowska i Sarek, 2024].
Wiaczenie ich do mieszanek recepturowych daje mozliwo$¢ otrzymania wyrobdw o unikalnych
wlasciwosciach funkcjonalnych majacych pozytywny wplyw na przebieg procesu ekstruzji
przy jednoczesnym wpisaniu si¢ w aktualne trendy technologiczne oraz koncepcje
zrbwnowazonej produkcji zywnos$ci [Witczak 1 in. 2025].

Badania wstgpne [P1] mialy na celu okreslenie potencjatu zastosowania wytlokow
owocowych po ttoczeniu soku jako dodatku wzbogacajacego w procesie wytwarzania nowe;j
gamy ekstrudatéw na bazie mieszanki pszenno-kukurydzianej. Realizacja tego etapu badan
podyktowana byta konieczno$cig przetestowania zalozen koncepcyjno-technologicznych
w warunkach obrobki barotermicznej ze szczegdlnym uwzglednieniem wyzszych temperatur,
ktore wymagane sa dla ekstruzji pelletéw przekaskowych wytwarzanych na bazie mieszanek
pszenno-kukurydzianych.

Na tym etapie badan zdecydowano si¢ na uzycie jednego dodatku roslinnego —
swiezych, rozdrobnionych wytlokow jabtkowych. Ograniczenie liczby zmiennych w etapie
wstepnym mialo na celu sprawdzenie, jak przebiega¢ bedzie proces przy réznej predkosci
obrotowej slimaka ekstrudera 1 jaki wptyw na ten przebieg bedg mialy r6zne poziomy dodatku
wytlokéw jablkowych. Dodatkowo, oprocz procesu, analizie poddano takze witasciwosci
antyoksydacyjne gotowych produktéw — pelletow przekaskowych. Badania te wykonano
w celu wykazania, Ze istnieje potencjal funkcjonalny zastosowania dodatku wyttokow
roslinnych w produkcji ekstrudowanych pelletow przekaskowych. Pozytywny wynik
z przeprowadzonych analiz pozwolit na podjecie decyzji o poszerzeniu w kolejnych badaniach
zakresu dodatkéw wzbogacajacych o inne rodzaje wytlokéw. Dodatkowo, przeprowadzone
studia literaturowe wskazaly, iz zdecydowanie korzystniejszym wyborem bazy skrobiowej
bedzie mieszanka surowcowa zawierajgca surowce ziemniaczane. Komponenty ziemniaczane
w procesie ekstruzji sg przetwarzane w nizszych temperaturach, co tym samym moze

pozytywnie wplywa¢ na mniejsza degradacje sktadnikéw bioaktywnych, polifenoli czy
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witamin co przeklada si¢ na zwigkszenie potencjal funkcjonalnego gotowych wyroboéw
1 mniejsze naklady energetyczne podczas przetworstwa [Chen i in. 2017; Mironeasa i in. 2023;
Zarski i in. 2021].

W ramach pracy P1 do mieszanek dodano wytloki jablkowe w trzech wariantach
udzialu masowego: 10, 20 1 30%. Dodatkowo przygotowano probke referencyjna bez dodatku
wyttokow. Surowiec pozyskano bezposrednio po procesie ttoczenia soku od lokalnego
producenta, zapakowano prozniowo i przechowywano w warunkach chtodniczych do momentu
przygotowywania mieszanki surowcowej. W pracy [P1-Tab. 1] przedstawiono szczegdtowy
sktad recepturowy mieszanek surowcowych, obejmujacy surowce podstawowe (maka pszenna,
maka kukurydziana), surowce dodatkowe (s6l i soda) oraz dodatek w postaci wytlokow
jabtkowych w okre§lonych udziatach procentowych. Przed przeprowadzeniem préb surowiec
zostal rozdrobniony, wymieszany 1 przesiany do granulacji 0,5 mm oraz dowilzony do 34%
wilgotnosci, co zapewnito jednorodno$¢ mieszanek.

Proces ekstruzji prowadzono w zakresie temperatury od 50 do 105°C, co umozliwito
stabilizacj¢ przebiegu zaré6wno samego procesu, jak i otrzymanego produktu. Analizowano
wydajno$¢ procesu ekstruzji oraz jednostkowe zapotrzebowanie energii mechanicznej podczas
przetwarzania mieszanek przy roznych predkosciach obrotowych s$limaka (60, 80 1 100
obr/min). Wyniki tych oznaczeh przedstawiono na rysunkach w pracy P1 [Fig. 1, Fig. 2].
Wydajnos¢ procesu ekstruzji mieszanek z dodatkiem wytlokéw jabtkowych miescita sig¢
w przedziale 19,20-32,88 kg/h, co wskazuje na zréznicowany charakter tego parametru.
Najwyzsze wartosci wydajnos$ci zarejestrowano dla probek kontrolnych. W grupie mieszanek
z dodatkiem wyttokow najwyzsze wartosci wydajnosci uzyskiwano przy najwyzszej
zastosowanej predkosci obrotowej Slimaka ekstrudera oraz najwyzszym udziale dodatku
wzbogacajacego w postaci wyttokoéw jabtkowych. Z kolei najnizsza wydajnos$¢ zarejestrowano
podczas wytwarzania pelletow z wigkszym udzialem masowym wytlokow przetwarzanych
przy predkosci obrotowej 60 obr/min. Wyniki te sugeruja, ze zarowno dobdr parametréw pracy
ekstrudera, jak 1 proporcje surowcOw w mieszance recepturowej odgrywaja istotng role
w optymalizacji procesu. Analiza uzyskanych danych wskazuje, ze kluczowym czynnikiem
determinujacym wydajno$¢ procesu byta predko$¢ obrotowa $limaka — jej zwiekszanie
skutkowalo wyraznym wzrostem efektywnosci. W badaniach prowadzonych przez Matysiaka
1 in. [2018] réwniez zaobserwowano najwyzsza wydajno$¢ przy maksymalnej predkosci
obrotowej $limaka, wskazujac, ze optymalna wilgotno$¢ surowca wynoszaca 34% sprzyja
uzyskaniu najlepszych rezultatéw w poréwnaniu z innymi poziomami dowilzenia mieszanek.

Lisiecka 1 Wojtowicz [2020], stwierdzity, ze zwigkszanie ilosci dodatkow roslinnych moze
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prowadzi¢ do ograniczenia wydajnosci. Taka zalezno$¢ potwierdzaja réwniez niniejsze
badania, gdzie wykazano, ze przy zastosowaniu dodatku 20% wyttokow jabtkowych
w potaczeniu z najnizszg zastosowang predkoscig obrotowa slimaka (60 obr/min) uzyskiwano
najnizszg wydajnos¢ procesu ekstruzji.

W  przeprowadzonych badaniach wstepnych [P1] wykazano, ze jednostkowe
zapotrzebowanie energii mechanicznej (SME) w procesie ekstruzji mieszanek z dodatkiem
wytlokéw jabtkowych podlegato wyraznym zmianom w zaleznosci od zastosowanych
parametrow technologicznych oraz udziatu tego komponentu funkcjonalnego w recepturze.
Mieszanki z wyzszym udziatem wytlokow oraz wytwarzane przy wyzszej predkosci obrotowej
slimaka wykazywaly nizsze zapotrzebowanie na energi¢, natomiast mieszanki z nizsza
zawarto$cig surowca roslinnego, przetwarzane przy wolniejszych obrotach generowaty wyzsze
SME. Otrzymane wyniki pokazuja, ze kluczowym czynnikiem determinujagcym
zapotrzebowanie na energi¢ byta predko$¢ obrotowa Slimaka — jej zwickszanie powodowato
istotny spadek wartosci tego wskaznika. Wplyw dodatku wyttokow roslinnych na wartos¢
wskaznika SME byl rownie istotny jak parametry pracy ekstrudera, gdyz zwigkszanie udziatu
surowca roslinnego prowadzilo do stopniowej redukcji zapotrzebowania jednostkowego
energii. Zalezno$¢ ta pozostaje zgodna z obserwacjami Lisieckiej i Wojtowicz [2019] dla
ekstrudatow z dodatkiem $§wiezej marchwi. W analizowanych prébach efekt obnizania warto$ci
SME przy wyzszych predkosciach obrotowych §limaka ekstrudera mozna tlumaczy¢
jednoczesnym dziataniem takich czynnikow jak zastosowanie optymalnej wilgotnosci oraz
strukturg 1 wlasciwo$ciami fizykochemicznymi wytlokow, ktore w potaczeniu ze stopniowym
wzrostem temperatury w poszczegOlnych sekcjach wplywaja na zmniejszenie lepkosci
przetwarzanej mieszanki i umozliwiaja latwiejszy przeplyw masy. W konsekwencji proces
wymagal mniejszego naktadu energii mechanicznej, co potwierdzaja réwniez wyniki
Munazaha i in. [2018].

W trakcie procesu ekstruzji w mieszankach z dodatkiem wyttokow odnotowano stabilny
rozktad temperatur w poszczegolnych sekcjach cylindra ekstrudera, mieszczacy si¢ w zakresie
srednich warto$ci typowych dla tego typu procesu mieszacy si¢ w przedziale 50-105°C
[Combrzynski 1 in. 2023]. Najwyzsze temperatury zarejestrowano w piatej sekcji ekstrudera,
w ktorej nastgpowato uplastycznienie 1 kompresja materialu przed jego formowaniem
W matrycy, osiggajac tym samym maksymalnie 94,2°C [P1-Tab. 4]. Utrzymanie takich
warunkoéw temperaturowych sprzyjato uzyskaniu jednorodnej masy pozbawionej oznak
przypalenia czy uszkodzenia struktury po opuszczeniu matrycy. Profil temperaturowy w calym

cylindrze charakteryzowat si¢ zgodno$cig z ustawieniami zadanymi na poczatku procesu:
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sekcja dozowania — 75 do 80°C, sekcja uplastycznienia — 85 do 95°C, sekcja chtodzenia — 50
do 60°C, matryca formujaca — 65 do 75°C, co $wiadczyto o stabilnym przebiegu ekstruzji.
Zastosowane zakresy temperatur zapewnily rownomierny transport surowca przez cylinder
oraz odpowiednie warunki do jego uplastycznienia, a jednoczenie pozwolily unikna¢ degradacji
termicznej. Podobny rozktad temperatur, zblizony do wartosci uzyskanych podczas przebiegu
procesu, zaobserwowali Lisiecka 1 in. [2021 podczas analizy wptywu dodatku §wiezej marchwi
na przebieg procesu ekstruzji i wilasciwosci fizykochemicznych ziemniaczanych pelletow
przekaskowych, gdzie zakres temperatur w sekcjach cylindra wynosit 50-105°C.

Zawarto$§¢ catkowita zwigzkéw polifenolowych w otrzymanych pelletach
przekaskowych oznaczona metoda Folina-Ciocalteu (F-C) wykazata wyrazng tendencje
wzrostowa zawarto$ci polifenoli wraz ze zwigkszaniem udziatu dodatku wzbogacajacego [P1-
Tab. 6]. Najwyzsza zawarto$¢ polifenoli stwierdzono w §wiezych wytlokach wynoszaca 0,31
mg GAE/g, natomiast najmniejsza w pelletach bez dodatku wytlokow, niezaleznie od
parametréw ekstruzji i metody obrébki koncowej. Uzyskane wyniki wskazuja, ze w badanych
probkach potproduktow (pellety) oraz wyrobow gotowych (przekaski ekspandowane)
obserwowano tendencj¢ wzrostowa wraz ze zwigkszaniem dodatku wytlokéw jabtkowych.
Najwyzsze wartosci TPC stwierdzono w wariantach z 30% udziatem wytlokéw, niezaleznie od
zastosowane] predkosci obrotowe] $limaka oraz zastosowanej metody ekspandowania.
Otrzymane wyniki dowodza, Ze proces ekstruzji prowadzony w wysokiej temperaturze 1 przy
podwyzszonym ci$nieniu nie powodowal degradacji zwigzkéw polifenolowych, a wrecz
sprzyjat zwigkszeniu ich zawartosci proporcjonalnie do ilosci wyttokow w mieszance. Wynika
to z faktu, ze polifenole w surowcach roslinnych wystepuja gtéwnie w postaci zwigzanej jako
sktadniki ligniny, tanin, estrow czy glikozydéw, a odpowiednio dobrane warunki ekstruzji
mogg prowadzi¢ do ich uwolnienia z wigzan chemicznych bez dezaktywacji aglikonéw [Khanal
1in. 2009; Neves i in. 2021; Schmid i in. 2020]. W swoich badaniach Alonso i in. [2000] podaja,
ze kluczowymi czynnikami modyfikujgcymi strukture surowca w procesie ekstruzji sg wysoka
temperatura oraz sily $cinajgce, ktorych wartosci rosng wraz ze zwickszaniem predkosci
obrotowej $limaka. Efektem jest zwigkszenie udzialu zwigzkow o mniejszej masie
czasteczkowej oraz uwolnienie niektoérych biologiczne aktywnych monomerow i dimerdéw
z polimerowych tancuchow polifenoli. Mechanizm ten potwierdzajag roéwniez badania
Kasprzak-Drozd 1 in. [2022], wskazujac na istotny wplyw rozbicia sztywnej struktury tkanek
ro$linnych przez dzialanie temperatury i ci$nienia.

Dodatkowym celem badan wstepnych byla ocena wptywu sposobu przygotowania

przekasek z pelletow ekstrudowanych na zawarto$§¢ zwigzkow fenolowych. Na podstawie
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zrealizowanych badan stwierdzono, ze otrzymywanie przekasek w kuchence mikrofalowej przy
mocy 800 W i czasie 30 sekund pozwolito uzyska¢ wyzszy poziom tych zwigzkow przy takim
samym udziale dodatku 1 predkosci obrotowej §limaka ekstrudera w poréwnaniu do pelletow
poddawanych procesowi ekspandowania poprzez obrobke termiczng (180°C) w thuszczu
ro§linnym. Najmniejsza zawarto$¢ zwigzkow fenolowych odnotowano w potprodukcie
(pelletach). Obie metody obrobki, zarowno mikrofalowa, jak i smazenie, korzystnie wplywaty
na uwalnianie polifenoli z ich naturalnych kompleksow w matrycy roslinnej, co skutkowato ich
wyzsza zawarto$cig w produkcie koncowym niz w potprodukcie. Literatura podkresla, ze
procesy cieplne moga mie¢ niekorzystny wpltyw na zwiazki bioaktywne, szczegdlnie te
rozpuszczalne w wodzie [Ramirez-Anaya i in. 2015]. Niemniej jednak, w przypadku
technologii wykorzystujacych medium niepolarne tj. olej, w procesie smazenia mozliwe jest
zwigkszenie biodostepnosci sktadnikow oraz realny, korzystny wptyw na teksture produktu
[Szponar i in. 2018]. Co wigcej, podczas smazenia moze zachodzi¢ proces przenikania do
produktu czeéci zwigzkoéw fenolowych obecnych w thuszezu ro§linnym [Ramirez-Anaya i in.
2015; Ramirez-Anaya i in. 2019]. Wzrost dostgpnosci fenoli moze by¢ tez efektem pekania
1 zmigkczania $cian komoérkowych pod wptywem obrobki cieplnej. Nalezy jednak zaznaczy¢,
ze metoda smazenia wigze si¢ z wickszym wchtanianiem thuszczu, co znacznie podnosi
kaloryczno$§¢ produktu, a nadmierna obrdbka termiczna moze sprzyja¢ powstawaniu
niekorzystnych zmian oksydacyjnych i hydrolitycznych w ttuszczu. W przeciwienstwie do tego
ekspandowanie w mikrofalach umozliwia uzyskanie produktu o porownywalnych, a czgsto
nawet korzystniejszych cechach sensorycznych (nizsza zawartosci tluszczu i wigksza ilos¢
zwigzkow polifenolowych).

Kolejnym etapem badan [P1] byta analiza wtasciwosci przeciwutleniajacych
w odniesieniu do zdolno$ci zmiatania wolnych stabilnych rodnikéw DPPH. Stwierdzono, ze
dodatek wyttokéw wyraznie zwigkszal aktywno$¢ antyoksydacyjna w tym zakresie, niezaleznie
od zastosowanej predkosci $limaka, metody ekspandowania pelletow czy tez ich formy
w postaci niewyekspandowanej [P1-Tab. 7]. Zaobserwowano jednoznaczny zwigzek migdzy
udziatem dodatku wzbogacajacego a potencjalem antyoksydacyjnym produktéw. Istotny
wplyw na zdolno$¢ zmiatania rodnika DPPH miata metoda ekspandowania pelletoéw. Produkty
otrzymane metoda mikrofalowa charakteryzowaly si¢ wyraznie wyzsza aktywnos$cig
antyoksydacyjng w porownaniu do pelletow, a takze do przekasek smazonych w glebokim
thuszczu. Wyniki z przeprowadzonych badah wstgpnych potwierdzaja, ze zastosowanie metody
mikrofalowej sprzyja lepszemu zachowaniu lub uwolnieniu aktywnych zwiazkéw fenolowych

w poréwnaniu z tradycyjnym smazeniem, gdzie czgsto dochodzi do degradacji naturalnych
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antyoksydantow. We weczesniejszych pracach naukowych wykazywano, ze procesy
technologiczne  prowadza do obnizenia zawarto§ci 1  aktywnosci  zwigzkow
przeciwutleniajagcych [Wu i in. 2024; Polak i in. 2024]. Wyniki dowodzg jednak, ze wplyw
obrobki na potencjat antyoksydacyjny zywnosci jest bardziej zlozony 1 nie zawsze
jednoznacznie negatywny [Gumul i in. 2005]. Obnizenie zawartosci niektorych zwigzkow
bioaktywnych moze by¢ bowiem kompensowane przez zwigkszong biodostepnos¢ pozostatych
sktadnikow, a tym samym prowadzi¢ do ogodlnej poprawy aktywnosci antyoksydacyjnej
produktu. Nalezy podkresli¢, ze zdolno$¢ zmiatania rodnika DPPH zalezy nie tylko od ilosci
polifenoli, ale takze od struktury chemicznej tych zwigzkow, zwlaszcza od liczby grup
hydroksylowych (—OH) w czasteczce.

W celu potwierdzenia wlasciwosci przeciwutleniajacych badanych probek oznaczono
takze ich zdolno$¢ redukcyjng metoda FRAP. Analiza polegata na ocenie zdolnosci ekstraktow
do redukcji zelaza Fe**~TPTZ (iron-2,4,6-tripyridyl-s-triazine complex) do formy Fe*'~TPTZ.
Otrzymane rezultaty byly spdjne z wynikami uzyskanymi przy zastosowaniu metody DPPH,
zgodnie z ktérymi zwigkszanie udzialu wyttokow jabtkowych w recepturze prowadzilo do
zwigkszenia aktywnos$ci antyoksydacyjnej oznaczonej tym testem [P1-Tab 7]. W literaturze
wielokrotnie podkreslano, ze aktywnos¢ przeciwutleniajgca produktow spozywczych dodatnio
koreluje z 1iloscig polifenoli, przy czym aglikony wykazuja silniejsze dzialanie
antyoksydacyjnej niz ich formy zwigzane [Ramirez-Anaya 1 in. 2015]. Podobne zalezno$ci
zaobserwowano takze w badaniach nad innymi surowcami ro$linnymi. Wykazano, Ze proces
smazenia ziemniakoOw prowadzit do wyraznego wzrostu zdolno$ci zmiatania wolnych
rodnikéw [Bellail 1 in. 2012], a w przypadku dyni zastosowanie obrobki termicznej pozytywnie
wplywato na zwigkszenie aktywnosci antyoksydacyjnej, ktéra zostata oznaczona metoda
FRAP.

Otrzymane wyniki dowodza, ze zardwno stezenie dodatku wyttokdéw jabtkowych, jak
1 metoda ekspandowania, maja kluczowe znaczenie dla ksztattowania wlasciwosci
przeciwutleniajacych przekasek. Co istotne, niezaleznie od zastosowanej metody (DPPH czy
FRAP), aktywnos$¢ antyoksydacyjna wykazywata dodatnig i silng korelacj¢ z zawarto$cia
polifenoli w produktach [P1-Tab. 8]. Analiza PCA wykazala, iz najwigksze znaczenie dla
poprawy cech bioaktywnych ekstrudatéw miat dodatek wyttokéw jabtkowych na poziomie
30%, przy czym nie powodowat on wigkszych zmian w parametrach procesowych.

Zmiana mieszanek pszenno-kukurydzianych [P1] na surowce bazujace na przetworach
ziemniaczanych [P2, P3, P4 i P5] byla zwigzana z obnizeniem temperatury przetwarzania, co

ograniczato degradacje zwigzkow fenolowych oraz wptynegto na zmniejszenie zapotrzebowania
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na energi¢ przez ekstruder. Zmiana ta umozliwila uzyskanie bezglutenowych produktow
dostepnych dla szerszej grupy odbiorcow. Dodatkowo, w celu zmniejszenia energochtonnos$ci
procesu oraz zapobiegni¢cia pogorszeniu jakosci ekstrudatow, badania prowadzono przy
predkosci obrotowej slimaka wynoszacy 40, 60 1 80 obr/min. Takie podej$cie pozwolito
uzyska¢ bardziej jednorodne produkty oraz zachowad stabilno$¢ procesu ekstruzji
[Combrzynski i in. 2023; Combrzynski i in. 2025; Jin i in. 2020; Sarka i in. 2021].

W pracy P2 skoncentrowano si¢ na porownaniu wpltywu dwoch uktadow
plastyfikujacych ekstrudera (L/D=16 oraz L/D=20) wyposazonego w matryce pierscieniowg na
przebieg procesu ekstruzji oraz wybrane wilasciwosci fizyczne ekstrudatow wzbogaconych
wytlokami z nasion roslin oleistych, tj. czarnuszki i siemienia Inianego. Otrzymane pellety
przekaskowe charakteryzowaly si¢ pier§cieniowym ksztaltem (Rys. 5). Zastosowanie dwoch
uktadow plastyfikujacych pozwolito oceni¢, w jakim stopniu konfiguracja ekstrudera wplywa
na stabilno$¢ procesu, zapotrzebowanie energetyczne i jako$¢ otrzymanych ekstrudatow
z dodatkiem wytlokow roslinnych, a takze zweryfikowa¢ wyniki otrzymane w poprzednich
etapach badan. Ponadto, kontrolowano stabilno$¢ temperatur w poszczegdlnych sekcjach
ekstrudera, co stanowilo istotne informacje w kontekScie zapotrzebowania procesu

produkcyjnego na energi¢ [P2-Tab. 2].

Rys. 5. Pellety przekaskowe otrzymane przy zastosowaniu pier§cieniowej matrycy formujace;j

(proba kontrolna).

Wydajno$¢ procesu ekstruzji [P2-Fig. 1] byta $cisle uzalezniona od predkosci obrotowej
Slimaka oraz od dtugosci uktadu plastyfikujacego. Dla mieszanek kontrolnych wydajnosé
zwigkszala si¢ wraz ze zwigkszaniem obrotow $limaka ekstrudera, przy czym zastosowanie

krétszego uktadu (L/D=16) skutkowato osiggnieciem wyzszych wartosci przy maksymalnej

40



predkosci obrotowej slimaka (80 obr/min) na poziomie 18,92 kg/h niz w przypadku dtuzszego
uktadu L/D=20 (14,36 kg/h). Wprowadzenie do mieszanki surowcowej wyttokow z nasion
czarnuszki nasilito t¢ tendencj¢. Przy 30% dodatku i zastosowaniu 80 obr/min zaobserwowano
wydajnos$¢ wynoszaca 23,0 kg/h (L/D=16), podczas gdy dla uktadu L/D=20 uzyskano warto$¢
16,32 kg/h. Wskazuje to, ze krotszy cylinder oraz zastosowanie wkladki pierScieniowej
zapewniaja wyzsza przepustowos¢ materialu zawierajacego podwyzszong ilo§¢ wiodkna
1 thuszczu. Z kolei w przypadku mieszanki z wytlokami z siemienia Inianego obserwowano
porownywalne warto$ci, przy czym udzial 30% dodatku w mieszance przetwarzanej
z zastosowaniem dtuzszego uktadu i 80 obr/min skutkowal uzyskaniem wydajno$ci na
poziomie 21,2 kg/h, co potwierdza korzystne wtasciwosci przetwoércze tej kompozycji. Wyniki
te s zgodne z obserwacjami Lewko 1 in. [2024], ktérzy stwierdzili nizsze wydajnoS$ci procesu
ekstruzji maki pszennej dla dtuzszego uktadu plastyfikujacego ekstrudera jednoslimakowego
wzgledem krétszego L/D. Moze to wskazywac, iz w przypadku produktow na bazie produktéw
zbozowych korzystniejsze sa krotsze uktady, zapewniajace sprawniejszy przeptyw materiatu
1 wigksza stabilno$¢ procesu. Zwigkszanie wydajnosci wraz ze zwigkszaniem predkosci
obrotowej $limaka zostalo rowniez zaobserwowane w badaniach Lisieckiej 1 in. [2020]
wskazujac, ze zalezno$¢ ta zwigzana jest z poprawa dynamiki przeptywu materialu
1 zmniejszeniem oporow przetwarzanej gestwy w cylindrze ekstrudera.

Analiza zapotrzebowania energii jednostkowej (SME) wykazala wyraZznie rdznice
migdzy typami zastosowanych w mieszankach surowcowych wyttokéw [P2-Fig. 2]. Podczas
przetwarzania mieszanek zawierajacych wyttoki z nasion czarnuszki zaobserwowano roznice
w zapotrzebowaniu na energi¢. Przetwarzanie mieszanki zawierajacej 10% wyttokéw z nasion
czarnuszki przy 40 obr/min powodowato zuzycie energii w wysokosci 0,099 kWh/kg, co
wskazuje na znaczne opory przeptywu w dhuzszym uktadzie L/D=20. Jednoczes$nie, dodatek
30% wytlokdéw z nasion czarnuszki i zastosowanie predkosci slimaka ekstrudera wynoszacej
80 obr/min powodowaty zmniejszenie zapotrzebowania energii do 0,022 kWh/kg. Wynik ten
wskazuje, ze wyzsza predkos¢ obrotowa s$limaka skraca czas przebywania materiatu
w cylindrze i redukuje opory odpowiedzialne za wzrost zapotrzebowania energii. W przypadku
mieszanki z wytlokami z nasion siemienia Inianego uzyskano nizsze warto$ci zapotrzebowania
na energi¢, ponadto wykazano mniejsza zalezno§¢ SME od uktadu plastyfikujacego 1 udziatu
dodatku. Swiadczy to o nizszych oporach przeptywu tej mieszanki podczas ekstruzji,
a w konsekwencji powoduje mniejsze SME. Podobne zalezno$ci zwigzane ze zmiennoscia
zapotrzebowania energii podczas procesu ekstruzji, wynikajace z zastosowanych parametréw

procesu 1 ilosci zastosowanego dodatku, zostaly rowniez zaobserwowane w badaniach
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Kantronga i in. [2018], ktorzy analizowali efektywno$¢ energetyczna procesu ekstruzji
prozdrowotnych przekasek ekstrudowanych na bazie maki ryzowej wzbogaconych
boczniakami.

Gestos¢ nasypowa pelletow spozywczych wytwarzanych na dwoch wersjach ekstrudera
zalezata zaré6wno od rodzaju dodatku, jak i predkosci obrotowej $limaka [P2-Fig. 3].
W przypadku mieszanki z dodatkiem wyttokéw z nasion czarnuszki zaobserwowano istotne
wahania — przy 20% dodatku wartosci gesto$ci nasypowej obnizaly si¢ ponizej wartosci
uzyskanej dla probki kontrolnej i wynosily nawet 379,5 kg/m?® (L/D=16) oraz 399,9 kg/m’
(L/D=20), co sugeruje powstanie lepiej wyekspandowanej struktury. Z kolei przy 10 i 30%
dodatku otrzymano produkt o stabiej wyekspandowanej strukturze. Przy 10% dodatku
wyttokOw z nasion czarnuszki zaobserwowano najwyzsze warto$ci gestosci nasypowej,
wynoszace nawet 425,49 kg/ m? dla ekstrudatéw otrzymanych przy wykorzystaniu dtuzszego
uktadu plastyfikujacego (L/D=20). Dla pelletow z 30% dodatkiem wytlokéw z siemienia
Inianego zaobserwowano spadek gestosci, co $wiadczy o stabilizacji procesu. Gestosé
nasypowa ekstrudatow z dodatkiem wytlokdw z siemienia Inianego osiggnela wartos¢
wynoszacg nawet do 459,5 kg/m*® (L/D=20) przy 30% dodatku i maksymalnej predkosci
obrotowej §limaka, co dowodzi duzej zdolnosci do tworzenia zwartej struktury. Analiza ta
pokazuje, ze zastosowanie dtuzszego uktadu plastyfikujgcego sprzyja uzyskiwaniu wyzszych
warto$ci gestosci nasypowej, co wskazuje na mniejszy stopien ekspandowania oraz wigkszy
cigzar jednostkowy wynikajacy z wigkszej liczby pelletow przekaskowych w tej samej
objetosci.

Wskazniki absorbeji wody (WAI) oraz rozpuszczalnosci w wodzie (WSI) pelletoéw
spozywczych wykazywaly istotne rdznice w zalezno$ci od zastosowanych dodatkow.
Najnizszy dodatek wyttokéw z nasion czarnuszki (10%) zwigkszal warto§¢ WAL jednak przy
20 1 30% dodatku wodochtonno$¢ gwattownie si¢ obnizala (<2,5 g/g). W przypadku uzycia
wytlokéw z siemienia Inianego zaobserwowano stabilne obnizanie si¢ WAI wraz
z procentowym zwigkszaniem zawarto$ci dodatku w mieszance surowcowej, co potwierdza
wczesniejsze obserwacje Drozdz i in. [2019] oraz Woéjtowicz 1 in. [2023], gdzie zwigkszanie
ilo$ci aronii w mieszance obnizato zdolno$¢ do wigzania wody. W przypadku wskaznika WSI
dodatek wyttokdéw z nasion czarnuszki (20 1 30%) powodowal wyrazne zwigkszenie wartosci
wskaznika rozpuszczalnos$ci siggajace nawet 10-11%. W probkach wzbogaconych wytlokami
z siemienia Inianego zaobserwowano mniejszy wpltyw tego dodatku na badang zmienna,
auzyskane warto$ci wykazywaly wieksza zalezno$¢ od predkosci obrotowej slimaka i dtugosci

uktadu plastyfikujacego. Dla konfiguracji ekstrudera L/D=20 otrzymano nizsze wartosci przy
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wysokich obrotach, co wskazuje, ze wydluzony czas przebywania materialu moze ograniczy¢
zdolnos¢ rozpuszcezania sktadnikow [Combrzynski i1 in. 2023; Lisiecka i Wojtowicz 2021b].

W pracy P3 zakres badan prezentowanych pracy P2 rozszerzono o wyttoki jabtkowe,
aroniowe i1 dyniowe charakteryzujace si¢ odmiennym sktadem chemicznym, ktéry w odmienny
sposob moze oddziatywaé na przebieg procesu ekstruzji i wybrane wiasciwosci fizyczne
ekstrudatéw. Zastosowanie analogicznych rozwigzan procesowych oraz matrycy formujacej
pozwolito na bezposrednie poréwnanie rezultatdéw uzyskanych dla innej grupy surowcoOw oraz
oceng, w jakim stopniu rodzaj wybranych wyttokéw roslinnych wplywa na badane parametry
oraz zmiany temperatur w poszczegdlnych sekcjach ekstrudera [P3-Tab. 2, Tab. 3].

Analiza rezultatbw wydajnosci procesu ekstruzji pelletow z dodatkiem wytlokdéw
jablkowych wykazala, Zze przy 10% koncentracji oba uktady L/D charakteryzowaly si¢
oczekiwanym przebiegiem - wydajnos¢ byla wyzsza wraz ze zwigkszaniem predkosci
obrotowej §limaka, jednak pozostawala nizsza niz w probkach kontrolnych. Jednak przy 20%
dodatku zaobserwowano podwyzszong wydajnos¢ ekstruzji dla uktadu L/D=20 przy predkosci
obrotowej 40 obr/min wynoszaca 24,0 kg/h — byla to najwyzsza warto$¢ sposréd wszystkich
ekstrudowanych probek. Przy najwyzszym zastosowanym dodatku wytlokéw jablkowych
najwyzszg wydajno$¢ wynoszaca 19,2 kg/h otrzymano przy wykorzystaniu uktadu L/D=16,
natomiast dla wersji L/D=20 obserwowano obnizenie wydajnosci procesu do 15,84 kg/h.
W przypadku zastosowania w recepturze pelletow wytlokow z aronii 10% dodatek skutkowat
wyraznym obnizeniem wydajnosci, szczeg6lnie dla uktadu L/D=16, gdzie wartosci miescily si¢
w zakresie 6,96-16,80 kg/h. Najkorzystniejsze rezultaty uzyskano przy 20% udziale wyttokow
z aronii, osiagajac 19,44 kg/h (80 obr/min, L/D=16). Przy 30% udziale dodatku w recepturze
pelletow spozywczych zaobserwowano obnizenie wydajnos$ci dla krotszego uktadu (9,12 kg/h),
natomiast zastosowanie dluzszej wersji $limaka pozwolilo uzyskaé¢ warto$¢ siggajaca 17,04
kg/h. Wynik ten sugeruje, ze przy podwyzszonej ilosci dodatku wytlokéw w mieszance dtuzszy
uktad plastyfikujacy L/D=20 tatwiej przetwarza mieszank¢ bogata w polifenole i btonnik
[Combrzynski i in. 2025]. Dodatek wyttokéw z dyni do mieszanki surowcowej powodowat
stabilniejszy przebieg procesu ekstruzji. W kazdym wariancie uktad L/D=16 zapewnial wyzsze
1 bardziej regularne wydajnos$ci, nawet do 19,44 kg/h przy 30% dodatku i predkosci obrotowe;j
80 obr/min. Z kolei przy zastosowaniu uktadu plastyfikujacego L/D=20 wydajnos¢ byta
wyraznie nizsza, uzyskujac wartos¢ 14,88 kg/h. Badania te dowodza, ze mieszanki surowcowe
z dodatkiem wytlokéw z dyni pod wplywem dzialania podwyZszonej temperatury
1 intensywnych oddziatywan mechanicznych ulegaja homogenizacji. Dzigki temu wptywaja

korzystnie na proces ekstruzji, ktory zachodzi w sposob bardziej stabilny [Atencio 1 in. 2021].
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Uzyskane rezultaty potwierdzaja, ze pomimo iz uklad plastyfikujacy ma duzy wplyw na
efektywno$¢ procesu przetwarzania mieszanki surowcowej z wykorzystaniem ekstrudera, to
rodzaj, jak 1 ilo$¢ dodatku roslinnego ksztattuja parametry procesu [Lisiecka 1 in. 2021c;
Lisiecka 1 Wojtowicz 2019].

W  pracach dotyczacych ekstruzji pelletéw spozywczych z zastosowaniem
pierScieniowej matrycy formujacej [P2, P3] wartosci SME w probkach kontrolnych miescity
si¢ w zakresie 0,018 — 0,074 kWh/kg dla uktadu L/D=16 oraz 0,025 — 0,067 kWh/kg dla wersji
L/D=20, przy czym wyzsza predkos¢ obrotowa S§limaka ekstrudera w obu konfiguracjach
generalnie obnizata zapotrzebowanie energii, szczegolnie podczas przetwarzania mieszanek
przy wykorzystaniu krotszego uktadu plastyfikujacego. Dodatki wyttokow znaczaco wptywaty
na ten parametr. Podczas ekstruzji mieszanki zawierajacej 10% wytlokow jabtkowych
zaobserwowano zwigkszenie wartosci SME, zwtlaszcza dla dluzszego uktadu plastyfikujacego,
gdzie najwyzsza warto§¢ wynosita 0,189 kWh/kg. Przy wyzszych predkosciach oraz 30%
udziale dodatku obserwowano zmniejszenie wartosci SME dla uktadu L/D=16, podczas gdy
przy wersji L/D=20 warto$ci te byly znacznie wyzsze. W przypadku dodatku wyttokow
aroniowych warto$ci SME byty bardziej wyréwnane, lecz przy 30% dodatku dla konfiguracji
L/D=16 zaobserwowano wicksze zuzycie energii, co sugeruje ograniczenia wynikajace ze
sktadu chemicznego [Alija 1 in. 2025; Masli 1 in. 2018]. Dodatek wyttokow z dyni na poziomie
10 1 20% powodowal, ze w dluzszym uktadzie plastyfikujacym (L/D=20) zapotrzebowanie
energii osiagneto warto$¢ 0,139 kWh/kg, za$ przy udziale 30% zaobserwowano zwigkszenie
SME do 0,151 kWh/kg. Wyniki te sg spdjne z obserwacjami przedstawionymi w pracy P2 oraz
w badaniach przeprowadzonych przez Kantronga i in. [2018], gdzie wykazano, ze wartos¢ SME
zwigksza si¢ przy niskich predkosciach obrotowych $limaka i duzym udziale dodatkéw,
szczegblnie podczas wykorzystywania dluzszego uktadu plastyfikujacego.

Dodatek wytlokow roslinnych we wszystkich wariantach procesowych prowadzit do
wyraznego zwiekszenia gestosci nasypowej wzgledem probki kontrolnej. Najwieksza gestosc
uzyskano podczas badania pelletow spozywczych z dodatkiem wyttokdéw aroniowych, gdzie
wartosci dla wersji L/D=20 wynosity od 578,45 do 690,25 kg/m?, co mozna wigzaé z wysoka
zawarto$cig btonnika i1 fragmentoéw skorek ograniczajacych ekspandowanie materiatu [Quiles
11n. 2016]. Zastosowanie wyttokow jabtkowych powodowato zwigkszenie gestosci nasypowe;j
ekstrudatow, szczegolnie przy 10% dodatku (458,23 kg/m? dla L/D=20 oraz 527,87 kg/m?),
natomiast przy wyzszym udziale procentowym widoczny byl trend spadkowy. Dodatek
wyttokow dyniowych stabilniej wplywat na gesto$¢ nasypowa pelletow przekaskowych, przy

czym wartosci konsekwentnie obnizaly si¢ wraz ze zwigkszaniem udzialu dodatku, co zwigzane
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jest ze zwigkszeniem stopnia ekspandowania i powstawaniem luzniejszej struktury produktow.
Dla pelletow z dodatkiem wyttokow dyniowych (10%) maksymalng warto$§¢ wynoszaca 589,86
kg/m® wyznaczono dla wersji L/D=20, a najnizszg 425,77 kg/m* dla uktadu L/D=16 (30%).
Podobnie, jak wskazali w swoich pracach Dushkova i in. [2024] oraz Potter i in. [2013], sktad
surowcowy mial wigksze znaczenie dla ksztattowania gestosci ekstrudatoéw niz predkosé
obrotowa $limaka. Dodatek ros§linny stanowit gldéwny czynnik determinujacy te wartosci.

Wskaznik absorpcji wody (WAI) w probkach kontrolnych utrzymywat si¢ na stabilnym
poziomie, nieznacznie wyzszym dla probek wytwarzanych na ukladzie plastyfikujacym
L/D=20. Dodatek wytlokow powodowatl zréznicowane efekty. Przy zastosowaniu dodatku
wyttokow jabtkowych i dyniowych przy niskim udziale (10%) wartos¢ WAI ekstrudatéw byta
zblizona do probek kontrolnych. Natomiast dodatek 20 i 30% powodowal obnizenie wartosci
WALI, ktére mozna wigza¢ z ograniczong zdolno$cia do zatrzymywania wody w pelletach
z tymi dodatkami. Odmienny efekt wykazywaly wyttoki aroniowe, ktore dodawane w ilosci
30% wptywaly na osigganie wyzszych wartosci WAI (6.01 g/g) w pelletach. Wskazuje to na
silne wlasciwosci sorpcyjne tego rodzaju wytlokOw zwigzane z obecno$cig frakcji
pektynowych i polifenolowych [Blejan i in. 2025; Drozdz i in. 2019].

Z kolei wskaznik rozpuszczalnosci w wodzie (WSI) pelletow spozywczych
systematycznie zwigkszal si¢ wraz ze zwigkszaniem udzialu dodatkow we wszystkich
mieszankach surowcowych, osiagajac najwyzsze wartosci przy 30% dodatku roslinnego.
W pelletach z dodatkiem wytlokéw jablkowych zwigkszenie wartosci byto stopniowe do
7,52%, co mozna wigza¢ z obecno$cig tatwo rozpuszczalnych kwasOw organicznych
1 oligosacharydow [Schmid 1 in. 2020]. W przypadku wykorzystania wyttokow z aronii
warto$ci WSI byly nizsze przy niskim udziale, natomiast w pelletach spozywczych z 30%
dodatkiem ekstrudowanych na uktadzie L/D=20 WSI osiggn¢to maksymalny poziom (7,92%).
Wiytloki z dyni zastosowane w recepturach pelletow wykazywaty efekt posredni, co wskazuje
na dobrg, cho¢ mniej intensywng rozpuszczalnos¢ sktadnikéw w wodzie niz w przypadku
dodatku wyttokow aronii. Zwigkszanie wartosci WSI zwigzane jest z intensywnym
przetwarzaniem termomechanicznym, uszkodzeniem struktury wewnetrznej i wyptukiwaniem
niezwigzanych komponentow oraz uzyciem biatkowo-wtdknistych surowcow, ktore sg zrodtem
frakcji rozpuszczalnej [Sharifi 1 in. 2021; Shmid 1 in. 2021].

Przeprowadzone badania potwierdzily istotny wplyw konfiguracji uktadow
plastyfikujacych na przebieg procesu ekstruzji oraz na wybrane wlasciwosci fizykochemiczne
ekstrudatéw z dodatkiem wytlokéw owocowo-warzywnych. Zastosowanie uktadu

plastyfikujagcego L/D=16 umozliwilo wyzsza stabilno$¢ procesowa, nizsze 1 bardziej
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wyréwnane zapotrzebowanie energii oraz sprzyjalo wytwarzaniu pelletow spozywczych
0 nizszej gestosci nasypowej w poréwnaniu do uktadu L/D=20, co wskazuje na korzystniejsza
strukture produktu. Dodatkowo pellety otrzymane przy wykorzystaniu ekstrudera
w konfiguracji uktadu plastyfikujagcego L/D=16 charakteryzowaly si¢ nizszg wartoscig
wskaznika WSI. Obie konfiguracje uktadow plastyfikujacych charakteryzowaty sie
porownywalng wydajno$cig procesowa.

W pracy P4 przeanalizowano wpltyw dodatkow wyttokow roslinnych, tj. wyttoki
z jabtka, aronii, dyni, nasion z siemienia Inianego i nasion z czarnuszki oraz zmiennych
parametrow procesu na przebieg procesu ekstruzji oraz na wlasciwosci fizyczne otrzymanych
produktow w postaci pelletoéw spozywczych formowanych z uzyciem matrycy ptaskiej. Celem
badan byta ocena wydajnos$ci i energochtonnosci procesu ekstruzji oraz analiza jako$ci pelletow
wzbogaconych wybranymi produktami ubocznymi przemyshu rolno-spozywczego (wyttoki
roslinne), ktore moga stanowi¢ cenny nosnik zwigzkdéw bioaktywnych, poprawiajacych wartosé¢
odzywcza 1 atrakcyjno$¢ sensoryczng zywno$ci. Podstawe mieszanek stanowily skrobia
ziemniaczana oraz platki ziemniaczane zapewniajace odpowiednig struktur¢ matrycy
skrobiowej. Proces przeprowadzono z wykorzystaniem ekstrudera jednos$limakowego
wyposazonego w uktad plastyfikujacy L/D=20 przy trzech predkosciach obrotowych §limaka
wynoszacych 40, 60 1 80 obr/min. Z wytlaczanego ciasta przy wykorzystaniu plaskiej wktadki
formujacej umieszczonej w glowicy ekstrudera formowano wstgege o wymiarach o szerokos$ci
25 mm 1 grubosci 0,6 mm, ktorg nastgpnie cigto na pellety o wymiarach 25 x 25 mm, ktore

finalnie poddawano analizom (Rys. 6).
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Rys. 6. Ekstrudaty bez dodatku (a) oraz od lewej z 10, 20 1 30% dodatkiem wytlokéw z: (b)

aronii; (c) jablek; (d) dyni; (e) nasion czarnuszki; (f) siemienia Inianego [P4-Fig. 1].
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Otrzymane wyniki wykazaly, ze dodatek wyttokéw znaczaco wptywal zaréwno na
przebieg procesu ekstruzji, jak i wtasciwosci otrzymywanych ekstrudatow w formie pelletow
ptaskich. Obserwowano, ze wydajno$¢ procesu zwigkszata si¢ od predkosci 60 obr/min,
osiggajac najwyzsze wartosci przy 80 obr/min, co byto zwigzane ze zwigkszonym przeptywem
surowca przez cylinder ekstrudera. Najwyzsza wydajno$¢ wyznaczono podczas ekstruzji
mieszanek z 30% udziatem wytlokéw z czarnuszki (26,00 kg/h), natomiast najnizsza dla
mieszanek z 20% dodatkiem wyttokow z dyni przetwarzanych przy 40 obr/min (6,76 kg/h).
Wyniki te potwierdzaja fakt, ze obecno$¢ tluszczu w wytlokach pelni role naturalnego
plastyfikatora, ulatwiajac przeptyw masy i zwigkszajac wydajno$¢ procesu. Analogiczne
zalezno$ci wskazywaly Lisiecka i Wojtowicz [2020] w badaniach zwigzanych z ekstruzja
pelletéw na bazie produktéw ziemniaczanych z dodatkiem $wiezych warzyw, gdzie predkos¢
obrotowa réwniez determinowata wydajnos¢. Podobne obserwacje przedstawili Mitrus i in.
[2023] analizujac mieszanki z dodatkiem brokuldéw, ktore przy wyzszym udziale procentowym
w mieszance (20-30%) poprawiaty wydajno$¢ procesu.

Energochtonno$¢ procesu ekstruzji byla uzalezniona od rodzaju uzytego surowca, ale
rowniez od predkosci obrotowej Slimaka, ktorej zwiekszanie powodowato obnizanie
zapotrzebowania na energi¢ jednostkowa. Najwyzsze wartosci SME uzyskano podczas
przetwarzania mieszanek z wytlokami z dyni (0,118 kWh/kg), jabtek (0,108 kWh/kg),
czarnuszki (0,100 kWh/kg) 1 siemienia Inianego (0,083 kWh/kg), natomiast istotnie nizsze
SME zaobserwowano przy zastosowaniu dodatku wyttokéw aroniowych, ktére wynosito 0,034
kWh/kg. Taki rozktad wskazuje, ze obecnos$¢ surowcoéw bogatych we widkno pokarmowe
1 polifenole moze przyczyni¢ si¢ do obnizenia energochlonnosci procesu [Schmid 1 in. 2020].
Obserwacje te czeSciowo pokrywaja si¢ z wynikami Mitrusa 1 in. [2023] oraz Soi i in. [2023],
ktérzy obserwowali nieregularne zmiany SME w zalezno$ci od rodzaju i poziomu dodatku
roslinnego.

Istotnym parametrem technologicznym testowanym w pracy P4 byt takze wskaznik
ekspandowania, ktory pozwala stwierdzi¢, jak surowiec zwigksza swoja objeto$¢ po procesie
ekstruzji, co ma bezposredni wplyw na gestos¢, porowato$é, krucho$¢ oraz jakosc
1 atrakcyjno$¢ sensoryczng otrzymanych ekstrudatow. Najwyzsze wartoSci wskaznika
ekspandowania zaobserwowano dla pelletow wytwarzanych przy 40 obr/min z 10% dodatkiem
wytlokéw z aronii (3,17) oraz z 10% dodatkiem wyttokow z nasion czarnuszki (3,11), natomiast
najnizsze dla pelletow z 30% udziatem wyttokow z czarnuszki (1,65) oraz z aronii (2,37)
przetwarzanych odpowiednio przy 80 i 60 obr/min. Analiza wynikow wskazuje, ze nizsze

predkosci obrotowe S$limaka sprzyjaly uzyskaniu wyzszych warto$ci  wskaznika
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ekspandowania, natomiast wyzsze predkosci obrotowe powodowaty jego obnizenie, co réwniez
udowodnili Simons i in. [2012] w badaniach ekstrudatoéw na bazie ré6znych mak fasolowych.
Jest to zwigzane z krotszym czasem przebywania materialu w cylindrze ekstrudera oraz
mniejszym stopniem jego uplastycznienia przy wyzszych predkosciach wyttaczania.
Dodatkowo stwierdzono, ze zwigkszenie udzialu wytlokow w mieszance prowadzilo do
obnizenia wskaznika ekspandowania, co wigze si¢ z ograniczong zdolnoscig do tworzenia
porowatej struktury przy wysokiej zawartosci widkna zawartego w wyttokach. Zaleznosci te sg
zgodne z obserwacjami Alama 1 in. [2016], ktorzy wykazali negatywny wpltyw wysokiej
zawarto$ci blonnika i likopenu na zdolno$¢ ekspandowania. Gumul i in. [2023] réwniez
wykazali, ze obecno$¢ polifenoli i widkna w wytlokach owocowych (aroniowe i wisniowe)
ograniczata ekspandowanie przekasek na bazie kukurydzy.

Z kolei rezultaty gestosci nasypowej pelletow wskazaly na jej S$cisty zwigzek
z poziomem dodatku i predkoscig obrotowa slimaka ekstrudera. Najwyzsza warto$¢ uzyskano
w pelletach z 20% wytlokéw z nasion czarnuszki (392 kg/m?) ekstrudowanych przy 40 obr/min,
natomiast najnizsza przy zastosowaniu w recepturze 30% wyttokéw z aronii (262 kg/m?*)
podczas stosowania predkosci $limaka 60 obr/min. Wyniki te sugeruja, ze wyzszy udziat
wyttokow prowadzi do obnizenia gestosci nasypowej, co jest podobng zalezno$cig do tej
przedstawionej przez Lisiecka 1 Wojtowicz [2021c] oraz Wojtowicz 1 in. [2023], ktorzy
w badaniach z wykorzystaniem pulpy warzywnej i maczki z owadoéw zaobserwowali obniZenie
gestosci nasypowej wraz ze zwigkszaniem ilo$ci dodatkéw bogatych w btonnik i thuszez.

Wraz ze zwigkszaniem ilosci wytlokow w mieszance surowcowej 1 predkosci obrotowej
slimaka ekstrudera zaobserwowano rowniez obnizanie wartoSci wskaznika wytrzymatosci
mechanicznej ekstrudatow, co jest zwigzane ze zwigkszong porowatoscig produktu koncowego
[P4-Fig. 7]. Probki kontrolne, niezawierajace dodatku wyttokéw roslinnych, wykazywaty
wartos$ci bliskie 99,8%, podczas gdy przy 30% dodatku wytlokow z nasion czarnuszki czy
siemienia Inianego warto$ci te obnizaty si¢ ponizej 99,1%, szczegblnie przy stosowaniu 80
obr/min podczas ekstruzji pelletow spozywczych. Oznacza to, ze zarowno zwigkszona ilo$¢
dodatku roslinnego, jak i intensywniejsza obrébka mechaniczna, prowadza do obnizenia
wytrzymato$ci na uszkodzenia pelletéw. Taka zalezno$¢ zostala przedstawiona réwniez
w najnowszych badaniach Dushkovej 1 in. [2024] oraz Karkle 1 in. [2024], ktérzy wykazali, ze
wyzszy udziat dodatkow roslinnych poprawia wartos¢ odzywcza 1 aktywno$¢ antyoksydacyjna,
ale jednocze$nie moze prowadzi¢ do zmniejszenia trwato$ci i stabilno$ci strukturalne;

ekstrudatow.
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Analiza statystyczna wynikow prezentowanych w publikacji P4 pozwolila
jednoznacznie wskaza¢ najwazniejsze czynniki wptywajagce na zmienno$§¢ badanych
czynnikoéw. Stwierdzono silng dodatnig korelacje pomigdzy gestoscig nasypowa i wskaznikiem
SME oraz ujemng pomiedzy wytrzymatoscia 1 wydajnoscia [P4-Fig. 9]. Co istotne,
zastosowanie dodatkow wyttokéw z nasion czarnuszki i siemienia Inianego wptywaty gtéwnie
na wydajno$¢ procesu, a dodatek pozostalych rodzajéw wyttokow tj. z jabtka 1 dyni byt
zwigzany z rezultatami gestosci nasypowej i SME. Analiza wptywu ilosci dodatkowego
sktadnika ros$linnego wykazala, ze najwigksze znaczenie miat 30% dodatek wyttokow, ktory
istotnie modyfikowat wydajnos$¢ procesu ekstruzji natomiast zastosowanie dodatku wyttokoéw
w ilosci 10% masy catkowitej mieszanki surowcowej wigzato si¢ z wicksza wytrzymatoscia
pelletow oraz warto$cia wskaznika SME, natomiast udziat 20% sprzyjat zwiekszaniu gestosci
nasypowej. W odniesieniu do predkosci $limaka analiza statystyczna wykazala, ze najnizsza
predkos¢ obrotowa $limaka ekstrudera wynoszaca 40 obr/min wplywata na wyzsze warto$ci
wskaznika ekspandowania, energochtonnosci i gestosci nasypowej, natomiast najwyzsza (80
obr/min) korelowata z najwyzsza wydajnosciag procesu.

Uwzgledniajac powyzsze wyniki oraz przeprowadzone analizy statystyczne
potwierdzono istotne znaczenie udziatu dodatku na poziomie 30%, rodzaju zastosowanego
dodatku wyttokow oraz skrajnych wartosci predkosci w ksztaltowaniu parametréw
procesowych i jako$ciowych podczas procesu ekstruzji pelletéw przekaskowych. Pozwolito to
na wskazanie kluczowych zalezno$ci migdzy zmiennymi recepturowymi i technologicznymi
a charakterystyka przebiegu procesu ekstruzji 1 wlasciwosciami otrzymanych ekstrudatow,
stanowigc podstawe do dalszych analiz w zakresie procesu ekstruz;ji.

Badania w pracy P4 przeprowadzono przy wykorzystaniu uktadu plastyfikujacego
o stosunku L/D=20, a uzyskane wyniki i obserwacje postuzyly jako punkt odniesienia do
zaplanowania 1 zrealizowania analiz poréwnawczych z krotszym ukladem plastyfikujacym
(L/D=16).

Celem pracy P5 byto okreslenie wptywu rodzaju i udzialu procentowego wyttokow
ro$linnych z jabtka, aronii, dyni, nasion siemienia Inianego i czarnuszki na wybrane parametry
procesu ekstruzji, wybrane wlasciwosci fizyczne ekstrudatow oraz mozliwos$ci wykorzystania
frakcji poprodukcyjnych jako surowca energetycznego (Rys. 7). W badaniach zastosowano
krétszy uktad plastyfikujacy L/D=16, przy czym rodzaj matrycy formujacej oraz system cigcia
pozostawat taki sam jak w pracy P4. Proces przeprowadzono wylacznie przy predkosci
obrotowej §limaka wynoszacej 60 obr/min. Decyzja ta byta oparta na wynikach wcze$niejszych

badaniach [P4], w ktorych wykazano, ze warto$¢ ta pozwalala na uzyskanie odpowiednich
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wlasciwosci pelletow przy relatywnie wysokiej wydajnosci oraz niskim wskazniku SME,
podczas gdy skrajne predkosci (40 i 80 obr/min) prowadzily do pogorszenia stabilnos$ci procesu
1 niekorzystnych zmian w strukturze produktu. Zastosowanie wartosci posredniej pozwolito
zminimalizowa¢ zaklécenia procesowe i1 skupi¢ si¢ na ocenie wpltywu rodzaju oraz ilosci
wytlokdOw w mieszankach na wlasciwo$ci fizyczne frakcji poprodukecyjnych i potencjal

biogazowy ekstrudatow.
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Rys. 7. Schemat blokowy prezentujacy ramy metodologiczne badania w pracy PS5 (opracowanie

wiasne).

Wydajnos$¢ procesu ekstruzji pelletow przekaskowych zalezata od rodzaju i1 udzialu
procentowego wyttokow [P5-Tab. 2]. Probka kontrolna charakteryzowala si¢ najwyzsza
wydajnoscig wynoszaca 18,0 kg/h, a wprowadzenie wyttokow w wigkszosci analizowanych
przypadkow obnizyto wydajnos¢ procesu ekstruzji nawet do 11,42 kg/h dla mieszanek z 20%
dodatkiem wyttokéw z dyni. Najkorzystniejsze efekty otrzymano przy zastosowaniu dodatku
wytlokOw z nasion siemienia Inianego, gdzie przy 30% udziale w recepturze wydajnos$¢ wzrosta
powyzej wartos$ci uzyskanej dla probki kontrolnej i wynosita 18,20 kg/h, co dowodzi wysokiej
przydatnosci procesowe] wyttokOw z nasion siemienia Inianego. Wykorzystanie wyttokow
z nasion czarnuszki rowniez korzystnie wplyngto na wydajnos¢ przy wyzszych udziatach
w recepturach pelletow, zwigkszajac sie z 13,64 kg/h (przy 10% dodatku) do 16,80 kg/h dla

mieszanki z 30% zawarto$cig komponentu wzbogacajacego. Wydajno$¢ procesu ekstruzji
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mieszanek z dodatkiem wyttokow z jabtek i z aronii w wigkszo$ci utrzymywala nizsza wartos¢,
z czgsciowa poprawa dopiero podczas ekstruzji mieszanki z 30% dodatku i wynosita
odpowiednio 16,00 kg/h 1 14,16 kg/h. Przetwarzanie mieszanek z wytlokami dyni
charakteryzowato si¢ duza zmiennoscia wydajnosci. Przy 10% dodatku wyttokow dyni
uzyskano najwyzsza wydajno$¢ (15,00 kg/h) w poréwnaniu z pozostalymi mieszankami z 10%
udziatem komponentéw funkcjonalnych. Jednak przy 20% udziale dodatku nastapit wyrazny
spadek wydajnosci do 11,42 kg/h, wskazujac na pogorszenie stabilnosci przeptywu masy
w ekstruderze. Dalsze zwigkszenie ilosci dodatku do 30% spowodowato niewielkie
zwickszenie wydajnosci (13,12 kg/h), co potwierdza nieregularny charakter oddzialywania
dodatku wytlokow z dyni na przebieg procesu ekstruzji przy zastosowaniu uktadu
plastyfikujacego w wersji L/D=16. Jak pokazuja dane literaturowe oraz wczesniejsze badania,
surowce roslinne tj. wytloki roslinne, §wieze warzywa i owoce charakteryzuja si¢ wysoka
zawarto$cig wtokna, pektyn, niekiedy takze thuszczu, co ma wplyw na przebieg procesu
ekstruzji. Podobne obserwacje =zostaly przedstawione przez Lisieckg 1 in. [2021c]
potwierdzajac, ze obecno$¢ pulpy warzywnej zwigksza lepko$¢ przetwarzanej masy i utrudnia
transport w cylindrze ekstrudera. W poréwnaniu do wynikéw z poprzednich badan, w pracy P4
wykazano, ze wydajnos¢ procesu ekstruzji uzalezniona byta przede wszystkim od predkosci
obrotowej slimaka ekstrudera, natomiast w pracy PS5 wyraznie zaznaczyl si¢ wptyw rodzaju
i ilosci wyttokow w mieszance surowcowej. Swiadczy to o tym, ze przy zastosowaniu krotszego
uktadu plastyfikujacego (L/D=16) wystepuja wigksze zaleznos$ci wydajnosci procesu od zmian
w sktadzie recepturowym.

Rezultaty zapotrzebowania na energi¢ mechaniczng wykazaty zréznicowany wptyw
w zaleznos$ci rodzaju 1 ilosci zastosowanego dodatku [P5-Tab. 3]. Dodatek wytlokow
jablkowych 1 aroniowych w recepturach pelletow przekaskowych obnizal warto$¢ wskaznika
SME, osiagajac niskie wartosci juz przy 10% udzialu dodatku (odpowiednio 0,020 1 0,023
kWh/kg), a przy 30% osiggajac nawet 0,015 kWh/kg. Proces przetwarzania mieszanek
z wytlokami z dyni oraz z nasion czarnuszki charakteryzowat si¢ zwigkszeniem SME przy 20%
udziale, a dopiero przy 30% zaobserwowano istotne obnizenie tego parametru. Dodatek
wytlokOw z siemienia Inianego do mieszanki surowcowej wykazywat wzglednie stabilny
przebieg, z redukcja SME do 0,033 kWh/kg przy 30% udziale. Podobny trend ukazujacy
obnizenie zapotrzebowania na energi¢ wraz ze zwigkszaniem ilo$ci dodatku ro$linnego
w przetwarzanej mieszance przedstawily Lisiecka 1 Wojtowicz [2019], ktére badaly wplyw
dodatku buraka, marchwi, pora i cebuli na energochtonno$¢ procesu ekstruzji. Badania te

pokazuja, ze zalezno$¢ ta jest powtarzalna w roznych uktadach 1 z zastosowaniem roznych
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dodatkow roslinnych, niezaleznie od formy komponentu (pulpa owocowo-warzywna czy
wytloki roslinne). W badaniach wstepnych (P1) rowniez potwierdzono ten trend, gdzie
najwyzsze 30% st¢zenie dodatku wytlokéw jabtkowych sprzyjato zmniejszeniu
zapotrzebowania na energi¢ jednostkowa. Z kolei pracy P4 zaobserwowano, ze warto$¢
wskaznika SME zmniejszata si¢ wraz z wyzsza predkos$cia obrotowa $limaka, natomiast w P5
parametr ten miat zdecydowanie mniejszy wplyw. W praktyce oznacza to, ze przy krotszym
uktadzie plastyfikujacym wiasciwosci 1 sktad surowcow wywieraja wigkszy wpltyw na
zapotrzebowanie energii niz czynniki procesowe.

Gestos¢ nasypowa pelletow spozywcezych wykazywala wyrazne zrdéznicowanie
w zalezno$ci od rodzaju i udziatu procentowego wytlokow w mieszance [P5-Tab. 4].
Najwyzsze warto$ci gestos§ci nasypowej zaobserwowano dla pelletow spozywcezych
z mieszanek z 20% udziatem wytlokow roslinnych, szczegodlnie wyttokéw aroniowych (369,75
kg/m®), natomiast najnizsze przy zastosowaniu dodatku wytlokéw z aronii w udziale 30%
(255,53 kg/m®). Wyniki te wskazuja, ze 20% dodatek wytlokow sprzyja zageszczeniu masy,
podczas gdy zwigkszona ilo$¢ dodatkow w postaci wytlokéw obniza gestos¢, ograniczajac
proces kleikowania skrobi. Podobne wnioski przedstawili w swoich pracach Mitrus i in. [2023]
oraz Wojtowicz i in. [2023], wskazujac, ze znaczna ilo$¢ dodatkéw nieskrobiowych redukuje
udziat skrobi w mieszance, zmniejszajac tym samym gesto$¢ otrzymanego ekstrudatu.
Poréwnujac wyniki otrzymane w pracy P4 i pracy P5 zauwazalne sa roznice w zakresie
warto$ci minimalnych i1 maksymalnych. W pracy P4 gegstoSci nasypowe ekstrudatow
otrzymanych z mieszanek przetwarzanych przy 60 obr/min §limaka ekstrudera miescily si¢
w przedziale 262,47 — 374,34, kg/m®, podczas gdy w pracy P5 wynosity 255,59 — 369,75 kg/m”°.
Oznacza to, ze w przypadku krotszego uktadu plastyfikujacego uzyskano nizsze wartosci
minimalne 1 maksymalne. Wynika z tego, ze zastosowanie ukladu L/D=16 ze $limakiem
sprezajacym gladko uzwojonym wptywa na intensywniejsze przetwarzanie masy w cylindrze
ekstrudera 1 generuje wyzsze ci$nienie wytlaczania, co poprawia zdolno$¢ do ekspandowania.
W efekcie struktura jest lepiej napowietrzona, co przeklada si¢ na nizsza gestos¢ w poréwnaniu
z uktadem L/D=20 opisanym w artykule P4, gdzie dtuzszy uklad plastyfikujacy oraz §limak
z elementem mieszajacym sprzyjal formowaniu bardziej zwartej struktury produktu poprzez
redukcje ci$nienia gestwy.

W pracy PS przeprowadzono rowniez analize wskaznika absorbcji wody (WAI) oraz
wskaznika rozpuszczalnosci w wodzie (WSI) w celu sprawdzenia zalezno$ci migdzy
warunkami procesu a wlasciwosciami hydrofilowymi ekstrudatow [P5-Fig. 5, Fig. 6].

Okreslenie wskaznika absorbcji wody pozwala na ocen¢ zdolno$ci materiatu do wigzania wody
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1 posrednio przedstawia stopien degradacji skrobi w procesie ekstruzji. Z kolei wskaznik WSI
przedstawiajacy rozpuszczalno$¢ w wodzie pozwala na okreslenie intensywnos$ci degradacji
komponentow skrobiowych. Wyznaczenie tych parametréw umozliwia okre$lenie zmian
ilosciowych 1 jakosciowych zachodzacych podczas przetwarzania mieszanki pod wpltywem
zmiennych warunkéw procesu. Wartosci wspotczynnika WAI charakteryzowaly si¢ znacznym
zréznicowaniem w pelletach z dodatkiem wyttokéw z nasion siemienia Inianego i1 czarnuszki
oraz wytlokow dyniowych, gdzie wartoSci zmniejszaty si¢ wraz ze zwickszaniem ilo$ci
stosowanego dodatku w mieszankach recepturowych. Podobne zaleznosci zostaly
zaobserwowane w pracach Altanaiin. [2008] oraz Yagci i in. [2022], ktorzy prowadzili badania
zwigzane z wlasciwosciami hydrofilowymi ekstrudatow wzbogaconych wyttokami
z pomidorow. W przypadku pelletow z dodatkiem wyttokéw jabtkowych wspotczynnik WAI
przy 10% udziale wynosit 3,35 g/g, co byto wartoscia zblizona do probki kontrolnej. Dodatek
na poziomie 20% spowodowal podwyzszenie WAI do 4,06 g/g, wskazujac na poprawe
zdolnosci absorbcji wody. Przy 30% udziale wyttokow jabtkowych zaobserwowano niewielki
spadek wartosci (3,45 g/g). W przypadku ekstrudatéw z dodatkiem 10, 20 i 30% wyttokow
aroniowych wartosci WAI na wynosily odpowiednio 2,89, 2,73 oraz 2,89 g/g. Jak podaje
Dushkova i in. [2024] wahania wskaznika WALI sg charakterystyczne dla surowcow roslinnych
zawierajacych zwigkszong liczbe sktadnikow zdolnych do absorbcji wody tj. wtokna 1 biatka.
W przypadku wskaznika rozpuszczalnosci w wodzie najwyzsze wartoS§ci WSI
odnotowano w pelletach spozywczych z dodatkiem wytlokow z aronii (do 17,67% przy 30%
dodatku) 1 z czarnuszki (10,23%), co wskazuje na silng degradacje komponentow i zwiekszong
rozpuszczalno$¢ sktadnikow. Podobne zaleznosci opisywali Wojtowicz 1 in. [2023] dla
ekstrudatow z dodatkiem $§wiezej aronii oraz Lisiecka i in. [2021b] w przypadku dodatku
swiezych burakéw, co wskazuje, ze rodzaj surowca ros§linnego moze istotnie wptywaé na
przebieg procesu oraz ksztattowaé wlasciwosci technologiczne i funkcjonalne ekstrudatow.
Podczas rozruchu technologicznego do czasu ustabilizowania warunkéw procesu
ekstruzji powstajg frakcje poprodukcyjne, ktore czesto stanowig problem dla producentéw.
Podobnie jest z produktami, ktére nie spelniaja wymaganych parametréw jakos$ciowych.
Frakcje te mozna zagospodarowac jako warto$ciowy wsad do biogazowni, co wykazano
prowadzac w pracy PS badania dotyczace wyznaczania efektywnos$ci biogazowej frakcji
poprodukcyjnej z procesu ekstruzji pelletow przekaskowych wzbogacanych dodatkiem
wytlokow roslinnych. Material z probki kontrolnej wykazal efektywno$¢ produkcji metanu na
poziomie 47,38%, a skumulowana produkcja metanu wynosita 299,29 m*/Mg §wiezej masy,

przy jednoczesnej produkcji biogazu wynoszacej 631,68 m*/Mg [P5-Tab. 7]. Stanowilo to
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punkt odniesienia do oceny wplywu rodzaju i udzialu wytlokéw roslinnych na wydajnosé¢
fermentacji metanowej. Najbardziej korzystne rezultaty uzyskano dla frakcji poprodukcyjne;j
ekstrudatow z dodatkiem wyttokow z nasion czarnuszki, gdzie wraz ze zwigkszaniem udziatu
dodatku systematycznie zwigkszata si¢ zarOwno zawarto§¢ metanu do 51,39% przy 30%
dodatku, jak i jego produkcja skumulowana (337,04 m’/Mg $wiezej masy). Wyniki te
pokrywaja si¢ warto$ciami otrzymanymi przez Soldano i in. [2021], ktorzy badali efektywno$¢
biogazowg pszenicy skazonej mikotoksynami, a takze zblizong do najwyzszych wartosci
raportowanych dla odpadow komercyjnych [Lopez i in. 2016]. Tak wysoka wydajnos$¢
biogazowa jest efektem obecnosci tatwostrawnych substancji oraz tluszczu w wyttokach
z nasion czarnuszki, petnigcych role dogodnego substratu dla mikroorganizmow
fermentacyjnych. Jednoczesnie obecnos¢ zwigzkow organicznych w recepturze tj. widkno,
biatko, skrobia, sprzyja stabilnosci procesu i zapewnia optymalne warunki dla mikroflory
metanogennej. Potwierdza to takze, ze frakcje poprodukcyjne z procesu ekstruzji wzbogacone
wyttokami z czarnuszki moga stanowi¢ szczegolnie efektywny substrat w procesie fermentacji
poprawiajac bilans energetyczny 1 stabilno$¢ produkcji biogazu. Podobne zaleznosci
zaobserwowano dla ekstrudatow z wytlokami z nasion z siemienia Inianego, cho¢ w tym
przypadku zawarto$¢ metanu byla mniej zréoznicowana i w mniejszym stopniu zwigkszata sie
wraz ze zwigkszaniem udzialu dodatku wyttokéw w mieszance. Jest to zwigzane z faktem, ze
surowiec ten charakteryzuje si¢ podwyzszong zawarto$cig lipidow 1 materiatu
lignocelulozowego 1 moze potencjalnie prowadzi¢ do akumulacji dlugotancuchowych kwasow
thuszczowych LCFA (ang. Long-Chain Fatty Acids), ktore hamujg aktywno$¢ organizmow
metanogennych [Palatsi i1 in. 2012]. Z kolei dodatek wytlokéw z aronii spowodowat zmienne
efekty. Fermentacja beztlenowa frakcji ekstrudatow z wytlokami aroniowymi poczatkowo
powodowata zwigkszanie zawarto§ci metanu, lecz towarzyszyt temu spadek skumulowane;j
produkcji, co wskazuje, ze nadmierny udzial tego dodatku organiczna ogdlng wydajnos¢
procesu. Efekt ten mozna powigza¢ z obecnoscig polifenoli o dziataniu antyoksydacyjnym,
ktore w wysokich stezeniach hamujg aktywno$¢ mikroorganizmow fermentacyjnych [Li 1 in.
2017]. Najbardziej neutralny charakter zwigzany z potencjatem energetycznym miaty frakcje
poprodukcyjne ekstrudatow z dodatkiem wytlokéw z jabtka i z dyni. Niezaleznie od udzialu
procentowego w recepturze, zawarto$¢ metanu, jak i catkowita produkcja biogazu pozostawaty
bliskie probie kontrolnej. Tym samym produkty te nie wprowadzatly wiekszych zaktocen do
procesu, co moze by¢ postrzegane jako atut w kontek$cie stabilnosci i przewidywalnosci
dziatania bioreaktoréw. Frakcje poprodukcyjne pelletéw spozywczych z dodatkiem 20%

wytlokéw jablkowych charakteryzowaty sie nizsza zawarto$cig metanu, przy czym dalsze
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zwigkszanie udzialu komponentu funkcjonalnego nie przynosito istotnych zmian. Wahania
efektywnosci biogazowej dla frakcji z wyttokami jabtkowymi i dyniowymi, pomimo wzgledne;j
stabilno$ci procesowej, wynikaja z faktu, ze cho¢ wytloki te ze wzgledu na zawartos¢
weglowodanow na og6t nie wykazuja silnych efektow hamujacych, to wysoka zawartos¢ cukru
z pektyn moze prowadzi¢ do szybkiego zakwaszenia substratu [Kalia i in. 1992; Liang i in.
2020; Timmermans i in. 2022].

Przeprowadzone badania jednoznacznie wskazujg, ze wytloki odgrywaja istotng role
w ksztalttowaniu potencjatu biogazowego frakcji poprodukcyjnych z procesu ekstruzji. Wyttoki
z nasion czarnuszki moga by¢ sklasyfikowane jako komponent o wysokiej przydatnosci
technologicznej, sprzyjajacy réwniez optymalizacji wydajnosci metanowej frakcji
poprodukcyjnych z procesu ekstruzji, podczas gdy wytloki aroniowe, mimo obserwowanych
ograniczen ilo§ciowych, stanowig cenne zrédto cennych zwigzkéw bioaktywnych, ktorych
obecno$¢ w biomasie moze jednak wplywa¢ na ograniczenie intensywnosci procesu
fermentacji metanowej. Otrzymane wyniki wpisujg si¢ w aktualne trendy i doniesienia
dotyczace zagospodarowania poprodukcyjnych wyrobow rolno-spozywczych i podkreslaja, ze
efektywnos¢ biogazowa w znacznym stopniu zalezy od wtasciwego doboru rodzaju i stezenia
wytlokow.

Analiza statystyczna PCA w pracy PS wykazata, ze najwigkszy wplyw na zmienno$¢
uktadu mialy wskazniki WAI i WSI oraz parametry wydajnosci fermentacji beztlenowe;j,
natomiast nieco mniejsze znaczenie uzyskano dla wydajnosci procesu i ggstosci nasypowe;j
ekstrudatow [P5- Fig. 4]. Wskaznik WALI byt silnie dodatnio skorelowany z wydajnoscia, co
sugeruje, ze zdolno$¢ do wigzania wody wynikata z warunkow przetwarzania. Z kolei SME
dodatnio korelowato z produkcja biogazu i metanu, co wskazuje, ze wyzsze naktady energii,

a tym samym przetworzenie masy, moga przektadac si¢ na wiekszy potencjat fermentacyjny.
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S.

WNIOSKI

Na podstawie przeprowadzonych badan i analiz sformutowano nast¢pujace wnioski

koncowe stanowigce odpowiedzi na zdefiniowany problem naukowy oraz cele szczegdtowe:

1.

Wykazano mozliwos$¢ zagospodarowania produktéw ubocznych z przetwoérstwa rolno-
spozywczego w postaci wyttokéw owocowo-warzywnych 1 z nasion roslin oleistych
do wzbogacenia ekstrudowanych pelletow spozywczych w ilosci do 30% sktadu
recepturowego.

Zastosowane w badaniach rézne ilosci 1 rodzaje wyttokéw roslinnych dodawane do
mieszanek skrobiowych wplywaja na przebieg procesu ekstruzji i na wybrane
wlasciwosci  fizykochemiczne oraz funkcjonalne opracowanych ekstrudatow.
W konsekwencji przynosi to pozytywny efekt Srodowiskowy w postaci nizszej
energochlonno$ci procesu ekstruzji 1 nizszego zapotrzebowania na wode
technologiczna.

Najwyzsza wydajnos¢ procesu ekstruzji pelletow przekaskowych na bazie
komponentow ziemniaczanych uzyskano przy zastosowaniu uktadu plastyfikujacego
L/D=20 oraz ptaskiej matrycy formujace;.

Najnizsze jednostkowe zuzycie energii w procesie ekstruzji zaobserwowano przy
zastosowaniu krétszego uktadu plastyfikujacego (L/D=16) z matryca pierscieniowa
podczas ekstruzji przy najwyzszej predkosci obrotowej slimaka ekstrudera receptur
z dodatkiem wyttokéw aroniowych, co potwierdza istotny wptyw rodzaju i ilosci
surowcow roslinnych na ograniczenie zapotrzebowania energetycznego procesu.
Zastosowanie uktadu plastyfikujacego L/D=16 podczas przetwarzania mieszanek
z dodatkiem wytlokéw z aronii, nasion czarnuszki 1 siemienia Inianego sprzyjato
obnizeniu jednostkowego zapotrzebowania energii przy wyzszych predkosciach
obrotowych §limaka, co potwierdza znaczenie doboru warunkdéw procesowych oraz
rodzaju i udzialu wyttokow roslinnych dla efektywnosci energetycznej procesu
ekstruzji.

Najnizsze wartos$ci ggstosci nasypowej uzyskano przy zastosowaniu wktadki ptaskiej
oraz krotszego uktadu plastyfikujacego (L/D=16), natomiast matryca pierscieniowa
wraz z dluzsza konfiguracja ekstrudera (L/D=20) doprowadzity do uzyskania
wyraznie wyzszych wartosci gestosci nasypowej pelletéw przekaskowych. Potwierdza
to istotny wplyw geometrii matrycy i rodzaju uktad plastyfikujgcego na strukturg

1 stopien ekspandowania ekstrudatow.
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7. Najnizsze warto$ci wskaznika WSI uzyskano w pelletach przekaskowych z dodatkiem
wyttokow dyniowych ekstrudowanych przy zastosowaniu krotszego uktadu
plastyfikujacego (L/D=16) z wkiadka pierscieniowa, co wskazuje na niski stopien
degradacji skrobi i stabilng strukture ekstrudatow.

8. Frakcje poprodukcyjne powstale w procesie ekstruzji zawieraja znaczng ilo$¢ fatwo
rozkladalnych zwiazkéw organicznych, co umozliwia ich wykorzystanie jako
wartosciowego substratu do przeprowadzenia fermentacji beztlenowej 1 produkcji
biogazu.

9. Dodatek wyttokow z nasion czarnuszki w ilosci 30% w mieszance surowcowej
umozliwil osiagnigcie zawartosci metanu na poziomie 51,39%, co wskazuje na
korzystny wpltyw tego rodzaju wytlokow na proces fermentacji i potencjal
energetyczny uzyskanego biogazu.

10. Najlepszy potencjal biogazowy i stabilnos¢ procesu umozliwia wykorzystanie frakcji
poprodukcyjnych z ekstruzji pelletow przekaskowych z dodatkiem wytlokow

z czarnuszki 1 siemienia Inianego.

Zasadne jest kontynuowanie badan nad mozliwoscia wykorzystania frakcji
poprodukcyjnych powstajacych podczas ekstruzji jako substratoéw do fermentacji metanowe;]
w celu oceny ich potencjatu energetycznego i §rodowiskowego. Istotne sg rowniez dalsze
badania dotyczace konfiguracji uktadu plastyfikujacego oraz matryc formujacych, ktérych
konstrukcja bezposrednio determinuje koncowag posta¢ fizyczng ekstrudatu oraz
energochtonnos$¢ procesu ekstruzji. Interakcje pomiedzy wtasciwosciami surowcoéw 1 dodatkow
oraz warunkami procesu stanowg istotny obszar badan z perspektywy optymalizacji jakos$ci
produktow oraz osiggnigcia powtarzalnosci procesu przetworczego. RoOwnoczesnie warto
podkresli¢ znaczenie badan nad potencjatem prozdrowotnym wytlokow roslinnych jako Zrédta
zwigzkow fenolowych i1 zwigzang z nimi aktywnoscig antyoksydacyjnag, ktore moga umozliwic¢
wykorzystanie innych produktow ubocznych jako wartosciowych dodatkow do zywnosci,

pozwalajac na ich ponowne wykorzystanie zgodnie z zasadami gospodarki cyrkularne;j.
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Abstract. This article presents the results of an analysis of
the extrusion-cooking process and of the antioxidant potential
of extruded snack pellets and expanded snacks enriched with
apple pomace. The use of pomace in the production of food
extrudates has great processing potential as it not only contrib-
utes to reducing the negative impact of fruit industry by-products
on the environment, but also allows for the enrichment of snack
products with valuable nutrients. The purpose of this study was
to determine the effect of the addition of apple pomace on the
extrusion-cooking process and also to determine the antioxidant
activity of the obtained products. In the research conducted it was
observed that the addition of pomace has the effect of reducing
the energy consumption of the extrusion-cooking process, and
that the efficiency of the manufacturing process decreases slightly
with an increase in the amount of pomace addition in the mixture.
During the chemical analyses, it was noted that increases in the
phenolic compound content is accompanied by increases in the
functional additive content. The results obtained demonstrate that
apple pomace is an additive with a functional nature with possible
uses in the production of extruded snack pellets.

Keywords: extrusion-cooking, apple pomace, extruded snack
pellets, process parameters, antioxidant potential

1. INTRODUCTION

The extrusion-cooking process is considered to be a prac-
tical method of pressure-thermal processing. In this study,
a raw material is subjected to high temperatures over

*Corresponding author e-mail: jakub.soja@up.lublin.pl

a short time period in the presence of shear forces and
increased pressure (Singha and Muthukumarappan, 2018).
This technology allows for the processing of various prod-
ucts of plant origin. This results in extrudates of various
types, including breakfast foods, substrates used for biogas
production, thermoplastic starch granules for environmen-
tally friendly films, animal feeds and food snack pellets
(Lisiecka et al., 2021a).

During the extrusion-cooking process, as a result of
thermomechanical interactions, raw materials undergo
numerous physicochemical transformations including
starch gelation and the denaturation of proteins and
enzymes. Moreover, the formation of amylase and fat com-
plexes occurs. Such transformations significantly affect
the quality, shape and structure of the extrudates produced
(Zaborowska et al, 2015). The previously developed
formulation with an appropriate moisture content is intro-
duced into a machine with a high temperature and where
it is processed into the final product due to the pressure
and shear forces generated (Offiah et al., 2018). In order
to carry out this process, it is necessary to use extruder-
cookers, which consist of working elements such as a screw
and forming die. The screw may be divided into such sec-
tions as transport, compression and the elements responsible

© 2023 Institute of Agrophysics, Polish Academy of Sciences
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for extrusion-cooking. Depending on the design of the
plasticizing unit, we can distinguish between single-screw,
twin-screw, and multi-screw extruders (Wojtowicz, 2018).

Although the extrusion-cooking process is considered to
be rapid and relatively inexpensive, it nevertheless requires
the prior analysis of many variables and their appropriate
optimization. The main factors affecting the optimization
of the process are the physical properties of the raw mate-
rials, the speed of the screw, the ratio of the diameter to the
length of the entire screw, and also, the temperature and
the moisture content of the processed mixture (Oniszczuk
et al., 2019). Achieving optimal processing and physico-
chemical values can help to reduce the energy consumption
of the extruder-cooker, which is a desirable feature in times
of energy crisis. This gives the extrusion-process the poten-
tial of replacing other types of thermal processing which
are characterized by high energy consumption (O’Shea et
al., 2014).

As the development of civilization proceeds, the agro-
food industry is making significant contributions to the
aggravation of environmental problems. The huge amount
of post-production waste and by-products that are gener-
ated are often mismanaged and thus they negatively affect
the environment. Some of the by-products of the agri-food
industry are characterized by a high content of nutrients,
i.e. vitamins, polyphenols or dietary fibre. Thus, such mate-
rials can be added to many food products, these include the
snack pellets produced by extrusion-cooking. Such mea-
sures allow for the attainment of full-flavored products
with beneficial environmental effects (Kawacka and Galus,
2021).

Apple pomace is a raw material with a high degree
of application potential. It is produced as a by-product
of the juice-pressing process. After the production pro-
cess, about 20% of the raw material remains in the form
of by-products, and these contain many valuable nutrients
and health-promoting components, i.e. fibre, sugars, pec-
tins, polyphenolic compounds, and many others (Borycka,
1999; Peschel et al., 2006; Shalini and Gupta, 2010). It is,
however, a microbiologically unstable raw material, but
immediate on-site processing of the pomace may provide
a solution to this problem. It may be stabilized through dry-
ing or freezing or perhaps pre-processing (e.g., thermally).
Pomace may be suitable for further use in other production
processes (Tarko, 2009; Kawecka, 2021). Agri-food indus-
try by-products, including apple pomace, could be used to
make a significant contribution to the production of a new
type of wholesome food product while simultaneously
reducing the negative environmental impact of the process-
es involved in food processing (Wojtowicz et al., 2014).

The aim of the study was to determine the ways in
which the addition of apple pomace to a wheat and corn
flour-based recipe mix affects the extrusion-cooking pro-
cess and also to determine the amount of polyphenols in
extruded snack pellets and finished snacks.

J. SOJA et al.

2. MATERIALS AND METHODS

Apple pomace (Malus domestica ‘Gala’ variety) pur-
chased from a local supplier (Tomasz Rychlik, Elizowka
Exchange, Lublin, Poland) was used for the study. The
pomace was mixed proportionally with Type 450 wheat
flour (Lubella, Lublin, Poland), corn flour (EDMIR-POL,
Chorzéw, Poland), salt (Culine, Janikowo, Poland), soda
(Gellwe, Zabierzoéw, Poland) and sugar (Polski Cukier,
Torun, Poland) (Table 1). The pomace was added to make
a concentration of 10, 20, and 30%. A mixture without the
addition of pomace (the control sample) was also prepared.
These particular concentrations of apple pomace were used
because the composition of the resulting mixtures ensured
the stability of the process, which allowed for an accurate
comparison of antioxidant properties to be made versus
a constant increase in apple pomace concentration. Before
the initiation of the extrusion-cooking process, the moisture
content of the prepared mixtures was assessed, and, if nec-
essary, it was adjusted to 34%.

Table 1. Percentage content of individual components in mix-
tures

Raw material Control Apple pomace (%)
(%) sample 10 20 30
Apple pomace 0 10 20 30
Wheat flour 82.5 72.5 62.5 52.5
Corn flour 15 15 15 15
Salt 2 2 2 2
Soda 0.5 0.5 0.5 0.5

The extrusion-cooking process was carried out on a pro-
totype single-screw extruder-cooker Zamak Mercator EXP-
45-32, the ratio of the length of the working part to the
diameter of the screw being L/D=20. Trials were carried
out at variable screw speeds of 60, 80, and 100 revolutions
per minute. The dough was pressed through a single flat
hole with dimensions of 0.3%X25 mm. Immediately after
leaving the die, the extrudate, in the form of a belt, was
guided through a roller system equipped with a fan cooling
system and leading to the cutting system, which formed the
pellets to a size of 25%25 mm. The final extrudate obtained
in this way was carefully spread on metal grids and placed
in a shelf laboratory dryer in order to achieve the appropri-
ate moisture content of 9.5-10.5%.

A portion of the pellets, were first properly dried in the
laboratory dryer, and then fried in a 2-chamber electric fryer
(Caterina Stalgast, Radom, Poland) with a power of 6 kW,
in vegetable oil heated to 200°C for several seconds until
expanded wheat-corn snacks were obtained. The products
thus obtained in the frying process were drained on a previ-
ously prepared strainer and then placed on a paper towel to
remove excess fat.
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The remainder was expanded using a microwave
oven (MCP 349/SL, Whirlpool, Benton Harbon, USA) with
a power output of 800 W. The products were placed about
0.5 cm apart, on the outside of the plate, in a single row and
expanded for 30 s.

The pellets and expanded snacks were then stored in
sealed containers, from which samples were taken for
individual tests in the subsequent testing phases. In order
to carry out some of the tests, the pellets and expanded
snacks were ground with an LMN100 laboratory grinder
(TestChem, Radlin, Poland) into a uniform powder with
particles smaller than 0.3 mm in diameter.

The moisture content of the raw material mixtures and
the manufactured food pellets was tested using the drying
method described by Wojtowicz and Moscicki (2008) and
by applying PN-EN ISO 712:2012. Three measurements
were taken for each recipe mixture. The moisture content
was determined using the following formula:

W=(a—-b)(a—c)y x 100%, )

where: W is the moisture content of the test sample (%),
a is the weight of the weighing container with the sample
before drying (g g), b is the weight of the weighing con-
tainer with the sample after drying (g g"), ¢ is the weight of
the empty weighing container (g).

In order to obtain the assumed moisture content of the
raw material mixtures (34%), the samples were prepared
for the extrusion-cooking process according to the formula
by Jurga (1985), given below. Measurements were taken in
triplicate for each raw material mixture, and the arithmetic
mean was considered as the final result, this was rounded
to the nearest 0.1%:

my, = (m, (Wi —w,)) (100 —wy) ™, (@)
where: m,, is the amount of water to be added to increase
the moisture content of a given sample (kg kg™), w, is the
initial moisture content of the test sample (%), w; is the
desired moisture content of the test sample (%) and m, is
the mass of the given sample (kg kg™).

The study of the efficiency of the extrusion-cooking
process was carried out by determining the weight of the
pellets produced at a specific time for all of the prepared
raw material mixtures based on the process parameters
used. The efficiency was determined using an electron-
ic stopwatch and a balance (DS-788 YAKUDO, Tokyo,
Japan) in triplicate for each series of tests. The final result
was assumed to be the average of the measurements. The
efficiency was calculated according to the formula given by
Matysiak et al. (2018):

O=mt", 3)
where: Q is the efficiency (kg h™'), m is the mass of extrudate

obtained during measurement (kg), and ¢ is the measure-
ment time (h).
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Energy consumption was measured using a standard
wattmeter which is an accessory to the extruder-cooker.
After evaluating the parameters of the motor mounted in the
extruder-cooker, selecting the motor load and the efficiency
obtained in given tests, the obtained values were converted
into coefficients of specific mechanical energy consump-
tion (SME) according to a formula given by Matysiak et
al. (2018):

SME = (n N (L 100™) (P O™, @)

where: SME is the specific mechanical energy consumption
rate (kWh kg™), n is the extruder-cooker screw speed (1 s™),
N is the maximum screw speed 1 s™), L is the motor load
relative to the maximum (A), P is the rated power (kW
kW) and Q is the process output (kg h™).

The stability of the extrusion-cooking process was
registered and recorded continuously for each of the pre-
pared mixtures. Temperature changes in each section of
the extruder-cooker were recorded to an accuracy of 0.1°C.
The measurements were made possible by the thermocou-
ples built into the extruder-cooker cylinder and connected
to a meter located in the device’s control module. In addi-
tion, the temperature of the pellets produced was measured
immediately after leaving the die (to the nearest 0.1°C)
using an electronic thermometer (ST25 Raytek, Everest,
USA). The measurement was carried out three times for
each raw material mixture, and the average of the measure-
ments was taken as the final result.

The total content of Polyphenolic Compounds (TPC)
was measured (it was obtained using ultrasound-assisted
extraction) by applying a modified method employing
the Folin-Ciocalteu (FC) reagent that was suggested in
Kasprzak et al. (2018). For this purpose, 200 pL of extract
was blended with 1.8 mL of water, Folin reagent (200 puL)
was then added, and the mixture was stirred vigorously.
Five minutes after the reaction was initiated, 2 mL of 7%
Na,CO; was introduced. The sample was subsequently
incubated at 40°C for 60 min. Absorbance was measured
with the use of a UV-VIS spectrophotometer at 760 nm.
The total polyphenolic content was expressed in terms of
mg of gallic acid equivalents (GAE) per g of dry mass
(d.m.).

Free Radical Scavenging Activity was ascertained using
the DPPH (2,2-diphenyl-1-picrylhydrazyl) method in order
to determine the free radical scavenging activity of the
extracts. The studies were performed based on a modified
method originated by Burda and Oleszek (2001) with the
use of a UV-VIS spectrophotometer Genesys 20 UV-VIST
(Thermo Scientific, Waltham, MA, USA). The following
parameters were used: 517 nm wavelength, measurements
every 5 min for 30 min, and the calibration was based on
pure methanol. All measurements were repeated three
times. The obtained results are presented in terms of RSA
and TEAC values.
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The Ferric-Reducing Antioxidant Power FRAP reagent
was made from solutions prepared in the following way.
Acetate buffer (0.3 M, pH 3.6) was mixed with aqueous iron
(IIT) chloride solution (0.02 M) and TPTZ solution (0.01 M)
in a 10:1:1 ratio, respectively; then, 500 pL of each extract
was placed into separate vials, and 2.5 mL of FRAP basic
reagent was added. The vessels were closed, mixed, and
placed in a 37°C water bath for 30 min. Absorbance was
measured using a UV-VIS spectrophotometer set at 593 nm
against a control, in which the extract was replaced with
methanol. Each measurement was performed in triplicate.
The obtained results are presented as FRAP units (mM of
Trolox g d.m.) (Soja et al., 2023).

These analyses were carried out in order to check the
extrusion-cooking process of the selected recipes in detail
taking into account the energy consumption and stability
of the process. In addition, the analyses were carried out
to check the antioxidant potential of both semi-finished
products (pellets) and finished products (snacks) in order to
choose the best low energy requirement method for obtain-
ing wholesome snacks with apple pomace.

A principal component analysis (PCA) and a determina-
tion of correlations were performed at a significance level
of a = 0.05. The principal component analysis was used
to determine the relationship between the degree of apple
pomace addition and the physical parameters describing
the obtained products. Statistica software (version 13.0,
StatSoft Inc., Tulsa, OK, USA). The PCA data matrix for
the statistical analysis of the test results was composed of
13 columns and 13 rows. The input matrix was scaled auto-
matically. The optimal number of principal components
was determined on the basis of the Cattel criterion.

3. RESULTS AND DISCUSSION

At the beginning of the study, the moisture content of
the raw material mixtures prepared for the extrusion-cook-
ing process was determined. Due to the examination of the
moisture content it was possible to calculate the appropriate
amount of water to moisten the mixtures to the assumed
optimal moisture content of 34%, which is the optimum
value for the mixtures to produce high-quality snack pellets
(as determined through preliminary research).

It was observed that the moisture content of the mix-
tures increased by 6-7.5% with increasing proportions of
apple pomace in the raw material mixture. To increase
the moisture content of the mixtures with 0, 10, 20, and
30% additions of pomace, 1085, 732, 465, and 125 ml of
water were added, respectively, to maintain a 34% moisture
content.

The pellets obtained by extrusion-cooking, after tempe-
rature and moisture content stabilization in the laboratory
dryer, had a moisture content of 9.6 to 10.4%, with the
lowest moisture content obtained for pellets without the
addition of pomace and the highest for pellets with the

J. SOJA et al.

addition of 30% apple pomace. The final moisture con-
tent values obtained were in accordance with production
standards, which assume an optimal storage moisture con-
tent for pellets ranging from 9.5 to 11.5% (Standards and
Recommendations of Jednos$¢ Ltd., 2022).

In the case of the research conducted by Lisiecka and
Wojtowicz (2020), the addition of fruit and vegetable pulp
had a very substantial effect on reducing water consump-
tion during the extrusion-cooking process. Trials conducted
with mixtures using a 30% addition of leek pulp almost
completely eliminated the need to add water to the mix-
tures immediately before the extrusion-cooking process.
A similar relationship was observed in the present study,
where the need to add water to the recipe mixture with
30% apple pomace addition relative to the control mixture
decreased by 9 times. This is a very good result relative to
the results produced by dried fruit additives with reference
to the possibility of using pomace in terms of reduced water
addition. The possibility of reducing water consumption to
add moisture to the mixtures is simultaneously associated
with the management of full-value products in the form
of pomace and can also produce a positive impact on the
perception of the food industry, which, in recent years, has
been perceived to have a substantial adverse impact on the
environment.

The efficiency of the extrusion-cooking process of pro-
ducing pellets with apple pomace additives ranged from
19.20 to 32.88 kg h™' (Fig. 1). In considering the blends
with additives and blends without additives, the lowest
(14.64 kg h™") and highest efficiencies (38.88 kg h™') were
observed for the extrusion-cooking of the control sam-
ples. For the pellets with apple pomace additives, the
lowest value was registered for blends with 20 and 30%
apple pomace additives and processed at a 60 rpm screw
speed (19.20 kg h™"). The highest degree of efficiency

I > 36
I <34
I =30
<26
B <22
<18

L, T

Fig. 1. Results of snack pellets processing efficiency depend on
addition of apple pomace and screw speed.



EFFECT OF APPLE POMACE ON PROCESS AND ANTIOXIDANT POTENTIAL OF SNACKS

405

Table 2. Response surface fitting models for extrusion-cooking process efficiency as a function of screw speed and the amount of

apple pomace addition

Extruder-cooker . . . Coefficient
plasticizing system Response surface fitting model (quadratic polynomial) of correlation
L/D=20 O (kg h')y =-10.787 + 0.4223x + 0.466y + 0.0036x° - 0.007 1xy + 3.75%%)" 0.936

x — addition of apple pomace (%), y — screw speed (rpm).

(32.90 kg h™') was registered for the raw material mixture
with the addition of 30% pomace obtained using the high-
est speed of the extruder-cooker screw (Table 2).

After analysing the results of the study, it was noted
that the main factor influencing the performance of the ex-
trusion-cooking process was the screw speed. In the case
analysed, increasing the screw speed resulted in a high-
er process efficiency. A similar trend was observed by
Matysiak et al. (2018), who obtained the highest efficiency
value at the highest screw speed. In their study, they also
showed that a mixture with a 34% moisture content had the
highest degree of efficiency as compared to mixtures with
other moisture contents. Moreover, the addition of apple
pomace had a significant effect on the amount of extrudate
produced. Lisiecka and Wojtowicz (2020) noted a decrease
in the efficiency of the extrusion-process with increases in
additional ingredients in the form of vegetables. During
their ongoing research, they determined that increasing the
addition of apple pomace resulted in a slight decrease in
process efficiency.

Apple pomace is a raw material with a high process-
ing potential, as it is characterized by its irregular shape
and specific chemical composition, in particular, its high
content of pectin, which is distinguished by its gelling,
thickening, and stabilizing properties. Such traits can affect
the course of the extrusion-cooking process in a beneficial
way (Kawecka and Galus, 2021). The positive effect on
performance was mainly due to the appropriate prepara-
tion of the mixture, wherein the hard parts of the pomace
(seeds, peel, seed chamber and seed nest shells) were prop-
erly crushed with a food processor and formed a coherent
part of the whole mixture.

During our study, the energy consumption of the ex-
trusion-cooking process (SME) ranged from 0.007 to
0.042 kWh kg depending on the process parameters used,
including the amount of apple pomace addition (Fig. 2).
The lowest SME value was recorded for a mixture with
30% apple pomace addition at a screw speed of 100 rpm,
while the highest power consumption was evident during
the extrusion-cooking process of a mixture with a 10%
apple pomace content processed at a screw speed of 60 rpm.
Based on the results obtained, it was concluded that the
energy consumption of the extrusion-process is substan-
tially influenced by both the screw speed and the addition
of apple pomace. In their study on corn extrudates with
the addition of carrots, Lisiecka and Wdjtowicz (2019)

B 003
B < 0.027
1 <0.022

< 0.017
B < 0.012
B < 0.007

Fig. 2. Results of snack pellets processing specific energy con-
sumption depend on addition of apple pomace and screw speed.

observed a decrease in SME with the increasing share
of the addition of this vegetable to the blend (%), and
recorded energy consumption values in the range of 0.021-
0.028 kWh kg (Lisiecka and Wéjtowicz, 2019). Similar
relationships were noted in the present study, in that the
reduction in SME occurred after the addition of apple po-
mace was significant and in the range of 0.007-0.042 kWh
kg (Table 3). However, it was observed that the SME value
decreased at higher screw speeds, which was a different
result from the studies of other authors, who observed in
their work that when the screw speed was increased, the
SME value also increased (Krgcisz and Wojtowicz, 2017).

As the rotational speed increased for most of the pro-
cessed raw material blends, the temperature of each section
of the extruder-cooker also increased, this affected the
viscosity of the processed formulation. These correlations
ultimately affected the reduced SME value for the apple
pomace blends that were processed at higher screw speeds.
In considering the dependence of the cylinder temperature
on the rotational speed, a similar result was presented in
the work of Munazah et al. (2018), who also argued for
a decrease in SME with higher extruder-cooker cylinder
temperatures, this was due to a decrease in the viscosity of
the processed blend.

The temperature that prevailed in the individual sec-
tions of the extruder-cooker (excluding the die) ranged from
55.6 to 94.2°C, with a higher temperature being recorded
in the fifth section of the extruder-cooker, where material
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Table 3. Response surface fitting models for the specific mechanical energy (SME) of the extrusion-cooking process as a function of

screw speed and the amount of apple pomace addition

Extruder-cooker . . . Coefficient
plasticizing system Response surface fitting model (quadratic polynomial) of correlation
L/D=20 SME (kWh kg") = 0.061+8.6374%° x-0.0006 y +4.8675"" x*-7.9463%x y +2.995%¢ y? -0.476

Explanations as in Table 2.

plasticization and compression took place before shaping
occurred within the head of the device. At this location, the
temperature ranged from 81.3 to 92.3°C (Table 4). Such
a temperature range was used to obtain stabilized process-
ing (pressure, intensity of raw material transport through
the extruder-cooker barrel). The temperatures used made it
possible to obtain a plasticized, homogeneous mass that had
no physical damage or scorching after exiting the die. The
temperatures in the various sections of the extruder-cooker
were characterized by stability relative to the original set-
tings. A similar temperature profile was noted in the study
by Lisiecka et al. (2021b). During their research which was
related to the determination of the effect of the addition of
plant products to raw material mixtures on the course of the
extrusion-cooking process and the physicochemical prop-
erties of the obtained snack pellets, the temperatures of the
individual extruder-cooker sections were found to be in the
range of 50-105°C.

The highest temperature of the finished product at the
exit of the extruder-cooker die (101.7°C) was recorded for
a sample with 10% apple pomace and a speed of 80 rpm.
By contrast, the lowest temperature (72.1°C) was regi-
stered for the control sample, it was obtained at a screw
speed of 60 rpm (Fig. 3). Based on the data obtained, it was
concluded that the process was stable for all the process
variables used (Table 5).

Based on the results of the measurements of product
temperatures, it was found that the temperature of the pel-
lets depended on the content of apple pomace additive in
the processed raw material mixture and also on the speed
of the extruder-cooker screw. In the study, it was observed
that the temperature of the pellets gradually increased with
increases in the screw speed. Moreover, depending on the
amount of apple pomace addition introduced, the tem-
perature increased for mixtures of 10 and 20% and then
decreased for pellets with a 30% addition. It should also be
noted that the relatively high product temperature was also
affected by the small die opening gap (0.3%25 mm), which
limited the possibility of free mass flow while leading to
greater product heating while it was leaving the extruder-
cooker die.

In their study, Trela and Moscicki (2007) showed that
the temperature of an extruded product based mainly on
grain raw materials was similar for all processed blends
and was 90-100°C. In our work, similar temperature ranges

Table 4. Temperature measurements during the extrusion-cook-
ing process of apple pomace pellets using an L/D =20 plasticizing
system

Sample Temperature (“C)
Addition Screw Section
of apple
pomace sheed 1 2 3 4 5
60 556 745 887 86.0 81.6
0 80 584 754 865 838  82.1
100 585 754 878 850 813
60 59.1 82.7 86.7 84.1 81.3
10 80 60.2 803 86.7 847 815
100 60.5 802 86.8 848 817
60 594 796 864 942 823
20 80 60.1 80.1 86.6 847 814
100 61.1 79.6 868 848 823
60 599 796 868 842 815
30 80 61.0 802 864 837 821
100 60.2  80.1 86.6 939 923
1% |
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Fig. 3. Results of snack pellets temperature depend on addition of
apple pomace and screw speed.
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Table 5. Response surface fitting models for the temperature of the pellets emerging from the extruder-cooker as a function of screw
speed and the amount of apple pomace addition

Extruder-cooker . . . Coefficient
plasticizing system Response surface fitting model (quadratic polynomial) of correlation
L/D=20 T(°C) = 100.315+0.2059x - 0.2039y - 0.0114x*+ 0.002xy + 0.0017y* 0.456

Explanations as in Table 2.

Table 6. Polyphenol content per gallic acid (mg GAE ¢' d.m. of were observed, with the highest values being recorded for
product) in pellets and expanded snacks with apple pomace

Apple Polyphenol

Method of 2;22\3/ porr;lzice conc}flzﬁtration
preparation (rpm) addition (mg GAE g' d.m.)

(%) + RSD%

10 0.052+4.44

60 20 0.055 + 3.27

30 0.071 £ 4.63

10 0.048 +3.12

Pellet 80 20 0.065 +4.90

30 0.074 + 3.84

10 0.046 =3.92

100 20 0.070 £2.76

30 0.089 +4.09

60 80 100 0 0.048 +3.19

10 0.118 = 4.68

60 20 0.106 + 1.48

30 0.152 +3.97

10 0.106 +2.29

Expanding 80 20 0.119+1.28

in a fryer 30 0.155+3.11

10 0.086 +3.74

100 20 0.131 +3.45

30 0.171 +2.35

60 80 100 0 0.100 = 0.59

10 0.124 +2.77

60 20 0.169 + 0.64

30 0.156 +1.82

Expanding 10 0.120+3.93

ﬁii};f)wave 80 20 0.127 + 3.90

oven 30 0.137+£2.94

10 0.118 £4.72

100 20 0.142 +3.02

30 0.166 +1.12

60 80 100 0 0.062 +2.37

Apple pomace 0.313 £2.21

pellets based on blends with a 20% expeller addition and
processed at the highest screw speed (100 rpm).

The Folin-Ciocalteu (F-C) method was used to deter-
mine the total polyphenol content, and the test result was
converted to a GAE gallic acid equivalent (mg GAE g’
product dry mass).

In the vast majority of cases, as the content of the func-
tional additive, apple pomace, increases, it was noted that
the content of polyphenolic compounds increases (Table 6).
Moreover, the polyphenol content retained a positive, and
strong correlation with the increasing amount of apple
pomace added. The correlation coefficients were found to
range from 0.80 for pellets prepared at 60 rpm and using
a deep fryer, to 0.97 for samples prepared at 100 rpm in
a microwave.

The highest content of polyphenols was recorded in
apple pomace (0.31 mg GAE g' d.m.), while the lowest
content was recorded in pellets without additives, all screw
speeds and all preparation methods were considered. Based
on the results obtained, it was concluded that the high-
pressure and high-temperature extrusion-cooking process
did not degrade the polyphenolic active compounds, the
content of which increases in proportion to the addition of
apple pomace to the pellet (Table 6).

In plants, polyphenols occur mainly in a bound form, as
components of lignins and tannins, esters, and glycosides.
It is known that the appropriate selection of extrusion-cook-
ing conditions can release phenol acids and flavonoids from
the chemical bonds they form with other compounds, but
without destroying and deactivating the aglycones (Neves
et al., 2021; Schmid ef al., 2020; Khanal et al., 2009). In
this process, the intensive processing of raw materials takes
place. From the research results published by Alonso et
al. (2000), it is clear that the main factors contributing to
the transformation of the input material during extrusion-
cooking are related to high temperature and shear forces,
which increase with increasing temperature and screw
speed. Khanal et al. (2009) demonstrated the effects of
this process on the content and profile of polyphenols in
grape seeds and pomace from these fruits. The cited authors
revealed that the application of extrusion-cooking caused
a significant increase in the level of low-molecular-weight
compounds and also released biologically active monomers
and dimers from the polymer chains of polyphenols. In this
case, the intensity of the changes taking place depended on
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the properties of the raw material (matrix) and the produc-
tion parameters used. The authors thus confirmed that the
appropriate selection of process conditions (temperature,
screw speed, moisture content, homogenization) can re-
lease phenols from the chemical bonds they form with
other compounds, without deactivating the aglycones. This
is due to the breaking of the rigid plant tissue components
under the influence of this high-temperature and high-pres-
sure process (Kasprzak-Drozd et al., 2022). However, in
the case of the experiment that we conducted, there was no
clear effect of the auger speed on the content of polyphe-
nolic compounds.

This stage of the research was designed to determine
the effect of the snack preparation method on the content
of polyphenolic compounds. The results showed that the
process of expanding the pellets using a microwave oven
guarantees a higher content of polyphenols than processing
in a deep fryer, with an analogous additive content and auger
speed. The lowest content of polyphenolic compounds was
recorded for raw pellets. Both preparation methods, due to
the applied microwave energy or traditional heating (in the
case of frying), allow for the release of polyphenolic com-
pounds contained in the extrudates from their molecular
combinations, hence the increased content of polyphenols
in ready-to-eat products as compared to raw pellets.

It has long been known that the preparation of prod-
ucts for consumption results in changes in the content of
active compounds in food, including antioxidants. It is
widely believed that the effects of high temperatures on
food processing are destructive. Indeed, hydrothermal
processes (e.g., cooking) have an adverse effect on the
content of water-soluble antioxidants, such as polyphe-
nols (Ramirez-Anaya et al., 2015). Different effects may
be observed when using processes with non-polar media,
such as deep-frying. Frying processes deactivate enzymes
and microorganisms present in food and contribute to the
removal of non-nutritive components. They also frequently
increase the bioavailability of nutrients and improve the
texture of products (Szponar et al, 2018). In addition,
some authors have described the penetration into food dur-
ing frying of polyphenolic compounds present in absorbed
vegetable oil (Ramirez-Anaya ef al., 2015; Ramirez-Anaya
et al., 2019). In addition, an increase in the availability of
phenols has been demonstrated due to the cracking, or sof-
tening, of rigid cell walls and other components of plant
cells (vacuoles and apoplasts) with which these plants are
associated.

In fried products, however, an increased fat content was
noted, thus increasing the caloric content. The amount of fat
absorbed depends mainly on the ratio of the outer surface
of the product to the inner surface. Chips or cutlets reach
a fat content of about 40%, while products with a smaller
surface area, such as French fries, reach a content of up to
25% fat. Another disadvantage of frying is the excessive
dehydration of the product, as a result of which it becomes
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hard and saturated with fat. In addition, during the storage
of fats, due to the action of enzymes (lipases) contained in
vegetable raw materials, hydrolysis and the formation of
free fatty acids can occur. From a nutritional point of view,
these are not dangerous, but they reduce the quality of food
by causing hydrolytic rancidity. Taste, odour, and colour
changes can also occur due to the oxidation of fatty acids
under the influence of lipoxygenases (Szponar et al., 2018).

During prolonged heating, under the influence of an
elevated temperature, oxygen and the water contained in
the fried product, fat breaks down and releases volatile
(acrolein) and non-volatile compounds (hydroperoxide,
acrylamide). These are toxic and impair the sensory quality
of the products. However, it is possible to obtain a prod-
uct with similar or even more favourable sensory qualities,
but with a significantly lower caloric content and increased
amounts of polyphenolic compounds by using microwave
expansions.

Microwave energy arguably breaks the bonds by which
polyphenols are linked to other compounds more effective-
ly than the high temperatures found in frying, hence the
increased content of these compounds. Taking steps toward
more healthy ways of preparing food, including snacks, and
lowering the caloric content of food, is important not only
from the perspective of obesity prevention, but also from
the point of view of preventing other non-communicable
chronic diseases, such as diabetes, neurodegenerative dis-
eases, and cancer. It is worth asking how true in this context
Navarro’s statement is that “science-based cooking can
make a significant contribution to ensuring access to spe-
cific nutrients and other food components that generate
health-promoting food functionality” (Navarro et al., 2012).

The next step of the study was to analyse antioxidant
properties in relation to the free stable radical DPPH. It was
found that the free radical scavenging properties increased
with the addition of apple pomace for all screw speeds, for
both methods of preparing the pellets for consumption and
for the raw product (Table 7).

It was also noted that the method used to prepare the
pellets for consumption affected the scavenging capac-
ity of the stable free radical DPPH. The product that was
prepared in a microwave oven showed the best antioxi-
dant activity. This was significantly greater than that of
the raw pellets. Until recently, it was thought that process-
ing contributed significantly to the degradation of natural
antioxidants. However, studies conducted in recent years
have revealed that the effect of processing on the activ-
ity of manufactured foods is inconclusive. Interestingly,
a decrease in the content of some natural antioxidants may
be accompanied by an increase in the antioxidant activity
of the product, this is due to the increased availability of the
remaining antioxidants. By contrast, in the processing of
plant raw materials, the oxidation of antioxidants, the con-
version of antioxidants from antioxidant to a pro-oxidant
form, the complexation with other components, enzymatic
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Table 7. Reducing power determined by the FRAP method per Trolox (mM Trolox g d.m.) and DPPH scavenging capacity (%) as
determined for pellets and expanded snacks with and without apple pomace

Method . Screw speed Apple pon}]ace addition F(il\fle%?glt(l)in;? garfllt)y DPPI:a;‘;TiT;gmg
of preparation (rpm) (%) + RSD % Fe** %)
10 0.751 £5.02 27.030 +2.46
60 20 0.716 £4.20 27.979 +3.52
30 1.289 +3.64 45.041 £2.12
10 0.677 £3.96 23.330+4.02
Pellet 80 20 1.020 +4.76 34.043 +3.07
30 1.408 = 4.83 50.310 + 1.36
10 0.679 +4.15 22.302 +1.48
100 20 1.088 +3.26 35.252+0.97
30 1.645+5.13 52.128 +3.15
60 80 100 0 0.702 £ 0.48 23.836+2.22
10 2.913+£3.76 52.586 +3.34
60 20 2.883+4.42 57.524 +4.01
30 3.750 +3.30 76.459 +0.19
10 3.212+4.15 51.974 +1.25
Expanding in a fryer 80 20 2.845+3.79 54.728 +2.45
30 3.455+2.40 75.517+3.72
10 2.040 + 4.50 43.165 £ 4.66
100 20 3.155+3.51 64.889 +3.90
30 3.755+2.12 86.742 + 1.88
60 80 100 0 2.463 +£4.31 45.565 +5.03
10 3.044 +4.39 59.851+0.15
60 20 3.491 +4.76 81.706 + 3.34
30 3.880+5.18 81.398 +1.98
Expanding 10 2,907 +4.13 52.012 + 4.81
$i$zwave 80 20 2,982+ 1.04 68.008 = 2.43
oven 30 3.195 +4.56 68.410 + 1.11
10 2.293 +3.34 56.740 + 4.89
100 20 2.982 +4.28 69.316 +2.39
30 4236+ 1.52 89.928 +0.78
60 80 100 0 2.463 +3.56 30.820 +2.45
Apple pomace 867.204 +2.12 91.690 + 2.34

modifications, and the increased oxidative potential of the
environment all contribute to a decrease in the antioxidant
potential of products (Gumul et al., 2005). Previous work
has demonstrated that the antioxidant activity of plant and
food extracts depends not only on the quantitative content
of polyphenolic compounds, but also on the number of -OH
groups in the molecules of these compounds. Moreover,

this activity can be significantly modified by spherical
effects, for example, compounds that are derivatives of cin-
namic acid are more effective antioxidants than derivatives
of benzoic acid (Zielinski et al., 2012).

In order to confirm the antioxidant properties of the
tested samples used in our work, the reducing properties of
the tested extracts were also measured using a FRAP assay.
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This is based on an evaluation of the ability to reduce the
iron complex Fe’" - TPTZ (iron-2,4,6-tripyridyl-s-triazine
complex) to the Fe complex®’. The results were found to
coincide with those obtained for DPPH, i.e., the reducing
properties of the tested extracts that were determined using
the FRAP method generally increase with increases in the
functional additive to the pellet (Table 7) and are highest
for apple pomace (4.34 mM Trolox g d.m.). The samples
without an additive showed the lowest degree of iron III
complex to iron II complex reduction in their group (0.70,
2.46, and 1.9 mM Trolox g d.m., for raw, fried, and micro-
wave-treated samples, respectively). The treated pellets,
both microwaved and fried, showed much higher antioxi-
dant properties as measured by the FRAP method than the
raw pellets.

Antioxidant activity most often retains a high degree
of positive correlation with the content of polyphenolic
compounds. Aglycones have a greater antioxidant potential
than glycosides, and high-temperature expansion processes
(both due to frying and under microwaves) have the poten-
tial to contribute greatly to the breakdown of glycosidic
bonds in phenolic compounds. Ramirez-Anaya ef al. (2015)
noted that the free radical DPPH scavenging capacity of
foods processed in oil increased significantly. Similarly,
a significant increase in antioxidant capacity was confirmed
by Bellail ef al. (2012), who used DPPH to test the free radi-
cal scavenging potential of raw and deep-fried potatoes. An
increase in the antioxidant capacity was also found by Dini
et al. (2013) using the FRAP method for fried pumpkin
(relative to the raw version). This was determined using
various methods, the antioxidant activity of the snacks
retains a positive, and generally high correlation with the
addition of apple pomace and polyphenol content (Table 8).

After the PCA analysis was performed, 11 new varia-
bles were obtained, and the first two principal components
describe 81.97% of the variability of the system. The
parameters that are contained between the two red cir-
cles have the greatest impact on its volatility (Fig. 4a).
Pellet Polyphenol concentration (PPC), Expanding fryer
Polyphenol concentration (EFPC), Expanding microwave
oven Polyphenol concentration (EMOPC), Pellet Fe*' reduc-
tion capacity (P Fe3+rc), Pellet DPPH scavenging capacity
(P DPPH sc), Expanding fryer Fe'" reduction capacity
(EF Fe3+rc), Expanding fryer DPPH scavenging capacity
(EF DPPH sc), Expanding microwave oven Fe’* reduc-
tion capacity (EMO Fe3+rc), Expanding microwave
oven DPPH scavenging capacity (EMO DPPH sc), SME
and Product temperature (Product temp.) have the great-
est influence over system variability. They had a slightly
lesser effect on efficiency. A strong positive correlation
has been shown between Pellet Polyphenol concentration
(PPC), Expanding fryer Polyphenol concentration (EFPC),
Expanding microwave oven Polyphenol concentration
(EMOPC), Pellet Fe*" reduction capacity (P Fe3+rc), Pellet
DPPH scavenging capacity (P DPPH sc), Expanding fryer

Table 8. Pearson’s correlation coefficient for pellets and expanded snack as determined using two methods

Total
polyphenols

Total
polyphenols

Total
polyphenols

Screw

FRAP

%
scavenging

FRAP

%
scavenging
DPPH

FRAP

%
scavenging

DPPH
Microwave oven expanded snack

0.884

DPPH
Pellet
0.873

speed

(rpm)

Variable

Expanded snack in a fryer

0.962
0.956

0.802 0.953 0.898 0.932

0.785

0.922

% of apple pomace addition

0.993

0.981

0.936

0.964

0.994

60

total polyphenols

0.977 0.976

0.987

% DPPH scavenging

0.888 0.938 0.886
0.999
0.947

0.776
0.740

0.929 0.932 0.974
0.693

0.785

0.947

% of apple pomace addition

0.956

0.906

0.981

0.900

80

total polyphenols

0.957

% DPPH scavenging

0.791 0.925 0.884 0.926 0.851 0.974 0.992 0.937
0.995

0.934

% of apple pomace addition

0.859

0.949 0.991 0.991 0.989

100

total polyphenols

0.977 0.925

0.963

% DPPH scavenging
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Fig. 4. Loading plot (a) and score plot (b) of the principal component analysis (PC1 and PC2) carried out for addition of apple pomace

and tested parameters.

Fe*' reduction capacity (EF Fe3+rc), Expanding fryer DPPH
scavenging capacity (EF DPPH sc), Expanding microwave
oven Fe’* reduction capacity (EMO Fe3+rc) and Expanding
microwave oven DPPH scavenging capacity (EMO DPPH
sc). On the other hand, a substantially negative correla-
tion was found between SME and Product temperature
(Product temp.). There was no correlation found between
Pellet Polyphenol concentration (PPC), Expanding fryer
Polyphenol concentration (EFPC), Expanding microwave
oven Polyphenol concentration (EMOPC), Pellet Fe’*
reduction capacity (P Fe3+rc), Pellet DPPH scavenging
capacity (P DPPH sc), Expanding fryer Fe’* reduction
capacity (EF Fe3+rc), Expanding fryer DPPH scavenging
capacity (EF DPPH sc), Expanding microwave oven Fe*
reduction capacity (EMO Fe3+rc), Expanding microwave
oven DPPH scavenging capacity (EMO DPPH sc) and
Efficiency.

The PCA analysis shows that the first main component
of PC1 in as much as 69.64% of cases describes the use of
the apple pomace supplement (Fig. 4b). The positive higher
PC1 principal component values describe the results with-
out any use of the apple pomace additive, and the negative
PC1 principal competitor values describe the results with
the use of the apple pomace additive.

The same relationship was observed for the first (PC1)
and third (PC3) principal components (Fig. 5a, b). The
first (PC1) and third (PC3) principal components describe
79.09% of the variability of the system. However, only
the parameters of polyphenols and FRAP in this system
have the greatest impact on its variability. They are the
Pellets Polyphenol concentration (PPC), Expanding fryer
Polyphenol concentration (EFPC), Expanding microwave
oven Polyphenol concentration (EMOPC), Pellet Fe’* re-
duction capacity (P Fe3+rc), Pellet DPPH scavenging
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Fig. 5. Loading plot (a) and score plot (b) of the principal component analysis (PC1 and PC3) carried out for addition of apple pomace

and tested parameters.
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capacity (P DPPH sc), Expanding fryer Fe’* reduction ca-
pacity (EF Fe3+rc), Expanding fryer DPPH scavenging
capacity (EF DPPH sc), Expanding microwave oven Fe’"
reduction capacity (EMO Fe3+rc) and the Expanding
microwave oven DPPH scavenging capacity (EMO DPPH
sc) are substantially positively correlated with each other.
The pellet polyphenol concentration (PPC), expanding
fryer polyphenol concentration (EFPC), expanding micro-
wave oven polyphenol concentration (EMOPC), pellet
Fe’* reduction capacity (P Fe3+rc), pellet DPPH scaveng-
ing capacity (P DPPH sc), expanding fryer Fe’* reduction
capacity (EF Fe3+rc), expanding fryer DPPH scavenging
capacity (EF DPPH sc), expanding microwave oven Fe’ re-
duction capacity (EMO Fe3+rc), expanding microwave oven
DPPH scavenging capacity (EMO DPPH sc) are all sub-
stantially correlated with the addition of apple pomace in
a quantity of 30%, but SME is only positively correlated to
a weak extent with no addition of apple pomace (Fig. 4a, b).

4. CONCLUSIONS

The responsible management of the by-products of the
agri-food industry is an important element contributing to
a reduction in the negative impact of the agri-food indus-
try on the environment. The search for a way to process
fruit industry by-products, allowing for the greatest possi-
ble recovery of the available and active substances in such
products, has been a widely discussed topic in recent years.

The addition of apple pomace to food products is not
only associated with the appropriate management of this
type of product, which in turn is associated with a beneficial
impact on the environment, but it also makes it possible to
obtain a new type of product with a high nutritional poten-
tial due to the presence of health-promoting components
(Kawecka and Galus, 2021).

Food products containing apple pomace can thus be
classified as zero-waste products, which is consistent
with the overall trends of the global market (Kaszuba and
Pycia, 2022). Based on the research conducted, it may be
concluded that apple pomace as a component of the raw
material mixture of food pellets and added in the right
amount, favourably affects the parameters of the extrusion-
cooking process and significantly increases the antioxidant
potential of snacks.

In our work, it was noted that the most favourable
blends in terms of process parameters and antioxidant
potential were those with 20 and 30% addition due to their
high efficiency and relatively low specific mechanical
energy values while showing a high antioxidant potential
compared to the other blends.

Blends with a 20 and 30% addition had higher effi-
ciency and lower specific mechanical energy values as
compared to blends with a 10% addition. In addition,
some blends with a 10% addition, and mixtures with a 20
and 30% addition showed a much lower polyphenol and
2,2-diphenyl-1-picrylhydrazyl scavenging capacity by up
to about 25-30%.
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Abstract: By-products generated in the agri-food industry are frequently regarded as waste,
despite their significant potential for reutilization as valuable raw materials with both
nutritional and functional properties. Nigella and flaxseed pomace, as rich sources of
bioactive compounds, have the capacity to enhance the nutritional profile and functional
characteristics of extruded products while simultaneously contributing to the reduction in
food waste. Uniquely, the present study analyzed the effect of extrusion-cooking process
conditions on the efficiency, energy consumption, and selected physical properties of
extrudates enriched with nigella and flaxseed pomace. The samples were made using a
single-screw extruder-cooker. Two plasticizing (L/D 16 and 20) systems were compared.
The highest efficiency, 23.16 kg/h, was reached using 20% nigella pomace with the L/D
16 system. During the whole process, the specific mechanical energy ranged from 0.006
to 0.105 kWh/kg. New information was obtained on the interaction between pomace
content and the physical properties of the extrudates. The results showed that the use of
10% nigella pomace maximized the WAI 4.90 and WSI 11.73% for pellets with 30% of nigella
seed pomace in the L/D 20 and influenced the change in bulk density, indicating a double
innovation: an improvement in extrudate quality and the efficient use of by-products.

Keywords: extrusion-cooking process; process efficiency; plant pomace; processing
parameters

1. Introduction

Although the agri-food sector plays a critical role in global food security, it also
presents significant environmental challenges [1]. Comprehensive operational framework,
encompassing activities from agricultural production to industrial processing, results in
the generation of significant volumes of by-products and waste [2,3]. In the absence of
effective management strategies, these outputs have the potential to accelerate environmen-
tal degradation and compromise ecosystem stability [4]. Advances in technology and the
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thorough analysis of by-products in the food industry, combined with initiatives promoting
the zero-waste concept, have led to a significant rise in interest in their utilization within
the sector [5]. These advancements have contributed to more efficient resource use, reduced
waste, and the creation of sustainable and innovative solutions. Recent studies have increas-
ingly explored the use of oilseed and other plant-based by-products in extrusion-cooking
processes, demonstrating their potential to enhance the nutritional value, functional prop-
erties, and sustainability of extruded products [6,7]. By-products such as oilseed pomace
are rich in nutrients and bioactive compounds that offer numerous health benefits [8-10].
They are a natural source of fiber, vitamins, and antioxidants and positively influence the
body by improving digestion, boosting immune function, and providing protection against
various diseases of the circulatory system [11,12]. Consequently, oilseed pomace holds
significant potential beyond traditional use as feed or waste, serving as a valuable raw
material in diverse food production processes and industrial applications [13-15].

Considering this potential, extrusion-cooking processing is an ideal method for trans-
forming this type of pomace into functional food products [16]. This method is flexible
and efficient because it continuously pushes raw material mixtures through a die, while
controlling temperature, pressure, and shear [17-19]. The process shapes the material and
enhances its texture, structure, and nutritional value. Adding nutrient-rich plant pomace
enables the creation of food products with health benefits beyond basic nutrition [20-22].
This method helps retain and evenly distribute important bioactive compounds, such as
fiber, vitamins, and antioxidants, in the final product [23].

Despite the wide potential of the extrusion-cooking process, achieving optimal con-
ditions can be challenging due to the variable nature of plant-based extrudates. Unlike
standard raw materials, pomace can differ greatly in terms of moisture content, particle
size, fiber concentration, the quantity of fat, and the overall nutritional composition. These
changes can influence process stability and the overall efficiency of the extrudates obtained.
To ensure consistent results, the process settings must be precisely adjusted [24].

To achieve the desired product characteristics, adjustments often need to be made to
major parameters, including screw speed, barrel temperature, and die configuration [25].
In some cases, modifications are required to the plasticization system and the overall
application to manage the variability of extrudate properties. This iterative approach
ensures the production of high-quality products that meet standards for texture, nutritional
value, and sensory attributes [26].

Optimizing extrusion-cooking conditions is essential, not only for product quality
but also for environmental and economic benefits. The efficient processing of pomace
reduces waste, lowers energy and water consumption, and enhances the efficient use of raw
materials, promoting sustainable production. Moreover, the ability to transform low-cost
or underutilized by-products into nutritious food products offers significant economic
advantages, establishing the extrusion-cooking process as a vital tool in sustainable food
production [27].

The aim of this study was to analyze the effect of adding nigella seed (AN) and
flaxseed (AF) pomace on the extrusion-cooking process and the properties of the extrudates
obtained. Specifically, the study evaluated process efficiency, energy consumption, bulk
density, and the functional properties of the extrudates, which were determined using
the water absorption index (WAI) and the water solubility index (WSI). The research was
conducted using two different plasticizing systems, L/D 16 and L/D 20, allowing for a
comparative analysis of their impact on the parameters examined. The extrusion-cooking
process was conducted using a ring-shaped forming die. The extrudates were cut immedi-
ately after passing through the extruder-cooker die. The results obtained provide insights
into the relationships between raw material composition, process conditions, and the final
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properties of the extrudates. The comparative analysis of the two plasticizing systems
contributes to a better understanding of how technological parameters influence process
efficiency and product quality. Importantly, the study represents a dual innovation by
simultaneously focusing on enhancing extrudate quality and exploring the valorization of
by-products, developments that together present a comprehensive approach to sustainable
extrusion-cooking technology.

2. Materials and Methods

A research project was carried out at the Department of Food Process Engineering
at the University of Life Sciences in Lublin. The studies focused on using an extrusion-
cooking process to produce snack pellets enriched with by-products from the food industry.
The aim was to create extrudates with better nutritional value and lower environmental
impact. The recipes were based on previous work and included ingredients from local
suppliers. The mixtures contained oilseed pomace, potato starch, potato flakes, canola
oil, beet sugar, and salt. Food industry by-products were used to cut down the waste and
improve sustainability. The extrusion-cooking process was carried out with two different
plasticization systems, allowing researchers to analyze how varying process parameters
affected the structure and quality of the pellets.

2.1. Extrudates Formulation and Production Using Extrusion-Cooking Process

At the initial stage of the work, mixtures were produced according to established
recipes (Table 1). Each recipe included 10%, 20%, and 30% concentrations of nigella and
flaxseed pomace. These concentrations were chosen based on the results of previous studies
and a review of the available literature; we considered them sufficient to introduce the
desired functional changes without negatively affecting the texture and sensory acceptance
of the product [28]. The application of more than 30% additive in the mixture could
lead to problems during production, such as unstable processing, changes in pressure or
temperature, and lower-quality extrudates.

Table 1. The proportional shares of individual components in the mixtures.

Raw Materials Control Sample 10% Pomace 20% Pomace 30% Pomace
Nigella seed,

flaxseed pomace (%) 0 10 20 30
Potato starch (%) 82 72 62 52
Potato flakes (%) 15 15 15 15
Vegetable oil (%) 1 1 1 1
Sugar (%) 1 1 1 1
Salt (%) 1 1 1 1

The oilseed pomace was ground using Germin cup blender model CY-329 (Germin
Berlinger, Jarostaw, Poland). The mixtures were prepared in batches of 4.5 kg by precisely
adjusting the proportions of the components according to the content of plant raw materials
and moistured to 34%. To guarantee the consistent dispersion of the components and the
correct moisture content, the samples were sieved using a 0.5 mm sieve. After that, blends
were stored under controlled conditions for 24 h to stabilize and equalize the parameters of
the mixtures.

The moisture content of each sample was determined using a precision moisture
analyzer (Radwag, Radom, Poland) capable of measuring with an accuracy of 0.001%. Each
mixture was moistured to a predetermined moisture level, as determined by previous
research results and current technological recommendations. This stage was crucial to



Processes 2025, 13, 1247

40f24

ensuring that the parameters of the extrusion-cooking process were appropriate and that a
product of the desired quality was obtained.

The manufacturing of extrudates containing oilseed pomace was conducted us-
ing a single-screw extruder-cooker (EXP-45-32, Zamak Mercator, Skawina, Poland). The
extrusion-cooking system featured a plasticizing unit with total length-to-diameter (L /D)
ratios of 16 and 20. The extrusion-cooking process was performed at 40, 60, and 80 rpm. The
manufacturing of extrudates containing oilseed pomace was carried out using a single-
screw extruder-cooker (EXP-45-32, Zamak Mercator, Skawina, Poland). The device
was equipped with two plasticizing systems with different length-to-diameter (L/D)
ratios—one at 16 and the other at 20. The extrusion-cooking process was conducted at
screw speeds of 40, 60, and 80 rpm. The temperature in the various sections of the extruder-
cooker was maintained between 30 and 95 °C (Table 2), ensuring optimal processing
conditions throughout the extrusion-cooking process. In the case of the L/D 20 configura-
tion, the plasticization system was equipped with an additional section (IV). The material
exiting the extruder-cooker was shaped using a forming die in the shape of a ring with a
slit thickness of 0.6 mm. Subsequently, the material was portioned using a cutting system
located directly behind the extruder-cooker die. The extruded products were placed and
dried in a laboratory shelf dryer at 40 °C for 12 h until their moisture content stabilized
within the range of 8.5-9.5%. Following the drying process, the extrudates were sealed in
ziplock bags to ensure proper storage until further processing.

Table 2. Temperature in different extruder-cooker sections for L/D 16 and 20.

Type of Plant Content of Screw Speed Type of Temperature Temperature Temperature Temperature Temperature
YI;’omace the Additive [RPNII)] Plasticizion of Section I of Section II of Section of Section of Section V
[%] System [L/D] [°C] [°Cl nr[°cl Iv[°C] [°Cl

Control 0% 40 16 31.40 £ 0.00 60.33 £ 0.67 75.63 £ 0.50 N/A 81.80 £1.91
sample ° 20 30.50 + 0.00 60.03 + 0.15 64.90 + 0.10 71.57 £+ 0.06 72.67 + 0.06
Control 0% 60 16 31.80 £0.20 61.80 £0.26 77.77 £0.31 N/A 80.40 £0.20
sample ° 20 30.70 £ 0.00 59.93 £ 0.25 64.90 + 0.20 71.67 £ 0.06 72.97 £+ 0.06
Control 0% 80 16 32.37 £0.12 59.60 = 1.01 76.93 £ 1.34 N/A 79.37 £ 0.71
sample ° 20 30.97 £ 0.12 59.83 £ 0.55 64.90 + 0.17 70.47 £ 0.31 69.67 + 0.31
Nigella 10°% 40 16 37.10 £ 0.36 60.00 &+ 0.46 68.03 + 1.33 N/A 70.17 £+ 0.06
seed pomace ¢ 20 31.80 £0.10 31.67 £0.29 67.27 £0.15 71.57 + 0.06 7293 +£0.12
Nigella 10% 60 16 35.03 £+ 0.51 60.07 &+ 1.08 69.77 + 0.38 N/A 70.13 £+ 0.06
seed pomace ¢ 20 31.50 £ 0.00 60.37 £ 1.69 66.57 £ 0.59 71.57 £ 0.15 72.67 £0.23
Nigella 10% 80 16 33.33 +£0.23 61.73 £ 0.25 69.87 +0.29 N/A 71.70 + 1.47
seed pomace ° 20 31.30 £ 0.00 58.73 £1.34 67.80 £0.75 70,60 + 0.46 70.60 + 1.05
Nigella 20% 40 16 38.27 £ 0.06 60.03 &= 0.06 68.53 + 0.12 N/A 70.07 & 0.06
seed pomace ° 20 32.13 £0.12 60.90 £ 1.21 65.30 £1.15 71.83 £ 0.06 72.90 + 0.00
Nigella 20 60 16 35.50 + 0.00 60.00 = 0.75 71.73 £ 0.12 N/A 74.40 +0.17
seed pomace ° 20 32.40 + 0.00 59.47 £ 0.21 68.07 + 0.06 75.73 £ 0.12 76.77 + 0.06
Nigella 20 80 16 35.03 £ 0.06 60.80 £ 1.10 72.67 £0.40 N/A 74.47 £ 0.15
seed pomace ° 20 32.40 + 0.00 59.47 £ 0.21 68.07 + 0.06 75.73 £ 0.12 76.77 + 0.06
Nigella 309 40 16 34.07 £ 0.06 60.20 £ 0.10 70.07 £ 0.38 N/A 78.70 £ 0.10
seed pomace ° 20 32.70 £ 0.26 69.00 & 1.39 74.30 + 1.08 75.57 £ 0.32 76.33 +0.23
Nigella 30% 60 16 34.20 £ 0.00 60.20 £ 0.00 70.90 £0.17 N/A 74.33 +0.49
seed pomace ° 20 32.20 + 0.00 61.33 £ 1.72 69.37 +1.93 75.10 £ 0.10 76.07 £ 0.15
Nigella 300 80 16 34.53 £0.15 59.63 £ 0.06 69.27 £ 3.06 N/A 7443 +0.15
seed pomace ° 20 32.20 £ 0.00 60.03 £0.12 67.97 £0.15 75.00 % 0.00 75.73 £ 0.06
Flaxseed 10% 40 16 36.57 £+ 0.06 60.20 £ 0.70 67.97 + 0.25 N/A 73.30 £ 0.10
pomace ¢ 20 33.47 £ 0.06 69.33 £ 0.40 76.50 £ 0.10 75.80 + 0.00 7743 £0.12
Flaxseed 10% 60 16 36.27 £ 0.06 59.50 & 1.08 68.07 + 0.29 N/A 73.27 £0.12
pomace ° 20 33.53 £ 0.06 69.67 £0.23 75.67 £ 0.06 75.93 + 0.06 77.37 £ 0.06
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Table 2. Cont.
Content of Type of Temperature Temperature Temperature Temperature Temperature
Tyll)::,gfallant the Additive Scr[el‘évpifl)]e ed Plasticizion of SectionI  of Section IT of Section of Section of Section V
[%] System [L/D] [°C] [°C] I [°C] vieC] [°Cl

Flaxseed 10% 80 16 35.60 £ 0.10 59.77 £ 0.67 68.37 £0.21 N/A 7343 +0.15
pomace ° 20 33.40 + 0.00 69.70 &+ 0.66 76.50 + 0.26 76.23 £ 0.06 77.63 £+ 0.06
Flaxseed 20 40 16 36.70 £ 0.00 60.73 £0.32 67.80 £ 0.36 N/A 73.50 £+ 0.10
pomace ° 20 33.57 £ 0.06 71.00 £ 1.35 7513 £ 0.12 76.03 £ 0.06 77.30 £ 0.00
Flaxseed 20% 60 16 36.90 + 0.00 60.03 £0.15 68.17 £0.21 N/A 73.63 £ 0.06
pomace ° 20 33.43 £ 0.06 69.43 £ 1.05 76.73 £0.46 76.10 = 0.00 77.57 + 0.06
Flaxseed 20 80 16 37.33 £ 0.06 59.77 £ 0.31 68.60 £ 0.10 N/A 73.70 £ 0.00
pomace ° 20 33.40 £ 0.00 70.80 £ 0.60 76.37 £ 0.58 76.13 £ 0.06 77.70 £ 0.00
Flaxseed 300 40 16 39.80 £ 0.00 60.40 £ 0.17 68.03 £ 0.21 N/A 73.70 £ 0.00
pomace ° 20 34.33 £ 0.06 69.83 £ 0.06 74.80 £ 0.17 76.10 + 0.00 77.27 £ 0.06
Flaxseed 30, 60 16 38.87 £ 0.15 60.00 + 0.78 68.46 + 0.40 N/A 73.60 £ 0.10
pomace ° 20 34.73 £ 0.06 70.30 £ 0.17 75.50 £0.10 76.03 + 0.06 77.37 £ 0.06
Flaxseed 300, 80 16 38.87 £ 0.15 60.00 + 0.78 68.46 + 0.40 N/A 73.73 £ 0.06
pomace ° 20 34.97 £ 0.06 70.67 £0.15 75.83 £ 0.31 76.30 £+ 0.10 77.60 £+ 0.10

N/A—not applicable (section IV was not applicable in this setup).

2.2. Efficiency of the Extrusion-Cooking Process

The efficiency of the extrusion-cooking process (Q) was evaluated by systematically
measuring the mass of the extruded material exiting the forming die at 30 s intervals. Pro-
cessing parameters and feed rates were consistently maintained at stable levels throughout
the trial to uphold result accuracy. Each measurement was repeated three times to improve
accuracy. The processing time was recorded using an electronic stopwatch, while the ex-
trudates were weighed with a precision balance (DS-788 Yakudo, Tokyo, Japan) accurate
to 0.001 kg. Repeating the procedure helped reduce possible errors and ensured more
reliable results. The average of the three measurements was used to determine the final
process efficiency. The calculation of process efficiency was conducted in accordance with
the methodology proposed by Matysiak et al. [29]:

Q=T (kg/h) (1)

where Q represents the extrusion-cooking process efficiency (kg/h), m is the extrudate mass
obtained through measurement (kg), and t denotes time (h).

2.3. Energy Consumption of the Extrusion-Cooking Process

The power consumption of the extruder-cooker was tracked in real time using a
built-in wattmeter, an integral part of the machine’s standard monitoring system. To
evaluate energy usage, motor load data and process efficiency were analyzed in conjunction
with motor specifications and recorded operational parameters. These values were then
used to compute the specific mechanical energy (SME) consumption. The final value was
calculated as the average of three repetitions. The calculation was carried out following the
methodology described by Krecisz [30], with measured data being systematically converted
into SME according to a predefined formula:

n (@) P
E=—X-—X— h 2
SM nmxloon(kW /kg) ()
SME—specific mechanical energy (kWh/kg); n—extruder-cooker speed (rpm); n,,—max
extruder-cooker speed (rpm); O—engine load (%) based on nominal power (kW); Q—extrusion-

cooking process efficiency (kg/h).
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2.4. Bulk Density of Snack Pellets

The bulk density (BD) of the snack pellets was measured based on the mass and
volume of the sample. The mass was recorded using a precision balance (DS-788 Yakudo,
Tokyo, Japan) with an accuracy of 0.001 kg. The sample was put into a 0.001 m® container.
Bulk density was calculated as the ratio of mass to volume. This parameter presents the
relationship between product shape and weight. To ensure reliable results, the measurement
was repeated three times, achieving a precision of 0.01 kg/m?>. The average of the three
repetitions values was used as the final measurement. The bulk density was derived using
the formula provided by Wéjtowicz et al. [31]:

_m 3
BD = ; (kg/m”) 3)

where BD is the bulk density (kg/m?), m is the measured mass of the sample (kg), and
V represents the container’s volume (m3).

2.5. Water Absorption Index (WAI)

The water absorption index (WAI) was evaluated following the procedure established
by Bouasla et al. [32]. A precisely weighed 0.7 g sample of finely ground extrudates was
suspended in 7 mL of distilled water and shaken for 20 min to obtain a homogeneous
suspension. After this process, the suspension was centrifuged at a speed of 15,000 rpm
for 10 min using a Digicen 21 centrifuge (Labsystem, Krakéw, Poland). The supernatant
was carefully decanted, and the rest of hydrated gel was weighed using a high-precision
balance (WPS 210/C, Radwag, Radom, Poland) with an accuracy of 0.001 g. The final
value was calculated as the average of three repetitions. The WAI was calculated using the
following formula:

WAL = "8 (g/¢) @)
s

where WAI represents the water absorption index (g/g), my denotes the mass of the gel (g),
and mi; refers to the mass of the dry sample (g).

2.6. Water Solubility Index (WSI)

The liquid fraction obtained after WAI analysis demonstrated evaporation at 110 °C
in a laboratory dryer (SLW 53 STD, Pol-Eko Aparatura S.J., Wodzistaw Slaski, Poland)
until all the water content was completely evaporated. After drying, the solid residue was
collected and weighed using a precise balance (WPS 210/C, Radwag, Radom, Poland) with
an accuracy of 0.001 g. To ensure reliable results, the WSI was measured three times using
the formula presented by Bouasla et al. [32]:

wsI = T = Mdv 900 (%) )
s
where WSI means the water solubility index (%), m, is the mass of the vessel before drying
process (g), 1y, is the mass of the vessel after drying process (g), and ms denotes the mass
of the dry sample (g).

2.7. Principal Component Analysis (PCA)

Statistical calculations were performed using the Statistica application software (ver-
sion 12.0, StatSoft Inc., Tulsa, OK, USA). The methods applied included principal compo-
nent analysis (PCA), analysis of variance (ANOVA), and correlation analysis. All analyses
were carried out at a significance level of « = 0.05. Principal component analysis was used
to examine the relationships between selected process variables and measured extrudate
characteristics. The variables included the type of additive, the amount of additive in the
mixture, screw speed, and the length-to-diameter (L/D) ratio of the extrusion-cooking
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system. To identify connections and patterns between tested factors, PCA was used along
with separate data tables for each factor. The table for additive type included 5 columns,
representing measured parameters, and 3 rows, each corresponding to a different additive.
The table for additive amount had 5 columns and 4 rows, covering all tested concentration
levels. For screw speed, the table also had 5 columns and 3 rows. The L/D ratio table in-
cluded 5 columns and 4 rows. All data tables were automatically rescaled to allow for easy
comparison between values. The number of principal components selected in each case
was based on the Cattell criterion, which helps to identify the most meaningful components
in the dataset.

3. Results and Discussion

This research presents the assessment of major processing parameters in the extrusion-
cooking process, including efficiency and specific mechanical energy consumption, as well
as an evaluation of the various physical properties of the extrudates obtained. The research
compares two plasticizing system configurations (L/D 16 and L/D 20) and the effect of
each on selected parameters. The results indicate the existence of differences in processing
efficiency and specific mechanical energy consumption.

The extrusion-cooking process is a common method in food production that helps
create expanded products with specific textures and properties. The extrudates analyzed
in this study represent fully valuable products, offering potential alternatives to commer-
cially available snack pellets. To enhance their nutritional and functional value, we use
plant by-products in the form of oilseed pomace—specifically nigella seed and flaxseed.
These ingredients not only contribute valuable bioactive compounds but also influence
the physicochemical properties of the final product. The results show that changes in the
L/D ratio, screw speed, and the amount of pomace have a significant impact on process
efficiency end energy consumption. Additionally, the physical characteristics of the extru-
dates, including bulk density, water absorption index, and water solubility index, were
analyzed. The findings show that bulk density varied depending on extrusion-cooking
conditions, with structural differences observed between the two processing setups. The
incorporation of oilseed pomace influenced WAI and WSI index values, suggesting that
there are modifications in water retention capacity and solubility due to the presence of
additional fiber, fat, and protein fractions. These differences are crucial for product texture
and potential consumer applications.

3.1. Results of Extrusion-Cooking Efficiency and Energy Consumption

The data obtained were used to examine the effect of two different types of plant
pomace (nigella seed and flaxseed), added at concentrations of 10%, 20%, and 30%, on the
efficiency of the extrusion process. The efficiency was measured in kg/h at different screw
speeds (40, 60, and 80 rpm) and two length-to-diameter (L/D) ratios of 16 and 20 (Figure 1).

For the control sample, increased efficiency was observed with increasing screw speed.
At 40 rpm, the efficiency was 8.34 kg /h for L/D 16 and 8.48 kg /h for L/D 20. At 80 rpm, the
efficiency reached 18.92 kg /h for L/D 16 and 14.36 kg /h for L/D 20, indicating a distinct
increase in efficiency for the lower L/D ratio.

At a 10% concentration, Nigella seed pomace showed higher efficiency at lower rpm
for L/D 16 compared to L/D 20. At 40 rpm, the efficiencies were 9.64 kg/h for L/D 16 and
9.52 kg/h for L/D 20. At 80 rpm, the material efficiency increased, reaching 17.88 kg /h for
L/D 16 and 15.68 kg/h for L/D 20, indicating better process efficiency at a lower L/D ratio.
At higher concentrations of nigella seed pomace, efficiency was also higher for L/D 16.
At 20% pomace and 80 rpm, efficiency was 23.16 kg/h for L/D 16 and 19.20 kg/h for
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L/D 20. A similar trend was observed at a 30% concentration. There was a higher amount
of material at 80 rpm, with values of 23.00 kg/h for L/D 16 and 16.32 kg /h for L/D 20.
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Figure 1. Trend plots of extrusion-cooking efficiency of snack pellets depending on selected plant po-
mace addition level, screw speed, and type of plasticizing system: (a) nigella seed pomace processed
using L/D 16 plasticizing system; (b) flaxseed pomace processed using L/D 16 plasticizing system;
(c) nigella seed pomace processed using L/D 20 plasticizing system; (d) flaxseed pomace processed
using L/D 20 plasticizing system.

For flaxseed pomace, the efficiency generally increased with screw speed but shows
a more balanced value across different concentrations. At 10% pomace, the efficiency at
40 rpm were 10.24 (L/D 16) and 9.84 kg/h (L/D 20), rising to 20.64 kg/h (L/D 16) and
19.24 kg/h (L/D 20) at 80 rpm. For 20% flaxseed pomace, the efficiency increased steadily
from 10.84 kg/h (L/D 16) and 11.44 kg/h (L/D 20) at 40 rpm to 19.76 kg/h (L/D 16) and
20.64 kg/h (L/D 20) at 80 rpm. The highest efficiency for flaxseed pomace was recorded at
a 30% concentration, with a maximum of 21.20 kg/h (L/D 20) at 80 rpm.

Statistical analysis indicates that while L/D 20 demonstrated higher efficiency at
lower screw speeds (40 rpm) in some cases, L/D 16 generally ensured higher process
efficiency, particularly at higher speeds (60 and 80 rpm). Similar findings were reported
by Lewko et al. [33], who examined the extrusion of flour-based materials and observed a
general decrease in efficiency for the L/D 20 plasticization system compared to L/D 16.
The study also suggested that shorter plasticization systems may be more beneficial for
processing flour-based products, as they provide improved material flow and processing
stability. Similar to the findings of Lisiecka and Wéjtowicz [34], an increase in efficiency
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was observed at higher screw speeds, especially in the L/D 16 configuration. This suggests
that higher screw speed enhances the efficiency of the extrusion-cooking process, likely by
improving material flow dynamics and reducing processing resistance.

In conclusion, extrudates with nigella seed and flaxseed pomace contribute to im-
proved process efficiency with increasing concentrations and screw speed, particularly at
80 rpm. Nigella seed pomace generally demonstrated a higher efficiency at L/D 16. The
findings indicate that incorporating plant-based pomaces at different concentrations can
significantly enhance the extrusion-cooking process, especially when operating at higher
screw speeds and higher L/D ratios. However, efficiency declines at certain concentra-
tion levels and screw speeds, such as with nigella seed pomace at a 30% concentration
and flaxseed pomace at 40 rpm, emphasizing the complex interaction between pomace
concentration, screw speed, and overall process efficiency (Table 3).

Table 3. Response surface approximation models for evaluating the efficiency and specific mechanical
energy consumption of the extrusion-cooking process of extrudates depending on the selected plant
pomace addition level, screw speed, and type of plasticizing system.

L/D

Additive

Property Model Equation R?

16

Q (k/h) —2.653 +0.214 x AN +0.302 x S5 — 0.005 x

ANZ +0.001 x AN x SS — 0.001 x SS? 0.958

Nigella seed pomace 0.047 — 0.002 x AN — 0.0004 x SS +

SME (kWh/kg) 9.251 x 1075 x AN? — 1.336 x 107> x AN x 0.706
SS +2.939 x 107° x SS?

Q (kg/h) —2.317 +0.256 x AF +0.274 x SS — 0.007 X

AF? — 0.001 x AF x SS — 0.0001 x SS? 0.954

Flaxseed pomace 0.078 — 0.002 x AF — 0.001 x SS +

SME (kWh/kg) 1.706 x 1072 x AF? + 1.937 x 10-° x AF x 0.729
SS +9.177 x 106 x SS2

20

4.063 + 0.1686 x AN +0.084 x SS — 0.008 x

Q (kg/h) AN2 + 0.002 x AN x SS + 0.001 x SS2 0.940

Nigella seed pomace 0.009 + 0.002 x AN +0.002 x SS +

SME (kWh/kg) 6.618 x 1075 x AN? — 4.552 x 107° x AN x 0.951
SS — 1.561 x 1072 x SS?

0.818 + 0.199 x AF + 0.189 x SS — 0.006AF? +
Q (kg/h) 0.002 x AF x S5 — 0.0001 x S 0.983

Flaxseed pomace 0.143 + 0.001 x AF — 0.004 x SS +

SME (kWh/kg) 8.592 x 1070 x AF? —2.089 x 1075 x AF x 0.930
SS +3.229 x 10> x SS2

During the analysis of energy consumption values (Figure 2) for the control sample,
we observed that SME decreased as screw speed increased. Specifically, at 40 rpm, SME is
0.032 kWh/kg for the L/D 16 configuration and 0.036 kWh/kg for L/D 20. At 60 rpm, SME
increases slightly to 0.042 kWh/kg for L/D 16 and 0.061 kWh/kg for L/D 20. However, at
80 rpm, SME decreases to 0.018 kWh/kg for L/D 16 and 0.048 kWh/kg for L/D 20. These
results suggest that higher screw speeds lead to a reduction in SME for the control sample
using L/D 16.

At 10% nigella pomace addition, the SME at 40 rpm were 0.024 kWh/kg for L/D 16
and 0.099 kWh/kg for L/D 20, indicating a fourfold increase for L/D 20, which suggests
higher flow resistance in the longer system. At 60 rpm, the SME decreased to 0.020 kWh/kg
(L/D 16) and 0.018 kWh/kg (L/D 20), implying that an increased screw speed reduces
resistance and leads to lower mechanical energy consumption. However, at 80 rpm, the SME
rose to 0.034 kWh/kg (L/D 16) but sharply declines to 0.010 kWh/kg (L/D 20), indicating
that a longer screw zone at high speeds may reduce energy losses. Using 20% pomace,
the highest SME was observed at 40 rpm for L/D 20 (0.035 kWh/kg), while the lowest
SME occurred at 80 rpm and L/D 16 (0.010 kWh/kg), suggesting that at higher pomace
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concentrations, increased screw speed can reduce energy consumption. Using 30% pomace,
SME reached a peak at 40 rpm for L/D 20 (0.105 kWh/kg), whereas the lowest values
were recorded at 80 rpm (0.040 kWh/kg for L/D 16 and 0.022 kWh/kg for L/D 20). This

confirms that, at higher pomace concentrations, increasing the screw speed can effectively
reduce the specific mechanical energy consumption.
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Figure 2. Trend plots of specific mechanical energy demand during the extrusion-cooking process of
extrudates in relation to the inclusion level of the selected plant pomace, screw speed and type of
plasticizing system: (a) nigella seed pomace processed using L/D 16 plasticizing system; (b) flaxseed
pomace processed using L/D 16 plasticizing system; (c) nigella seed pomace processed using L/D 20
plasticizing system; (d) flaxseed pomace processed using L/D 20 plasticizing system.

In the case of flaxseed pomace, the changes in SME appeared more stable and pre-
dictable. For 10% pomace, at 40 rpm, the SME values were 0.021 kWh/kg for L/D 16 and
0.033 kWh/kg for L/D 20. At 60 rpm, the values decreased to 0.010 kWh/kg (L/D 16) and
0.016 kWh/kg (L/D 20), indicating that an increased screw speed leads to lower energy
consumption. With 20% pomace, the SME for L/D 20 was significantly higher than for
L/D 16 at 40 rpm (0.081 kWh/kg vs. 0.018 kWh/kg). However, at 80 rpm, the values
dropped to 0.043 kWh/kg (L/D 16) and 0.015 kWh/kg (L/D 20), further confirming that
an increase in screw speed reduces mechanical energy consumption. For 30% pomace, the
differences in SME were less pronounced: at 40 rpm, the SME values were 0.013 kWh/kg
(L/D 16) and 0.028 kWh/kg (L/D 20). At 60 and 80 rpm, the values stabilized (respectively,
0.010 and 0.012 kWh/kg for L/D 16, and 0.015 and 0.041 kWh/kg for L/D 20), suggesting a
more uniform influence of flaxseed pomace on the process dynamics. The generally higher

SME values observed for the L/D 20 configuration at a low screw speed may be attributed
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to the increased material residence time and greater shear surface area due to the longer
screw. This likely results in higher shear stress and internal friction, particularly in the
presence of fibrous by-products such as pomace, which increases resistance to flow. As
screw speed increases, the residence time shortens and material flows more efficiently,
reducing the mechanical energy required. As observed in Soja’s et al. [28] study, the present
data indicate that pomace additives influence SME values, with the highest SME observed
at lower additive concentrations, especially for nigella seed pomace. The maximum SME
value for different pomace additives was approximately 0.100 kWh/kg, which aligns with
the 10% nigella seed pomace addition, where SME reached 0.099 kWh/kg at 40 rpm for
L/D 20. A comparison of results reveals a decline in SME at higher pomace concentra-
tions, suggesting a reduction in process energy efficiency with an increased proportion of
pomace in the material. Furthermore, similar to the findings of Kantrong et al. [35], who
analyzed energy consumption during the extrusion-cooking process of mushroom rice
snacks, the present study also observed irregularities in energy consumption, particularly
when various screw rotational speeds were used.

A comprehensive comparative analysis, supported by statistical evaluation, reveals
that nigella seed pomace exhibits significant fluctuations in SME, especially at a lower
screw speed and within the extended L/D 20 system. This variability suggests that there
is increased flow resistance and greater mechanical energy demand during processing.
In contrast, flaxseed pomace demonstrates more stable SME values, indicating superior
processing characteristics and a lower impact on energy consumption throughout the
extrusion-cooking process (Table 3).

3.2. Results of the Analysis of Selected Physical Properties

Bulk density analysis provides a comprehensive assessment of the effects of differ-
ent pomace additives and extrusion-cooking process parameters on material properties
(Figure 3).

For the control sample, the bulk density remains relatively stable and increases
slightly as screw speed rises. At 40 rpm, the values reached 402.19 kg/m? for L/D 16
and 405.81 kg/m3 for L/D 20. A further increase in screw speed to 60 rpm resulted in a
slight rise to 405.91 kg/m? (L/D 16) and 408.01 kg/m3 (L/D 20). The highest screw speed
of 80 rpm led to a minor decrease, with values dropping to 400.22 kg/m? (L/D 16) and
403.11 kg/m? (L/D 20). This reduction may indicate lower material compression due to
increased flow dynamics.

The bulk density of extrudates with nigella seed pomace varies depending on concen-
tration and screw speed. The 10% pomace addition results in a gradual increase in density
with rising rpm. At 40 rpm, the values reached 407.43 kg/m? (L/D 16) and 409.82 kg/m3
(L/D 20), while at 80 rpm, they increased to 422.29 kg/m3 (L/D 16) and 425.49 kg/m?
(L/D 20). This trend suggests that there is enhanced material compression at higher speeds,
which may be beneficial for achieving a more compact structure. A 20% pomace addition
leads to the opposite effect, with a decrease in bulk density, particularly for L/D 16, where
the value at 40 rpm is only 379.53 kg/m?, while for L/D 20 it reaches 399.98 kg/m?>. Al-
though density slightly increases with higher screw speeds, it remains lower than that of the
control sample. This result may indicate increased porosity and greater difficulty in com-
pressing the material at higher concentrations of nigella seed pomace. The bulk density of
samples with 30% additive rose again, reaching 397.19 kg/m? (L/D 16) and 404.82 kg/m?
(L/D 20) at 40 rpm, and stabilizing at 398.64 kg/m> (L/D 16) and 409.79 kg/m3 (L/D 20)
at 80 rpm.
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Figure 3. Trend plots of bulk density of extrudates depending on selected plant pomace addition
level, processing parameters, and type of plasticizing system: (a) nigella seed pomace processed
using L/D 16 plasticizing system; (b) flaxseed pomace processed using L/D 16 plasticizing system;
(c) nigella seed pomace processed using L/D 20 plasticizing system; (d) flaxseed pomace processed
using L/D 20 plasticizing system.

A different pattern of change was observed for extrudates with flaxseed pomace. At
a 10% addition, bulk densities at 40 rpm were 396.19 kg/m3 (L/D 16) and 435.09 kg/m?>
(L/D20), while at 80 rpm, they increased sharply to 486.67 kg/m> (L/D 16) and
495.96 kg/m? (L/D 20). This suggests that flaxseed pomace has a higher capacity for
compaction within the extruder-cooker system, particularly in the longer L/D 20 con-
figuration and at a higher screw speed. At a 20% addition, bulk density values became
more stable, reaching 386.56 kg/ m?3 (L/D 16) and 390.49 kg/ m3 (L/D 20) at 40 rpm, and
increasing to 411.35 kg/m?3 (L/D 16) and 400.14 kg/m? (L/D 20) at 80 rpm. For samples
with 30% addition, bulk density increased significantly, reaching 425.69 kg/m?> (L/D 16)
and 423.06 kg/ m?3 (L/D 20) at 40 rpm and further rising to 424.82 kg/ m?3 (L/D 16) and
459.47 kg/m3 (L/D 20) at 80 rpm. In the study conducted by Soja et al. [36], a different
forming die was used compared to the present research, which may have contributed
to the observed differences in bulk density values. However, both studies indicate that
flaxseed pomace had a variable impact on this parameter, especially at higher concentra-
tions. The higher bulk density values obtained in the current study may suggest improved
compacting properties of the mixtures or more optimal extrusion process conditions. In
the study conducted by Soja et al. [28], a different forming die was also used compared
to the present research, which may have contributed to the differences in results. Despite
this, both studies confirmed that there was a similar trend of decreasing bulk density with



Processes 2025, 13, 1247

13 of 24

an increasing percentage of nigella seed pomace. However, in the current study, unlike in
Soja’s findings, the positive effects of nigella seed pomace were more evident at both low
(10%) and high (30%) concentrations.

A comparison of both additives, also considering statistical analysis (Table 4), reveals
that nigella seed pomace exhibits greater fluctuations in bulk density, especially at moderate
concentrations (20%), where values are lower than those of the control sample. This effect
may result from increased material porosity or reduced compressibility under screw action.
In contrast, flaxseed pomace demonstrates a more predictable and stable increase in bulk
density, especially at a higher screw speed, suggesting superior compacting ability and the
formation of a denser structure during extrusion-cooking process. The results indicate that the
selection of pomace type and process parameters can significantly influence the final product
properties, which should be considered in the optimization of the extrusion process.

The evaluation of the water absorption index serves as an indicator of a sample’s
capacity to retain water, a core aspect in the extrusion-cooking process that significantly
affects both texture and the final characteristics of the product. This analysis investigates the
influence of nigella seed pomace and flaxseed pomace at different concentrations (10%, 20%,
and 30%), while also analyzing the effect of three screw speed (40, 60, and 80 rpm) under
two different plasticizing system length-to-diameter (L/D) ratios (16 and 20) (Figure 4).

The control sample exhibited a stable water absorption index (WAI), which increased
with screw speed. At 40 rpm, WAI values were 4.16 g/g (L/D 16) and 4.37 g/g (L/D 20),
while at 80 rpm, they increased to 4.32 g/g (L/D 16) and 4.63 g/g (L/D 20). At 60 rpm,
the intermediate values obtained, 4.25 g/g (L/D 16) and 4.88 g/g (L/D 20), confirm the
existence of an upward trend with increasing screw speed. The effect observed is likely
due to a higher level of starch gelatinization, caused by the temperature fluctuations seen
at higher screw speeds.

At a 10% addition of nigella seed pomace, WAI values were higher than those of the
control sample and increased with screw speed. At 40 rpm, WAI reached 4.53 g/g (L/D 16)
and 4.84 g/g (L/D 20), going up to 4.62 g/g (L/D 16) and 4.86 g/g (L/D 20) at 60 rpm and
further increasing to 4.73 g/g (L/D 16) and 4.90 g/g (L/D 20) at 80 rpm. This suggests that
a low concentration of nigella seed pomace enhances water binding capacity, likely due
to the presence of proteins and polysaccharides, which contribute to improved moisture
retention. The WAI index for samples with a 20% addition shows a significant decrease,
particularly at 40 rpm, where values dropped to 2.05 g/g (L/D 16) and 2.17 g/g (L/D 20).
A slight increase was observed at 60 rpm, with values reaching 2.16 g/g (L/D 16) and
2.37 g/g (L/D 20). Subsequent increments were recorded at higher rotational speeds of
80 rpm, rising t0 2.29 g/g (L/D 16) and 2.58 g/g (L/D 20). These results indicate that higher
amounts of nigella seed pomace reduce water absorption capacity, likely by disrupting
the starch structure and limiting gelatinization processes. At a 30% addition, WAI values
reach their lowest levels. At 40 rpm, they dropped to 1.57 g/g (L/D 16) and 1.88 g/g
(L/D 20), increasing only slightly at 60 rpm to 1.65 g/g (L/D 16) and 1.95 g/g (L/D 20). At
80 rpm, values reached 1.74 g/g (L/D 16) and 2.00 g/g (L/D 20). These findings indicate
that higher concentrations of nigella seed pomace negatively impact water absorption,
potentially leading to a harder, less porous structure in the final product.

For samples flaxseed pomace, the effect on WAI followed a more consistent pattern,
exhibiting a progressive decrease in values with increasing addition levels. At a 10% addi-
tion, WAI values at 40 rpm were 3.12 g/g (L/D 16) and 3.38 g/g (L/D 20). As screw speed
increased to 60 rpm, values rose to 3.30 g/g (L/D 16) and 3.59 g/g (L/D 20), reaching
3.40g/g (L/D 16) and 3.76 g/g (L/D 20) at 80 rpm. At a 20% addition, WAI remained
stable but lower than at a 10% addition. At 40 rpm, values were 2.59 g/g (L/D 16) and
2.71 g/g (L/D 20), while at 60 rpm, it increased faintly to 2.63 g/g (L/D 16) and 2.76 g/g
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(L/D 20). At 80 rpm, WAI decreased to 2.43 g/g (L/D 16) and 2.49 g/g (L/D 20). At 30% ad-
dition, WAI reached the lowest values for extrudates with flaxseed pomace. At 40 rpm, they
reached 2.34 g/g (L/D 16) and 2.46 g/g (L/D 20). At 60 rpm, the values remained nearly
stable at 2.33 g/g (L/D 16) and 2.43 g/g (L/D 20), while at 80 rpm, they further decreased
to2.25g/g (L/D 16) and 2.37 g/g (L/D 20). In the study conducted by Drozdz et al. [37], it
was observed that increased addition of chokeberry presses residues also led to a reduc-
tion in WAI values in extruded corn snacks. A similar trend was reported by Wéjtowicz
et al. [38], where the initial addition of fresh chokeberry increased water absorption, but at
higher concentrations (20-30%), a significant decline in WAI was observed. These findings
align with the results of the present study, which demonstrated a comparable decrease in
WAI with increasing nigella seed and flaxseed pomace concentrations.

A comparison of both additives used (Table 4) shows that nigella seed pomace reduces
water absorption capacity more significantly at higher concentrations than flaxseed pomace.
In contrast, flaxseed pomace exhibits a more gradual decrease in WAI, with 10% addition
values are close to the control sample. This suggests that nigella seed pomace at higher
levels may limit water binding, while flaxseed pomace affects this parameter in a more
stable and predictable manner.

The water solubility index (WSI) is a crucial parameter that characterizes the degree of
starch degradation and the solubility of components in water. WSI values were analyzed in
relation to type and content pomace, screw speed, and the type of plasticization system
(Figure 5).

Table 4. Response surface approximation models for evaluating the bulk density, water absorption
index, and water solubility index of extrudates depending on the selected plant pomace addition
level, screw speed, and type of plasticizing system.

L/D Additive Property Model Equation R?
v P A e o

tpomse W) e O AN OB SO AN
WSI (%) 3 O S AN a6 oo 8 AN?+ 997
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recipomes Wil IO AIONE SR AP
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Flaxseed pomace WAI (g/g) 3.479 — 8..(%884X><A§F+ )9.(8)59_x0?08()520;90828 X AF? — 0.999

. 3.65 + 0193 x AF + 0.048 x S5 — 0.004 x AF? —
WSI (%) 0.0003 x AF x SS — 0.0004 x SS 0.993

AN—addition of nigella seed pomace, AF—addition of flaxseed pomace; SS—screw speed, BD—bulk density,
WAI—water absorption index, WSI—water solubility index.
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Figure 4. Trend plots of water absorption index of extrudates depending on selected plant pomace
addition level, screw speed, and type of plasticizing system: (a) nigella seed pomace processed
using L/D 16 plasticizing system; (b) flaxseed pomace processed using L/D 16 plasticizing system;
(c) nigella seed pomace processed using L/D 20 plasticizing system; (d) flaxseed pomace processed
using L/D 20 plasticizing system.

The control sample exhibited relatively stable WSI values, with higher values for
L/D 20 than for L/D 16. At 40 rpm, WSI were 4.52% (L/D 16) and 4.85% (L/D 20),
indicating a moderate solubility level. At 60 rpm, WSI slightly decreased to 4.37% (L/D 16)
and 5.25% (L/D 20), possibly due to shorter exposure to shear forces in the extruder-cooker.
At 80 rpm, WSI increased to 4.68% (L/D 16) and 5.45% (L/D 20), suggesting a higher
release of soluble polymers as a result of more intense starch degradation. The addition
of nigella seed pomace significantly influenced the water solubility index, with variations
depending on the concentration level.

At a 10% addition, WSI values were similar to those of the control sample. At 40 rpm,
WSI values were 4.07% (L/D 16) and 5.78% (L/D 20). A slight increase was observed at
60 rpm, reaching 4.18% (L/D 16) and 5.80% (L/D 20). However, at 80 rpm, values decreased
to 3.98% (L/D 16) and 6.11% (L/D 20).

At a 20% addition, WSI values were significantly higher than in the control sample.
At 40 rpm, WSI values reached 8.28% (L/D 16) and 9.97% (L/D 20), increasing to 8.92%
(L/D 16) and 10.50% (L/D 20) at 60 rpm. The highest values were observed at 80 rpm, with
9.80% (L/D 16) and 10.59% (L/D 20), suggesting intensified starch degradation and the
increased presence of water-soluble components.
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Figure 5. Trend plots of water solubility index of extrudates in relation to selected plant pomace
addition level, screw speed, and type of plasticizing system: (a) nigella seed pomace processed
using L/D 16 plasticizing system; (b) flaxseed pomace processed using L/D 16 plasticizing system;
(c) nigella seed pomace processed using L/D 20 plasticizing system; (d) flaxseed pomace processed
using L/D 20 plasticizing system.

At a 30% addition, WSI values increased further. At 40 rpm, WSI values were 9.90%
(L/D 16) and 11.21% (L/D 20). At 60 rpm, values rose to 10.72% (L/D 16) and 11.73%
(L/D 20), while at 80 rpm, there were faint declines to 10.56% (L/D 16) and 10.83% (L/D 20).
These results indicated that a higher pomace content led to intensified starch degradation
and an increase in water-soluble substances. However, at a higher screw speed, this effect
appeared to be limited by the reduced residence time within the extruder-cooker.

The addition of flaxseed pomace influenced the water solubility index in a more com-
plex manner compared to nigella seed pomace addition, as WSI values varied depending
on the L/D ratio and screw speed.

A 10% addition of pomace resulted in minor variations in WSI values depending on
the L/D ratio. At 40 rpm, WSI reached 5.56% for L/D 16 and 6.35% for L/D 20, indicating
higher solubility with the longer screw. The increase in screw speed to 60 rpm led to a
rise in WSI to 5.89% for L/D 16, while for L/D 20, it declined to 6.14%, suggesting that
an extended screw zone might have restricted solubility at this speed. A further increase
to 80 rpm led to a rise in WSI for L/D 16 (6.01%), while for L/D 20, values remained
nearly unchanged (5.93%), implying that screw speed exerted a greater influence on starch
degradation in shorter screw zones.
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A comparable pattern emerged at a 20% addition. At 40 rpm, WSI values were 7.94%
for L/D 16 and 7.56% for L/D 20, demonstrating similar solubility levels in both config-
urations. As the screw speed increased to 60 rpm, WSI values rose slightly to 8.16% for
L/D 16 and 7.78% for L/D 20. However, at 80 rpm, a decline was observed with WSI values
decreasing to 7.86% for L/D 16 and showing a significant drop to 6.88% for L/D 20. These
results suggest that at a higher screw speed, an extended screw length may constrain starch
degradation, thereby reducing the presence of water-soluble components.

A 30% pomace addition led to a decreasing trend in WSI values as screw speed
increased for both L/D ratios. At 40 rpm, WSI values measured 7.57% for L/D 16 and
6.76% for L/D 20, indicating that a longer screw zone reduced solubility. At 60 rpm, WSI
values decreased to 7.07% for L/D 16, while for L/D 20, values remained relatively stable
at 6.83%. Further increasing the speed to 80 rpm caused WSI to drop to 6.91% for L/D 16,
whereas L/D 20 exhibited a slight increase to 7.05%. These findings indicate a continued
reduction in WSI for L/D 16, whereas in L/D 20, the minor increase suggests a complex
interaction between screw speed and degradation processes. In their studies, Lisiecka and
Wjtowicz [39] also observed that increased addition of plant-based ingredients in most
extruded raw material blends led to a rise in the water solubility index (WSI). In the study
by Combrzyniski et al. [40], the addition of fresh lucerne sprouts increased WSI, reaching
a maximum value of 13.07% at a 30% inclusion level and 100 rpm due to the presence of
fiber and proteins. Similarly, in the present study, a general increasing trend in WSI was
observed compared to the control sample, although at higher addition levels, the trend
became irregular. Nevertheless, an overall increase in WSI was noted, indicating the impact
of plant-based ingredients on solubility. Contrary to the findings of Chang and Ng [41],
in the present study, screw speed was not the sole dominant factor influencing WSI—the
type and concentration of additives also had a significant role. This suggests that during
extrusion-cooking involving ingredients with irregular structure and high fiber content, the
mechanisms of starch degradation may be modified by the presence of other components,
which influence the solubilization of the extrudate in water.

Statistical analysis confirms that the impact of flaxseed pomace on WSI is more complex
than that of nigella seed pomace (Table 4). Atlower concentrations and higher screw speeds,
WSI values tend to increase for L/D 16, whereas for L/D 20, a decline is observed. At
higher concentrations (30%), a general decreasing trend in WSI is evident, which may be
attributed to reduced starch degradation and a higher content of insoluble components,
such as the presence of fiber and fat in flaxseed.

The results indicate that the interaction between screw speed, L/D ratio, and pomace
concentration performs a significant role in determining WSI values. Higher flaxseed
pomace levels limit starch solubility, likely due to the presence of structural components
that hinder gelatinization and degradation processes.

Analysis of the data indicates the existence of transparent interrelations between
mechanical energy consumption and the physical properties of the extrudates. Higher
SME values, particularly at a lower screw speed and increased pomace concentrations,
correspond with elevated WSI values, which suggests that there is intensified starch degra-
dation under a greater mechanical load. Samples with lower bulk density typically showed
higher WAI and WSI values, indicating that reduced structural compactness improves
water interaction and solubility. These dependencies emphasize that extrusion-cooking
efficiency, energy consumption, and hydration-related characteristics are closely linked and
are influenced jointly by pomace type, concentration, and screw configuration.

Principal component analysis (PCA) was performed for different types of additives.
The results showed that the first two components (PC1 and PC2) explain all the changes
in the data—100% of the variability. The most important parameters are marked between
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two red circles in the graph (Figure 6a). These have the biggest effect on the results. Each of
the tested parameters influences the system. Efficiency and WSI are strongly and negatively
linked to WAL This means that when efficiency or WSI goes up, WAI goes down. A strong
negative link was also seen between bulk density and SME. In this case, higher density
comes with lower energy use. There are also some weak positive links. SME and WSI
increase slightly together. A similar connection was seen between WSI and efficiency and
also between efficiency and bulk density. No link was found between WAI and the other
two parameters—bulk density and SME. These do not affect each other in this system.

1.0

= 00

=05

1.0

WARH——

0.3

! e
[-SME 5 o
I| ‘l\"bl .“\\J
| e 1.0
|
|I " = 0.5 s
| ir C
i &
—t %00
el | Fi
- Q | E 05
P
\ =1.0
1__. ]Hj - .“\1"
\ —1.4 =
S 25 : ; ] 30
0.0 0.5 1.0 2.0 -1.5 -1.0 .5 0.0 0.5 1.0 1.5

PC1: 54.45%

(b) PC1: 54.45%
Figure 6. Loading plot (a) and score plot (b) of the principal component analysis (PC1 and PC2).
The plot shows the position of tested parameters on the PC1 and PC2 axes (a) and the placement of
additive types on the same axes (b), which makes it easier to see the influence of each parameter and
additive type on the results.

The PCA also shows (Figure 6a,b) that the flaxseed pomace additive is strongly and
positively correlated with SME and WSI, and the nigella seed pomace additive is strongly
and positively correlated with bulk density and efficiency. In turn, the lack of additive
is strongly and positively correlated with WAI. The PCA shows that the first principal
component, PC1, distinguishes between the lack of the additive (negative PC1 values) and
the use of the additive derived from seed pomace (Figure 6b) by 54.45%. Positive values of
the PC1 principal component describe the results for the lack of the additive. The second
principal component, PC2, distinguishes between the use of the Flaxseed pomace additive
(negative PC2 values) and the use of the Nigella seed pomace additive (positive PC2 values)
by 45.55%.

PCA carried out for different amounts of additive showed that the first two main
components, PC1 and PC2, explain 85.95% of the system’s variability. This means that
most of the changes in the data can be described using just these two components. The
loading plot (Figure 7a) shows that the parameters relating to the two red circles have the
strongest influence on the system. These include all the tested parameters. A strong positive
correlation was observed between efficiency and WSI, meaning both values increased
together. A strong but negative correlation exists between efficiency, WSI values, and WAI
parameters, and between the bulk density and SME parameters. There is no correlation
between bulk density and efficiency and WSI, between SME and WSI and efficiency, or
between SME and WAL
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Figure 7. Loading plot (a) and score plot (b) of the principal component analysis (PC1 and PC2).
The plot shows the position of tested parameters on the PC1 and PC2 axes (a) and the placement of
additive quantity on the same axes (b), which helps to understand the influence of each parameter
and additive level on the results.

The PCA also shows (Figure 7b) that PC1 describes the differences in the amount of
the additive that affects the tested parameters, 58.80%. Positive PC1 values describe 20%
and 30% of the additive, and negative PC1 values describe the lack of additive or lower
additive values. PC2 distinguishes the lack of additive and the addition of 10% of the
component in 27.18% of cases. The analysis shows (Figure 7a,b) that the SME parameter is
positively correlated with the lack of additive, while the bulk density and WAI parameters
are most strongly correlated with the 10% additive. The efficiency and WSI parameters are
strongly and positively correlated with additions of 20% and 30%.

PCA for screw speed showed that the first two main components, PC1 and PC2,
explained 100% of the system’s variability. This means that all important changes in the
data are covered by these two components. In this case, all tested parameters have a
strong effect on the system (Figure 8a). Bulk density, WAI, WSI, and efficiency show a
strong positive correlation, meaning values increase together. SME shows a strong negative
correlation with the other tested parameters, which means that higher SME is linked with
lower values of the remaining parameters.
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Figure 8. Loading plot (a) and score plot (b) of the principal component analysis (PC1 and PC2). The
plot shows the position of tested parameters on the PC1 and PC2 axes (a) and the placement of screw
speed values on the same axes (b), which helps to understand the influence of each parameter and
screw speed setting on the results.
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The PCA performed shows (Figure 8b) that the main component PC1 differentiates
low and high screw speed values by as much as 94.12%. Positive PC1 values indicate lower
screw speed values (40 rpm) and negative values indicate higher screw speed values (60
and 80 rpm). The second main component, PC2, differentiates between higher screw speed
values (60 and 80 rpm) by 5.88%. The analysis shows (Figure 8a,b) that the SME parameter
is strongly and positively correlated with the lower screw speed value (40 rpm). There is a
clear correlation between 60 rpm and 80 rpm screw speed and the tested parameters: bulk
density, WAI, WSI, and efficiency.

PCA for L/D ratio showed that the first two main components, PC1 and PC2, explain
98.48% of the system’s variability. This means that nearly all changes in the data are
described by these two components. In this case, all tested parameters strongly affect the
system (Figure 9a). Bulk density, WSI, and efficiency are strongly and positively correlated,
which means higher values of one are linked with higher values of the others. A strong but
negative correlation exists between bulk density, WSI and WAI. A weak negative correlation
occurs between efficiency and WAI and between efficiency and SME, and a weak positive
correlation exists between WSI, bulk density, and efficiency.
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Figure 9. Loading plot (a) and score plot (b) of the principal component analysis (PC1 and PC2). The
plot shows the position of tested parameters on the PC1 and PC2 axes (a) and the placement of L/D
ratio values on the same axes (b), which helps to see the influence of each parameter and L/D setting
on the results.

The conducted PCA shows (Figure 9b) that PC1 differentiates L/D dependency by as
much as 67.45% for the use of the additive and the lack of use of the additive. Positive PC1
values indicate the use of flaxseed pomace and Nigella seed pomace additives, and negative
values indicate the lack of use of additives. The PC2 differentiates L/D dependency values
(16 and 20) by 31.03%. The analysis shows (Figure 9a,b) that the SME parameter is strongly
and positively correlated with a higher L/D dependency value, and the efficiency parameter
is strongly and positively correlated with a lower L/D dependency value with the additive.

4. Conclusions

1.  An increase in screw speed to 60 and 80 rpm led to a higher extrusion-cooking ef-
ficiency for both L/D 16 and L/D 20 configurations, particularly at higher pomace
concentrations. However, L/D 16 exhibited rising efficiency compared to L/D 20,
especially at a higher screw speed (60 and 80 rpm). At higher pomace concentra-
tions, a decline in efficiency was observed, likely due to flow difficulties caused
by the increased amount of added material. Therefore, the extrusion-cooking pro-
cess was more efficient at lower pomace concentrations and higher screw speeds.
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These variations may result from the interaction between fiber-rich pomace particles
and the starch structure, which affects the rheological behavior and flow resistance
during processing.

SME values increased with a higher screw speed at 60 and 80 rpm, indicating greater
energy consumption at higher rotational speeds, particularly at higher pomace con-
centrations. For L/D 16, SME was generally lower compared to L/D 20, especially at
higher speed, suggesting that L/D 16 may be more energy-efficient in certain condi-
tions. The addition of nigella seed pomace and flaxseed pomace contributed to higher
SME values, particularly at lower screw speeds, highlighting differences in energy
efficiency depending on the type of pomace used. At higher pomace concentrations
(20% and 30%), SME showed greater variability, with a tendency to increase at 40 rpm
and decrease at 80 rpm. This suggests that higher pomace levels alter the energy
demand of the extrusion-cooking process, potentially due to changes in material flow
and processing resistance. This can be explained by differences in the composition
of the pomace, especially fat and fiber content, which influence friction, torque, and
energy transfer during extrusion-cooking process.

Bulk density analysis showed that the control sample maintained stable values with
a slight increase as screw speed became larger. In the case of nigella seed pomace,
the changes were irregular—at 10% concentration, bulk density increased, while at
20% a decrease was observed, followed by another increase at 30%. On the other
hand, flaxseed pomace demonstrated a more consistent trend, with bulk density
gradually increasing along with higher concentrations and screw speed, indicating
better compressibility during the extrusion-cooking process. A comparison to different
plasticizing system revealed higher bulk density values for L/D 20, which suggests
improved material compression in the longer screw system. Irregular changes in
bulk density, especially for nigella seed pomace, may stem from variable hydra-
tion behavior and structural interference caused by the heterogeneous nature of the
pomace components.

The analysis of water absorption capacity (water absorption index) showed that the
control sample exhibited a gradual increase in WAI with higher screw speeds, likely
due to more intense starch gelatinization caused by the higher temperatures generated
during extrusion. At a low concentration (10%), the addition of nigella seed pomace
led to an increase in WAI, while at higher concentrations (20% and 30%), a significant
decrease was observed. This suggests that a greater amount of this additive limits
water absorption capacity. For flaxseed pomace, WAI values decreased progressively
with increasing concentrations, which may be attributed to the greater presence of
fats and fiber, reducing water retention. A comparison between L/D 16 and L/D 20
revealed higher WAI values for L/D 20, indicating that a longer screw zone enhances
the moisture absorption capacity of the samples, possibly due to the extended contact
time with water during extrusion-cooking process. The decreasing trend in WAI at
higher pomace levels may be attributed to the presence of non-starch polysaccharides
and lipids, which can limit water penetration and reduce starch gelatinization.

The analysis of the water solubility index showed that the control sample had moder-
ate values, with a minor increase as screw speed increased. For nigella seed pomace,
a significant rise in WSI was observed at higher concentrations (20% and 30%), indi-
cating more intense starch degradation and an increase in water-soluble components.
For flaxseed pomace, WSI values increased at 10% and 20% concentrations, but at 30%
a decline was noted. This may be due to the higher presence of insoluble components,
such as fiber and fats, which reduce solubility. A comparison of WSI values between
L/D 16 and L/D 20 showed that WSI was generally higher for L/D 20, suggesting
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that a longer screw zone promoted more intense starch degradation, leading to an in-
creased number of water-soluble components. The observed fluctuations in WSI likely
reflect complex interactions between starch degradation, lipid binding, and insoluble
fiber content, which together influence the solubilization of extrudate components.
Based on the findings, it can be recommended that the L/D 16 configuration, in
combination with a higher screw speed (60-80 rpm) and moderate pomace concen-
trations (10-20%), provides a favorable balance between energy consumption and
product quality. For applications requiring higher water absorption (e.g., instant
foods), L/D 20 may offer advantages due to extended processing time. Addition-
ally, flaxseed pomace demonstrated more predictable behavior than nigella pomace,
making it a potentially more reliable additive in extrusion applications.

Future research could investigate the effect of varying moisture content on the pro-
cessing behavior of blends containing oilseed pomace, as moisture is a critical factor
influencing extrusion-cooking dynamics and final product quality. Additionally, sen-
sory acceptability of snacks obtained from the expansion of the produced extruded
pellets should be evaluated to assess consumer preferences. This analysis would
provide valuable insights into the commercial potential and market readiness of
these products. These directions would help bridge the gap between technological
development and real-world application.

The results of this study highlight the potential for utilizing oilseed pomace as a
functional ingredient in the production of sustainable snack pellets. The incorporation
of by-products such as flaxseed and nigella pomace into starch-based mixtures offers
opportunities to enhance the nutritional profile of extruded products while support-
ing waste valorization strategies. Tested process configurations demonstrate that,
with proper optimization of screw speed, L/D ratio and pomace concentration, it is
possible to balance energy efficiency with desirable product attributes. These findings
may serve as a foundation for industrial-scale implementation, particularly in the
development of high-fiber, clean-label, or upcycled snack products that align with
current consumer and sustainability trends.
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ABSTRACT

Fruit and vegetable pomace, a by-product of the agri-food industry, creates environmental problems due to difficul-
ties in its disposal. At the same time, pomace contains valuable bioactive compounds, making it suitable for reuse
in food production. This study focused on the influence of extrusion-cooking parameters on process efficiency,
energy consumption and physical characteristics of the snack pelletss enriched with fresh apple, chokeberry and
pumpkin pomace. Extrudates were produced using a single-screw extruder-cooker with two plasticizing systems
(L/D ratios 16 and 20). The highest efficiency (24.00 kg h™") was obtained with 20% apple pomace and an L/D 20.
Energy consumption ranged between 0.005 and 0.189 kWh kg™'. Pomace addition strongly affected the physical
properties of the snacks. A sample containing 30% chokeberry pomace and processed with the L/D 20 system
reached a water absorption index of 7.11 g g'and a water solubility index of 7.92%. Bulk density reached a maxi-
mum of 691.35 kg m™ for the same configuration. The findings confirm that application of fresh fruit and vegetable
pomace is possible following processing with proper plasticizing system and can improve extruded products qual-
ity while reducing waste. This supports sustainable practices in food processing by incorporating plant-based by-
products into the development of extruded snack pellets.

Keywords: food by-products management, fruit and vegetable pomace, extrusion-cooking, processing param-
eters, physical properties.

additional energy consumption, increasing the
negative impact on the environment. Therefore,
developing strategies for the effective reuse of

INTRODUCTION

The modern agri-food industry faces a signif-

icant challenge related to the increasing volume
of plant-based waste generated throughout the
production process (Sarker et al., 2024). A sub-
stantial amount of raw materials used in food pro-
cessing does not reach the consumer market but
instead ends up as waste or low-value by-products
(Magsood et al., 2025; Dey et al., 2021). The prob-
lem has not only an economic dimension, but also
an environmental one — inadequate management
of organic waste contributes to increased green-
house gas emissions and places a strain on local
waste management systems (Taifouris et al., 2023;
Rebolledo-Leiva et al., 2024). In addition, drying
the pomace before further processing can generate
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such by-products has become a necessity, aligning
with the principles of a circular economy.

Among the by-products with considerable
potential for valorization are fruits and vegetable
pomace, produced during juice extraction, purée
production and other processing operations. These
residues are rich in dietary fibre, phenolic com-
pounds, vitamins and other bioactive substances
that can enhance the nutritional and functional
properties of food products (Raczkowska and
Serek, 2024; Ramzan et al., 2025). Of particular
interest are apple, chokeberry and pumpkin pom-
ace — readily available, low—cost materials with
high contents of fiber and natural antioxidants.


https://orcid.org/0000-0001-5232-083X
https://orcid.org/0000-0001-7161-9589
https://orcid.org/0000-0002-1061-6541
https://orcid.org/0000-0001-5981-6109

Journal of Ecological Engineering 2025, 26(11) 158-174

Reusing this type of plant waste in food produc-
tion can help reduce raw material losses, improve
the nutritional profile of final products and in-
crease their market value (Pakulska et al., 2024;
Gil-Martin et al., 2022).

One of the most promising technological ap-
proaches for incorporating such by-products into
food is the extrusion-cooking technology — an ad-
vanced, high-efficiency processing method wide-
ly used in the food industry (Cotacallapa-Sucapu-
caetal., 2021; Sule et al., 2024). Extrusion-cook-
ing involves subjecting the feed material to high
temperature, pressure and shear forces over a
short residence time. These conditions induce
physicochemical transformations, resulting in a
final product with modified structure, texture and
functional properties (Qui et al., 2024; Pismag et
al., 2024). The method is extensively employed in
the production of snacks, breakfast cereals, pas-
ta, petfood and specialised nutritional products.
An important advantage of extrusion-cooking is
the ability to combine cooking and shaping in
a single step, contributing to lower energy con-
sumption and process simplification (Mironeasa
et al., 2023). The design of plasticizing system in
the extruder-cooker significantly affects both the
course of the extrusion-cooking process and the
characteristics of the final product. These systems
differ primarily in the length-to-diameter (L/D)
ratio of the screw, which influences the shear,
pressure and residence time applied to the mate-
rials. A higher L/D ratio typically allows for the
inclusion of additional functional barrel zones —
such as mixing or degassing sections — thereby
enabling more precise control over product trans-
formation and quality (Lewko et al., 2024). The
configuration of the screw system is therefore a
critical factor in optimizing the processing of for-
mulations enriched with fiber-rich by-products as
plant pomace (Schmid et al., 2020).

Incorporating of fresh fruit and vegetable
pomace into mixtures offers several benefits. It en-
riches the products with fiber and bioactive com-
pounds, limits the water addition into raw materi-
als composition, while enabling the valorization of
materials that would otherwise be discarded (Gup-
ta et al., 2024). The latest research has shown that
such fresh additives can affect extrusion-cooking
parameters (efficiency, energy consumption, and
pressure) as well as physical and sensory char-
acteristics of the extrudates including structure,
expansion, bulk density and water absorption. It
is possible to formulate the products that are both

acceptable to consumers and environmentally
sustainable, provided that there is adequate con-
sideration of formulation and parameter optimi-
sation (Soja et al., 2025).

Based on this information, the aim of this
study was to evaluate the effect of extrusion-cook-
ing parameters on process efficiency, energy con-
sumption and selected physical properties of ex-
truded food products enriched with fresh apple,
chokeberries and pumpkin pomace. Particular
focus in the study was placed on comparing the
type and level of additives used when processed
in different plasticizing systems, characterised by
different screw L/D ratios. This was undertaken in
order to assess the impact on the extrusion—cook-
ing process and the quality attributes of the final
products. In a broader sense, this work supports
the implementation of sustainable and circular
solutions in food production chain.

MATERIALS AND METHODS

Raw materials

In 2023, in the laboratories of the Department
of Food Process Engineering at the University of
Life Sciences in Lublin, research was conducted on
the management of agri-food industry by-products
in the production technology of extruded snack
pellets. The main goal of the experiment was to
evaluate the effect of the addition of selected fresh
plant pomace on the extrusion-cooking process
and the physical properties of the extrudates ob-
tained. As part of the study, a comparative analysis
of various plasticizing system configurations was
carried out to evaluate the influence of system de-
sign on the development of product properties and
the efficiency of the technological process.

Fresh plant pomace derived from apples,
chokeberries and pumpkin was introduced into
the raw material mixtures. The addition of these
components was intended to assess the influence
on technological parameters and the quality of the
obtained snack pellets. At the same time, a con-
trol sample was prepared which served as a ref-
erence point for comparative analysis. The pro-
duction process of snack pellets was based on the
recipes developed for the study. The blends were
composed of ingredients obtained from local sup-
pliers, including high quality potato starch, potato
flakes, rapeseed oil, beet sugar and salt. These raw
material bases allowed for effective monitoring of
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the influence of the variables studied on the qual-
ity and course of the extrusion—cooking process.

At the beginning of the research phase, raw
material compositions were developed according to
the established recipes (Table 1). Plant-based pom-
ace derived from apples, chokeberries and pump-
kin, was introduced as a fresh pulp into each com-
position at three levels: 10, 20 and 30% by weight.

The concentrations were selected on the basis
of previous own experience and analysis of avail-
able literature sources. The selected conditions
were considered optimal in terms of potential for
modifying technological and physicochemical
properties of the product, while preserving senso-
ry acceptability. Exceeding the 30% level could
lead to process disturbances such as pressure and
temperature instability, which would consequent-
ly reduce the quality of the obtained extrudates.

Prior to inclusion in the raw material mix-
tures, fresh fruit and vegetable pomace were finely
ground using a Germin CY-329 cup blender (Ger-
min Berlinger, Jarostaw, Poland). This procedure
made it possible to obtain a homogeneous frac-
tion of plant material, which was crucial to ensure
the structural integrity of the mixtures. Sample
batches of 4.5 kg were then prepared, in which
the proportions of base ingredients and plant ad-
ditives were adjusted accordingly, depending on
the assumed pomace content. To ensure an even
distribution of the individual components and to
minimise differences in moisture distribution, all
mixtures were subjected to a sieving process (0.63
mm). They were then stored under refrigeration
for 24 hours. This stage served to stabilise the sys-
tem and equalise the moisture levels throughout
the material, which was important to maintain the
uniformity of the extrusion process.

Extrusion-cooking processing

Prior to the actual thermomechanical pro-
cessing, the actual water content of the samples

Table 1. Composition of the mixtures

was determined. On this basis, the hydration
process was carried out by mixing with tap wa-
ter to 34% of feed moisture as the value consid-
ered optimal, in accordance with previous re-
search results and the applicable technological
conditions. This allowed proper preparation of
the feedstock for the extrusion-cooking process,
minimising the risk of technological disruption.

The production of extrudates with added
fresh fruit and vegetable pomace was carried out
using a single—screw extruder-cooker (EXP—
45-32, Zamak Mercator, Skawina, Poland). The
equipment comprised two plasticizing systems
with different screw length-to-diameter (L/D)
ratios: 16 and 20. This configuration enabled
a comparison of the effect of screw design on
process parameters and product quality. The ex-
trusion-cooking process was conducted at dif-
ferent screw speeds (40, 60 and 80 rpm). The
temperature in the barrel’s heating zones ranged
from 30 to 81 °C (Tables 2 and 3), thereby en-
suring stable thermal conditions during process-
ing. The plasticizing system with an L/D ratio
of 20 contained an additional fourth section,
which supported improved plasticization of the
fibrous material. The extruded mass was shaped
through a ring die with a slit thickness of 0.6
mm. A cutting unit, located in a close proximity
to the die, was employed to cut the material into
uniform pieces. The drying process of the extru-
dates was conducted in a laboratory shelf dry-
er at 40 °C for 12 hours, until moisture content
reached 8.5-9.5%. After the drying process, the
products were sealed in Ziplock bags and stored
prior to further analysis.

Processing characteristics

Process efficiency (Q) was determined by
measuring the mass of extrudate exiting the die
at 30-second intervals. All processing conditions,
including feed rate, were kept constant during

Raw material Control sample 10% pomace 20% pomace 30% pomace
Apple, chokeberry, pumpkin pomace (%) 0 10 20 30
Potato starch (%) 82 72 62 52
Potato flakes (%) 15 15 15 15

Rapeseed oil (%)

1

1

1

1

Sugar (%)

1

1

1

1

Salt (%)

1

1

1

1
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Table 2. Temperature profile of individual extruder—cooker sections under processing of snack pellets

with L/D 16 plastification system

Type of plant Content of the | Screw speed Temperature of | Temperature of | Temperature of | Temperature of
pomace additive (%) (rpm) section | (°C) section Il (°C) section Il (°C) | section IV (°C)

40 31.40+0.00 60.33 + 0.67 75.63 + 0.50 81.80 + 1.91

Control sample 0 60 31.80 £ 0.20 61.80 £ 0.26 77.77 £0.31 80.40 £ 0.20

80 32.37+0.12 59.60 + 1.01 76.93+1.34 79.37 £ 0.71

40 32.00+0.10 58.80 + 0.85 67.70 £ 0.26 73.40 £ 0.00

10 60 32.50 £ 0.00 59.77 + 0.64 68.13+0.15 73.50 £ 0.00

80 33.00 + 0.00 59.73+0.64 68.37 £ 0.15 73.50 £ 0.00

40 33.83+0.06 62.13+0.75 66.90 + 0.40 73.67 £0.06

Apple pomace 20 60 33.47 £ 0.06 60.83 +0.84 67.63 + 0.31 73.83+0.06

80 33.30+0.00 60.87 +0.25 67.63 + 0.40 73.87£0.12

40 34.03 £ 0.06 60.23 + 0.60 67.60 + 0.46 73.53 £ 0.06

30 60 34.47 £ 0.06 59.83+0.84 67.60 + 0.35 73.50+0.10

80 34.90 + 0.00 60.47 + 0.31 68.47 + 0.45 73.57 £ 0.06

40 31.77 £ 0.06 60.47 +1.29 60.47 +1.29 73.63+0.06

10 60 31.80+0.00 61.47 £ 0.51 61.47 £ 0.51 73.33+0.15

80 37.73+0.12 59.10+0.75 58.50 + 0.62 72.80+0.10

40 31.70+£0.00 61.00 £ 0.20 65.50 + 0.00 73.50+0.10

C';‘:;f:f:'y 20 60 3160£0.06 | 6040+020 | 66.07%015 | 73.10+0.00

80 31.73+0.06 59.63 + 0.81 67.63 + 0.42 73.13+0.06

40 31.90 + 0.00 60.77 £ 0.25 65.00 + 0.10 72.83+0.06

30 60 31.90 + 0.00 61.23+0.50 64.67 + 0.40 73.07 £ 0.06

80 31.90 £ 0.00 59.07 + 1.16 66.60 + 1.21 73.37 £ 0.06

40 28.60 +0.10 58.63 + 1.42 68.03 + 0.31 73.37 £0.55

10 60 29.27+0.15 58.57 + 1.23 68.07 + 0.35 72.23 +0.06

80 29.83+0.12 58.67 + 1.59 68.43 + 0.25 72.83+0.46

40 31.47 £ 0.06 60.13+1.10 67.87 £ 0.35 73.43+0.06

Zz:lz‘;:‘ 20 60 31.07£006 | 6040+0.72 | 68.07+0.35 | 73.43%0.15

80 30.50+0.10 58.67 + 1.40 68.30 + 0.20 73.57 £ 0.06

40 30.80 £ 0.17 60.27 £ 0.31 67.33+0.35 73.07 £ 0.06

30 60 30.60 + 0.00 59.87 +0.98 67.67 + 0.55 73.13 £0.06

80 31.00+0.10 59.33 + 1.17 68.10 + 0.40 73.00+£0.17

measurements. Each measurement was repeated
three times and the mean value was used for final
calculations. Time was recorded using a digital
stopwatch and mass was measured with a pre-
cision balance (DS-788 Yakudo, Tokyo, Japan)
with an accuracy of 0.001 kg. The procedure fol-
lowed the method described by Krecisz (2016)
and allowed for reduced measurement error and
improved result reliability:

Q=m¢ (1)

where: Q is the efficiency (kg h), m is the mass
of extrudate obtained during measure-
ment (kg), ¢ is the measurement time (h).

Energy consumption was monitored contin-
uously using a built-in wattmeter integrated into
the extruder-cooker’s standard control system.
Energy consumption was assessed by analysing
motor load, process efficiency, machine specifi-
cations and recorded operating parameters. On
the basis of these data, the specific mechanical
energy (SME) was calculated. Each value was
determined as the average of three repetitions.
The calculation followed the method described
by Ryu and Ng (2001) and the measured values
were converted into SME using the following
formula:

SME = (nn,,”1)(0100°1)(P Q1) (2
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Table 3. Temperature profile of individual extruder-cooker sections under processing of snack pellets
with L/D 20 plastification system

e ot | contntot e[ s speea | ezt | oot [ e [ et T Tmpeatns
(°C) (°C) (°C) (°C) (C)

40 30.50 £ 0.00 | 60.03+0.15 | 64.90+0.10 | 71.57 +0.06 | 72.67 +0.06

ggggg 0 60 30.70 £0.00 | 59.93+0.25 | 64.90+0.20 | 71.67 +0.06 | 72.97 +0.06

80 30.97 £0.12 | 59.83+0.55 | 64.90+0.17 | 70.47 +0.31 | 69.67 +0.31

40 33.13+0.06 | 59.90+0.17 | 64.83+0.21 | 69.63 +0.15 | 70.77 +0.31

10 60 33.13+0.06 | 59.77+0.58 | 64.67+0.12 | 70.27 +0.06 | 72.53 +0.12

80 33.10+£0.00 | 60.03+0.06 | 65.07+0.12 | 68.03+0.06 | 70.00 +0.10

40 33.10+£0.00 | 60.07+0.06 | 64.83+0.06 | 67.47 +0.06 | 69.93 +0.06

Apple pomace 20 60 33.10+£0.00 | 59.97+0.06 | 64.80+0.36 | 66.43+0.06 | 66.50 +0.10

80 33.00 £0.00 | 60.10+0.00 | 64.77+0.38 | 67.37 +0.15 | 69.23 +0.15

40 32.93+0.06 | 60.23+0.50 | 64.97+1.36 | 67.50 +0.00 | 69.63 +0.06

30 60 32.90 +0.00 | 60.60+0.46 | 63.47+0.20 | 67.70+0.00 | 69.90 +0.10

80 32.90 £0.00 | 60.10+0.10 | 66.43+1.70 | 67.73+0.06 | 70.13 +0.06

40 33.10£0.00 | 59.73+0.06 | 65.47 +0.06 | 66.00+0.00 | 66.77 +0.06

10 60 33.30 £0.00 | 60.20+0.00 | 64.77 +0.06 | 66.80 +0.10 | 68.77 £ 0.15

80 33.30 £0.00 | 59.90+0.00 | 64.63+0.06 | 66.80+0.00 | 69.17 +0.06

40 32.90 £0.00 | 60.37+0.06 | 67.17+0.06 | 66.43+0.06 | 68.43 +0.06

C';g‘r‘f;’fe"y 20 60 32.90+0.00 | 61.07 +0.06 | 67.57+0.06 | 66.57 +0.06 | 68.80 % 0.00

80 32.87£0.06 | 59.60+0.10 | 68.07+0.15 | 66.50 + 0.00 | 69.03 + 0.06

40 32.60 £0.00 | 59.57+0.31 | 64.43+0.25 | 66.40+0.10 | 68.23 +0.06

30 60 32.40+£0.00 | 59.97+0.12 | 64.93+0.06 | 66.30 +0.00 | 68.00 + 0.00

80 32.20 £0.00 | 59.90+0.00 | 64.70+0.00 | 66.30+0.00 | 68.00 +0.00

40 32.27£0.06 | 64.77+0.50 | 70.07+0.15 | 73.40 +0.10 | 75.27 £ 0.06

10 60 31.90 £ 0.00 | 64.90+0.17 | 69.93+0.06 | 73.07 +0.06 | 75.07 +0.21

80 33.07+1.63 | 60.33+0.35 | 65.67+1.33 | 69.90+1.39 | 71.00 +2.43

40 33.40 £0.00 | 60.40+0.10 | 65.50+0.10 | 69.80 +0.00 | 71.67 +0.06

';gmg‘é'g 20 60 33.47+0.15 | 60.07+0.06 | 65.63+0.06 | 70.27 +0.12 | 72.07 +0.12

80 33.80 £ 0.10 | 60.13+0.06 | 64.80+0.17 | 70.03+0.06 | 71.67 +0.06

40 33.13+0.06 | 59.90+0.00 | 65.00+0.00 | 66.90 +0.10 | 69.73 +0.06

30 60 33.20 £0.00 | 59.87+0.06 | 64.93+0.06 | 66.30+0.00 | 68.70 + 0.00

80 33.20 £ 0.00 | 60.00+0.00 | 64.93+0.06 | 66.70+0.00 | 68.90 +0.10

where: SME is the specific mechanical energy
(kWh kg'), n is the screw speed (rpm), n_
is the maximum screw speed (rpm), O is
the engine load expressed as a percentage
of the nominal power P (kW), Q is the ex-
trusion—cooking process efficiency (kg h).

Physical properties of extrudates

Bulk density (BD) was calculated as the ra-
tio of sample mass to sample volume. Mass was
measured using a precision balance (DS-788
Yakudo, Tokyo, Japan) with an accuracy of 0.001
kg. Each portion was placed in a container with
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a fixed volume of 0.001 m?®. This parameter de-
scribes the relationship between product weight
and spatial dimensions. To ensure result accuracy,
the measurement was repeated three times, and
the average value was used. The procedure fol-
lowed the method proposed by Han et al. (2018):

)

where: BD is the bulk density (kg m?), m is the
mass of the sample (kg), V' is the volume
of the measuring vessel (m?).

BD=mV~1

The water absorption index (WAI) was deter-
mined using a modified procedure described by
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Estrada-Giron et al. (2015). For the analysis, 0.7 g
of extrudate that had previously been ground was
weighed out and placed in a cylindrical vessel.
Thereafter, 7 mL of distilled water was added to
the vessel. The mixture was stirred continuously
for a period of 20 minutes, thereby facilitating op-
timal interaction between the water molecules and
the hydrophilic components present within the
sample. Following the rehydration step, the sus-
pension was subjected to a centrifugation process
at 15,000 rpm for a duration of 10 minutes, utiliz-
ing a Digicen 21 centrifuge (Labsystem, Krakow,
Poland). Following centrifugation, the upper layer
was meticulously extracted, while the residual gel
precipitate was measured with a precision labora-
tory balance (WPS 210/C, Radwag, Radom, Po-
land) with a precision of 0.001g. The test was per-
formed on each sample three times to enhance the
accuracy and repeatability of the results. The final
WAL value was calculated as the arithmetic mean
of three independent replicates using a formula
specific to this type of determination:

WAI = mgmg~! (4)

where: WAI is the water absorption index (g g'),
m, is the mass of formed gel (g), m_is the
mass of dry sample (g).

The water solubility index (WSI) was de-
termined according to the procedure described
by Estrada-Giron et al. (2015) using adapted
laboratory conditions. After measuring the wa-
ter absorption index (WAI), the supernatant ob-
tained was exposed to a water evaporation pro-
cess. This activity was carried out in an SLW 53
STD laboratory dryer (Pol-Eko Aparatura S.J.,
Wodzistaw Slaski, Poland), at a temperature of
110 °C, until the water was completely removed.
After drying process, the solid residue was pre-
cisely weighed using a laboratory balance WPS
210/C (Radwag, Radom, Poland), ensuring a
measurement accuracy of 0.001 g. The WSI de-
termination was carried out three times for each
sample to increase the reliability of the results.
The final value was calculated as the arithmetic
mean of three independent measurements using
the appropriate formula:

WSI = (my — mgy) mg™t 100 (5)

where: WSI is the water solubility index (%), m,
is the mass of the vessel before drying
process (g), m, is the mass of the vessel

after drying process (g), m_ is the mass of
the dry sample (g).

Statistical analysis

The Statistica 13.3 software was used to com-
pile the results. A significance level of a = 0.05
was assumed. For statistical analysis, response
surface methodology (RSM) was used for fitting
polynomial models, where x was the screw speed
and y was the various pomace addition level; also
the quadratic equations of the tested characteris-
tics were evaluated depending on the variables
used in the experiment. The coefficient of deter-
mination R? was appointed.

RESULTS AND DISCUSSION

Characteristics of extrusion-cooking process

In the control samples (without pomace), the
efficiency of the extrusion—cooking process in-
creased along with screw speed. In the L/D 16
plasticizing system, the highest efficiency was
21.48 kg h''at 80 rpm, while in the L/D 20 system
the maximum value reached 14.40 kg h! at the
same speed. These results indicate that the short-
er plasticizing system (L/D 16) provided higher
process efficiency for the base mixture. For ex-
trudates with an apple pomace, at a concentration
of 10%, the L/D 16 system achieved efficiency
ranging from 8.88 to 16.32 kg h’!, increasing with
rising screw speed (Figure 1a). For the same con-
centration, the L/D 20 system recorded lower val-
ues (Figure 1b), ranging from 7.68 to 15.12 kg
h'. At a concentration of 20% apple pomace, a
significant increase in efficiency was observed in
the L/D 20 system, with a value of 24.0 kg h™' at
40 rpm being the highest of all samples. For L/D
16 in the same concentration range, the maximum
value did not exceed 13.68 kg h'. At 30% apple
addition, the efficiency in the L/D 16 system was
still high (up to 19.2 kg h'); while in L/D 20 it
reached a maximum of 15.84 kg h', suggesting
limitations at high fiber saturation in the longer
system. For chokeberry pomace, 10% addition
resulted in lower values compared to apples — at
L/D 16 the range was 6.96-16.80 kg h™' and at
L/D 20 it was 8.40-14.52 kg h'!' (Figure 1b and
lc, respectively). The highest results for choke-
berry pomace were obtained at 20% addition,
where 19.44 kg h™' at 80 rpm was achieved at L/D
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Figure 1. Effect of plant pomace addition and screw speed on the processing efficiency of snack pellets,
for two plasticizing systems, (a) apple pomace addition with L/D 16, (b) apple pomace addition with L/D 20,
(c) chokeberry pomace addition with L/D 16, (d) chokeberry pomace addition with L/D 20,

(e) pumpkin pomace addition with L/D 16, (f) pumpkin pomace addition with L/D 20

16. For the system with L/D 20 ratio, the efficien-
cy for this concentration was lower and did not
exceed 14.40 kg h''. At 30% chokeberry pomace
addition, the L/D 16 system showed a decrease
in efficiency (down to 9.12 kg h'), while L/D 20
maintained relatively high values (up to 17.04 kg
h'), which may indicate a better adaptation of
this system to the structure of this raw material
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at high loadings. For extrudates with pumpkin
pomace, the L/D 16 system provided significant-
ly higher and more stable efficiency in all variants
(Figure le). At 10% addition, values ranged from
9.12-17.16 kg h'!, while at L/D 20 7.32-14.64 kg
h'. For 20% pumpkin pomace addition, L/D 16
reached a maximum of 17.52 kg h*!, while L/D 20
reached 14.88 kg h'. The highest efficiency for
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pumpkin pomace were obtained at 30% concen-
tration, where L/D 16 recorded as much as 19.44
kg h'at 80 rpm, one of the highest results. At L/D
20 for this concentration, values did not exceed
13.68 kg h! (Figure 11).

Similar correlations for extrusion—cooking ef-
ficiency were presented by Lisiecka and Wojtow-
icz (2019) who found the highest values at lower
vegetable additive concentrations and higher screw
speed. In the conducted study, the maximum effi-
ciency was achieved at 20% apple addition in the
L/D 20 system, while further increases in pomace
proportion led to a decrease efficiency. Although
different additives and operating parameters were
used in both cases, the common conclusion is that
the type of raw material, its quantity and mechan-
ical conditions play an important role in shaping
the process efficiency. Similar relationships of ex-
trusion—cooking process efficiency were observed
by Lisiecka et al. (2021) who showed that an in-
crease in screw speed contributed to the efficiency
of snack production with the addition of fresh veg-
etable pulp, although this effect depended on the
type of raw material. The highest efficiency was
obtained with 7.5% onion addition and 120 rpm,
while the lowest was obtained for 10% carrots at
80 rpm. The conducted study also found an in-
crease in efficiency with screw speed, particularly
in the L/D 16 system. At the same time, it showed
that too high an additive concentration (30%) led
to a decrease in efficiency, confirming that both the
type and amount of vegetable raw material have a
significant effect on extrusion—cooking efficiency.

For the control samples, the SME values
ranged from 0.018-0.074 kWh kg for the L/D
16 system and 0.025-0.067 kWh kg™ for the L/D
20 system. Higher speed generally led to lower
energy consumption, especially for the L/D 16
system. For the addition of apple pomace at 10%
concentration, a pronounced increase in SME
was noticed, especially at L/D 20, where values
reached 0.189 kWh kg (at 40 rpm). In L/D 16
system (Figure 2a), the highest values were also
recorded at this speed (up to 0.093 kWh kg'),
while at 60 and 80 rpm the SME even dropped to
0.009 kWh kg!. At 20% concentration of pomace,
the L/D 20 system showed significant fluctuations
(Figure 2b), from 0.019 to 0.183 kWh kg, while
L/D 16 was more stable (0.013-0.113 kWh kg™).
At 30% apple pomace, the SME values in L/D 16
fluctuated around 0.023-0.047 kWh kg, while in
L/D 20 increased to 0.114 kWh kg at 40 rpm. At
10% chokeberry pomace addition, the mixtures

processed in L/D 16 system showed moderate en-
ergy consumption (0.012-0.122 kWh kg') (Fig-
ure 2c¢), while L/D 20 presented scattered values
ranging from 0.027 to 0.108 kWh kg (Figure 2d).
At 20%, the SME in L/D 16 remained at 0.005—
0.065 kWh kg!, while in L/D 20 it varied between
0.016 and 0.025 kWh kg!'. At a concentration of
30% for this additive, L/D 16 recorded a marked
increase in SME at the highest speed (0.113 kWh
kg"), while L/D 20 remained relatively energy ef-
ficient (minimum of 0.014 kWh kg! at 80 rpm).
In the case of pumpkin pomace, as presented in
Figure 2e and 2f, for 10% concentration SME was
relatively low in the L/D 16 system (up to 0.092
kWh kg'), while in L/D 20 it peaked at up to
0.126 kWh kg at 40 rpm. At 20% pumpkin addi-
tion, the L/D 20 generated extremely high energy
consumption values of up to 0.139 kWh kg (60
rpm), while the L/D 16 maintained a lower and
more even level (0.012-0.054 kWh kg ™). For 30%
pumpkin, the SME values in L/D 16 were stable
(0.016-0.048 kWh kg'!), while L/D 20 saw a rapid
growth to as much as 0.151 kWh kg™

In the Kantrong et al. (2018) study, an increase
in screw speed and changes in mixture composi-
tion were found to increase SME values, which
is consistent with the authors’ observations. In
both cases, it was noted that intensification of me-
chanical parameters led to higher energy require-
ments. In addition, both Kantrong et al. (2018)
and the presented study showed that the amount
of plant raw material addition influenced SME —
an increase in SME resulted in an initial increase
in the energy intensity of the process, which was
associated with higher mass resistance during
transport and plasticisation in the extruder—cook-
er. Both studies confirm that SME is a sensitive
indicator of technological change and can effec-
tively reflect the impact of recipe modifications
and machine settings. In the study of Soja et al.
(2025) a noticeable relationship was observed
between pomace additive concentration, screw
speed and L/D system configuration and specific
mechanical energy consumption (SME) values.
As in the presented study, the lowest SME val-
ues were found at higher speeds (80 rpm), while
the highest values were found at lower speeds (40
rpm) and higher additive concentration, especial-
ly in the L/D configuration of 20. In both cases, it
was shown that increasing the screw speed could
effectively reduce material flow resistance and
thus lower energy consumption.
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Figure 2. Effect of plant pomace addition and screw speed on the energy consumption during snack pellet
processing for two plasticizing systems, (a) apple pomace addition with L/D 16, (b) apple pomace addition with
L/D 20, (c) chokeberry pomace addition with L/D 16, (d) chokeberry pomace addition with L/D 20,

(e) pumpkin pomace addition with L/D 16, (f) pumpkin pomace addition with L/D 20.

Moreover, the observations on the effect of
the length of the plasticisation zone are consist-
ent, with the L/D 20 configuration being associat-
ed with higher SME at lower speeds due to higher
friction and longer residence time of the material
in the cylinder. As speeds increased, these differ-
ences decreased and the process was more ener-
gy efficient. In both Soja et al. (2025) study and
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the present study, it was noted that the highest
SME occurred at lower additive concentrations,
and that further increases could lead to lower
energy efficiency — which could be the result of
changes in flow structure and lower mass com-
paction. Both studies confirm that SME is strong-
ly dependent on the interaction between additive,
screw geometry and machine parameters.
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The comparison of the results clearly shows
that both changes in raw material composition
and the process configurations used affect genera-
tion efficiency and energy requirements, as is well
illustrated by the relationships shown in Table 4.

Physical properties of extruded snack pellets
with pomace addition

In the control samples, the bulk density values
at L/D 16 system ranged from 399.52 to 407.41
kg m=, while at L/D 20 were slightly higher, rang-
ing from 402.68 to 408.26 kg m=. The highest
recorded value was observed at L/D 20 and 60
rpm, which may indicate enhanced compression
within the extended plasticizing system under
conditions of medium processing intensity. For
the extrudates with the addition of apple pomace,
a systematic increase in bulk density was noticea-
ble compared to the control sample. At 10% addi-
tion, values reached a maximum of 458.23 kg m?
(L/D 16) and 527.87 kg m= (L/D 20) as presented
in Figure 3a and 3b, respectively. As the concen-
tration increased to 20%, the density decreased
slightly — to approximately 430.12 kg m> (L/D
16) and 510.08 kg m (L/D 20). Further increas-
es to 30% resulted in a further decrease in densi-
ty, reaching a minimum of 416.19 kg m= at L/D

16 and 504.12 kg m?at L/D 20. This trend sug-
gests that a moderate addition of apple pomace
improves the spatial structure, but an excess may
destabilise it. The extrudates with chokeberry
pomace showed the highest density values among
the additives analysed (Figure 3c and 3d). At 10%
additive, L/D 16 generated values up to 578.45
kg m? and L/D 20 up to 690.25 kg m=. Even at a
concentration of 20%, the density in both systems
remained high (up to 545.25 kg m= and 655.78 kg
m>, respectively). For the samples with 30% ad-
dition, a decrease in density was observed (min.
461.11 kgm3in L/D 16 and 584.45 kg m in L/D
20), but it still remained significantly higher than
for the other groups. The high content of fiber and
peel can affect the density of the material. The
extrudates enriched with pumpkin pomace also
showed an increase in density compared to the
control sample, although less pronounced than
for apples and chokeberry pomace. At 10% ad-
dition, the maximum density reached 553.58 kg
m (L/D 16, Figure 3e) and 589.86 kg m= (L/D
20, Figure 3f). As the concentration increased to
20%, a gentle decrease to 474.27 and 566.54 kg
m> was observed, respectively. The lowest bulk
density values for pumpkin pomace occurred at
30% addition and 80 rpm — 425.77 kg m™ at L/D

Table 4. Response surface fitting models describing the processing efficiency (Q) and energy consumption (SME)
during the extrusion-cooking process as a function of plant pomace addition and screw speed for two plasticizing

systems (L/D 16 and 20).

L/D Additive Property Model equation R?
(ngh_ﬂ) -6.1942-0.221x + 0.4693y + 0.0099x2-0.0014xy-0.0021y? 0.899
Apple pomace SME
(Wh gy |0-2803 +0.0000x - 0.0078y - 7.11115%¢ + 1.7333%xy + 5.68755%y* | 0.696
Q
] -10.364 + 0.7656x + 0.4706y - 0.0003x2- 0.0129xy -0.0012y? 0.688
kg h
© | o’ o
P  |0.1818 - 0.0056x - 0.0033y - 3.88895x2 + 0.0001xy + 1.2708E5y2 0.695
(kWh kg")
pumpkin (ngh,ﬂ) -2.6118 - 0.1316x + 0.3363y + 0.0048x2 - 4.555xy-0.001y? 0.891
pomace SME 1 () 2195 - 0.0024x - 0.0056y - 4.444455x2 + 4 2333E5xy + 3.854255y2 0.705
(kWh kg")
Q 9.599 + 0.1461x - 0.0974y - 0.0028x2- 0.0006xy + 0.0019y? 0.769
(kg h™)
Apple pomace SgME
(Wh gy |0-124 + 0.0047 - 0.002y - 0.72225% - 2.041755xy + 1.1079%y: 0.813
Chokeberry (ngh,ﬂ) -7.9853 - 0.0089x + 0.5394y + 0.0032x - 655xy-0.0033y? 0.932
20
pomace (kvsr':/lfg-w 0.0619 + 0.0027x - 0.0007y - 1.36 1155 - 4.658355xy + 8.85428y2 0.878
pumpkin (ngh_ﬂ) 0.5853 - 0.0408x + 0.2089y + 0.0021x - 0.0006xy -0.0004y? 0.941
pomace (kvﬁa"l'fg_ﬂ) -0.0612 + 0.0022x + 0.0046y - 8.194455x2 + 1.791755xy-4.23965%y2 |  0.836

167



Journal of Ecological Engineering 2025, 26(11), 158-174

Y= 20
Loty Spsnan R

(a)

=\ 0

(U Rvsoah R

(c)

=T 200

Lanh SRR R

(e)

| B
<58
z -2
7 B < 496
. I <480
1 5 ] <464
g B <448
B <3
EY B <416
o
(b}
B 680
Bl <664
g B <624
# Bl <584
z% ] <544
- 5 - < 504
Ef I < 464
5; —
¥
e
(d)
b
fr
g W B > 560
7o Bl <536
28 <496
55’ a0 B <456
éf .u#; B -416
i o)
-
- "P"\?\S\
=7 gt é-§
B
(f) =

Figure 3. Effect of plant pomace addition and screw speed on the bulk density of snack pellets, for two
plasticizing systems, (a) apple pomace addition with L/D 16, (b) apple pomace addition with L/D 20,
(c) chokeberry pomace addition with L/D 16, (d) chokeberry pomace addition with L/D 20,

(e) pumpkin pomace addition with L/D 16, (f) pumpkin pomace addition with L/D 20

16 and 489.95 kg m= at L/D 20, indicating a loos-
ening of the structure due to an excess of insolu-
ble components (Figure 3e and 3f, respectively).
The study presented by Dushkova et al.
(2024) showed that an increase in the addition of
chokeberry pomace led to an increase in the bulk
density of the extrudates, particularly at higher
moisture levels. Although the moisture content
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was constant in the conducted study (34%), it was
also observed that a higher proportion of pom-
ace — especially from chokeberry — resulted in a
major increase in density, confirming the general
trend indicated by Dushkova et al. (2024). These
authors also noted that screw speed had a minor
effect on density. In the obtained results, the effect
of speed was also limited, but some differences
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depending on the configuration of the L/D sys-
tem were noted — for example, for chokeberry
pomace, density values were higher in the L/D
20 system than in the L/D 16 system regardless
of speed. This may suggest that, as reported by
Dushkova et al. (2024), the effect of changes in
screw speed on density is secondary to the effect
of raw material composition.

Potter et al. (2013) showed that the addition
of fruit powder in all formulation variants led to
a significant increase in bulk density compared to
the control sample, with no significant differences
observed between the different types of fruit. A
similar relationship was noted in the conducted
study — each type of pomace (apple, chokeberry,
pumpkin) contributed to an increase in bulk den-
sity relative to the control sample, regardless of
the type of raw material. This confirms that the
pomace addition of a plant component with a high
fiber content and a structure that is less suscepti-
ble to expansion increases the density of the fin-
ished product, regardless of the origin.

In the L/D 16 system, the water absorption
index was in the range 4.14-4.34 g g, while in
the L/D 20 system it was slightly higher, reach-
ing a maximum of 4.64 g g'at 80 rpm. The in-
crease in speed caused a slight increase in WAI,
which may be due to a more intensive breakdown
of the starchy structure. For the extrudates with
apple pomace addition (Figure 4a and 4b), at a
concentration of 10%, WAI values remained sim-
ilar or slightly higher than in the control sample
(412426 g g' in L/D 16 and 4.46-4.52 g g’
in L/D 20). However, an increase in the additive
concentration to 20% led to a marked decrease
in WAI — especially in the L/D 16 system, where
values even fell to 3.11 g g'. For 30% apple addi-
tion, WAI decreased further and reached a mini-
mum of 2.51 g g (L/D 16), which may suggest a
reduction in absorption capacity due to depletion
in hydrophilic components. A different trend was
observed for chokeberry pomace. Already at 10%
addition, there was an increase in WAI compared
to the reference sample. Values reached 4.54 g
g! (L/D 16) and 4.42 g g' (L/D 20) but at 20%
addition differences were significant. The WAI
of snack pellets increased to 4.91 g g when pro-
cessed with L/D 16 but decreased to 4.29 g g’!,
when L/D 20 was used, as presented in Figure 4c
and 4d. The highest WAI values throughout the
study were obtained for 30% additive — as much
as 6.01 g g'in the L/D 16 system at 80 rpm. Such
an increase may be related to the presence of

specific pectin and fiber fractions in the choke-
berry pomace, which are characterised by high
absorbability. Pumpkin pomace application also
significantly increased WAI relative to the con-
trol sample, especially at lower concentrations. At
10% additive in the L/D 16 system (Figure 4e),
values reached 5.65 g g!, and at L/D 20 (Figure
4f), even 6.25 g g'. Increasing the proportion of
additive to 20%, resulted in a major decrease in
values — to between 3.98 and 4.38 g g'!. For 30%
pumpkin, the WAI decreased even further — in the
L/D 16 system to 3.12 g g'and in L/D 20 to 3.45
g g'!, which may be related to the presence of less
reactive structural fractions.

In the study of Blejan et al. (2025) there was a
marked decrease in WAI values with an increase
in the proportion of bilberry pomace in the corn
extrudates. All variants with additives had signif-
icantly lower water absorption than the control
sample, which was explained by reduced starch
gelatinisation in the presence of pectin and lipids.
Similar correlations were observed in the con-
ducted study — for apple and pumpkin additives,
an increase in concentration resulted in a gradual
decrease in WAL, particularly pronounced at 30%
of raw material. This confirms that fruit and vege-
table additives can reduce water binding capacity
by affecting starch transformation during extru-
sion—cooking process.

In the study of Drozdz et al. (2019) a decrease
in WAI from 6.5 to 4.6 g g'! was observed with
an increase in the addition of blackcurrant pomace,
what confirms the trends also seen in this experi-
ment. In the considered case, increasing the pro-
portion of apple, chokeberry and pumpkin pomace
also resulted in a decrease in WAL, especially at a
30% addition. Both in the study of Drozdz et al.
(2019) and in the presented results, no significant
differences were found between the types of pom-
ace used. This indicates a similar effect of fiber and
compounds limiting starch gelatinisation.

The WSI values of extrudates without ad-
ditives processed in L/D 16 system were in the
range 5.45-5.82%, while slightly higher values
of up to 6.65% were recorded at /D 20, con-
firming the beneficial effect of a longer residence
time of the material in the plasticising system on
the development of soluble fractions. In the case
of apple pomace, the incorporation of 10% re-
sulted in a significant increase in WSI, reaching
a maximum of 6.75% (L/D 16) and 6.47% (L/D
20) as reported in Figure 5a and 5b, respectively.
It was demonstrated that higher concentrations
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Figure 4. Effect of plant pomace addition and screw speed on the water absorption index of snack pellets, for
two plasticizing systems, (a) apple pomace addition with L/D 16, (b) apple pomace addition with L/D 20,
(c) chokeberry pomace addition with L/D 16, (d) chokeberry pomace addition with L/D 20,

(e) pumpkin pomace addition with L/D 16, (f) pumpkin pomace addition with L/D 20

(20%) resulted in further increases, particu-
larly in the L/D 16 system, where 7.32% was
achieved at 80 rpm. The highest values for ap-
ple were observed at a concentration of 30%,
reaching 7.52% (L/D 16) and 7.34% (L/D 20).
This finding suggests that apple pomace signifi-
cantly contributes to the development of the sol-
uble fraction, likely as a result of the presence
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of organic acids and fructooligosaccharides. For
the extrudates enriched with chokeberry pom-
ace, the WSI values increased less rapidly. At
10% addition, WSI ranged between 4.92 and
5.11% (L/D 16, Figure 5c) and between 5.41 and
5.67% (L/D 20, Figure 5d). More pronounced
changes were only observed at 30%, where
the WSI was 6.98% (L/D 16) and 7.92% (L/D
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Figure 5. Effect of plant pomace addition and screw speed on the water solubility index of snack pellets, for two

plasticizing systems, (a) apple pomace addition with L/D 16, (b) apple pomace addition with L/D 20,
(c) chokeberry pomace addition with L/D 16, (d) chokeberry pomace addition with L/D 20,
(e) pumpkin pomace addition with L/D 16, (f) pumpkin pomace addition with L/D 20

20), the highest value of all samples. The solu-
ble fractions present in the chokeberry, includ-
ing anthocyanins, may have contributed to this
increase. In the case of pumpkin addition, the
highest increase in WSI was already recorded at
10%: up to 5.93% in L/D 16 and 5.71% in L/D
20. Further increases in concentration up to 20%

resulted in moderate increases — up to 6.15%
(L/D 16) and 6.28% (L/D 20). The highest val-
ues for pumpkin pomace were achieved at 30%
addition — up to 7.05% and 7.20% respectively,
indicating good solubility of the pumpkin com-
ponents, albeit less than in chokeberry (Figure
Se and 5f, respectively).
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Table 5. Response surface fitting models describing the bulk density (BD), water absorption index (WAI) and
water solubility index (WSI) of snack pellets as a function of plant pomace addition and screw speed for two

plasticizing systems (L/D 16 and 20)

L/D Additive Property Model equation R?
BD (kgm?®)  [419.9363 + 4.6092x - 0.307y - 0.1395x? - 0.0007xy + 0.0011y? 0.918
Apple pomace WAI (g g") 4.2139 - 0.0165x + 0.0019y + 0.0016x? + 0.0003xy - 1.562555y?2 0.977
WSI (%) 4.7778 -0.0271x - 0.0083y + 0.0026x2+ 0 .0003xy + 8.541755y? 0.936
BD (kgm?®)  [405.1082 + 19.9435x + 0.3316y - 0.59x2- 0.0103xy - 0.0035y> 0.898
16 ng';f:fe"y WAI(gg?) | 4.2139-0.0165x + 0.0019y + 0.0016x2 + 0.0003xy - 1.562555y2 0.880
WSI (%) 4.7778 - 0.0271x - 0.0083y + 0.0026x2 + 0.0003xy + 8.541755y?2 0.917
BD (kgm?)  [379.2641 + 17.6344x + 1.2924y - 0.5371x?-0.0185xy - 0.0117y? 0.887
ngg';'e” WAI (gg?) | 4.0342 + 0.1105x + 0.0089y - 0.0053x2 + 0.0001xy - 4166755y 0.899
WSI (%) 4.5251 +0.0872x - 0.0022y -0.0008x2 + 0.0002xy + 5.937555y? 0.786
BD (kgm?)  [412.2249 + 12.0426x + 0.1168y - 0.3093x2 + 0.002xy - 0.0017y? 0.899
Apple pomace WAI (g g7) 4.0502 + 0.0624x + 0.0098y - 0.0032x2- 0.0003xy-4.5833F-%y?2 0.836
WSI (%) 4.1333 - 0.022x + 0.027y + 0.0037x2- 0.0001xy - 0.0001y> 0.884
BD (kgm?®)  [417.406 + 31.0789x + 0.1761y - 0.8341x? - 0.0136xy - 0.0016y> 0.799
20 ng‘:f:fgy WAI(gg')  |4.0502 +0.0624x + 0.0098y - 0.0032x2- 0.0003xy - 4.5833E5y>2 0.889
WSI (%) 4.1333 - 0.022x + 0.027y + 0.0037x - 0.0001xy - 0.0001y? 0.893
BD (kgm=?) |402.2073 + 20.8603x + 0.5839y - 0.5918x? - 0.0084xy - 0.0061y> 0.879
nggzz WAI(Qg™)  |4.5104 + 0.1267x + 0.0044y - 0.0059x2 + 6.58335xy - 3.12569y2 0.947
WSI (%) 4.1715 + 0.0463x + 0.0222y + 0.001x? - 0.0003xy - 8.33335y? 0.924

The study of Schmid et al. (2021) showed
that WSI values increased along with the inten-
sity of thermomechanical processing, which was
associated with degradation of the material struc-
ture and release of soluble fractions. In contrast,
Selani et al. (2014) observed a decrease in WSI
in extrudates with pineapple pomace, which was
explained by the high content of insoluble fiber
and the limited amount of starch in the blend.
In the conducted study, WSI values increased
markedly with both increasing additive concen-
tration and screw velocity, which may reflect the
predominance of easily soluble components such
as simple sugars and soluble fiber fractions. The
observed differences suggest that the direction of
WSI changes depends primarily on the character-
istics of the additive used and the process flow —
the more low—molecular—-weight ingredients and
the more intensive the technological conditions,
the higher the solubility of the finished product.

The obtained results confirmed that the choice
of additive and processing conditions shaped the
physical properties of the extrudates, including
bulk density and water absorption and solubility,
as shown in Table 5.

In the study of Sharifi et al. (2021) an increase
in WSI from 44.99% to 48.44% was observed
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with an increase in the proportion of soy flour
in the recipe, which indicates more intensive
decomposition of macromolecules during extru-
sion-cooking. A similar trend was observed in
this experiment — WSI also increased along with
the proportion of fruit and vegetable pomace,
reaching values above 9%, which indicates an
increased release of soluble components. In both
cases, the addition of protein or fiber components
promoted an increase in WSI, emphasising the
importance of raw material composition in modi-
fying the functional properties of extrudates.

CONCLUSIONS

The present research has demonstrated the ef-
ficacy of utilising fruit and vegetable pomace as
valuable components in mixtures for the produc-
tion of food extrudates with beneficial functional
properties and thus the possibility to reduce pom-
ace as a waste product. The impact of these addi-
tives was found to vary depending on the type of
pomace used, the proportion incorporated into the
mixture and the configuration of the plasticizing
system during processing. The highest process ef-
ficiency was observed with the use of 20% apple
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pomace in an L/D 20 system, whereas the extru-
dates enriched with pumpkin in an L/D 16 system
exhibited the most stable processing behaviour. It
was found that SME consumption was the lowest
in the case of chokeberry pomace addition, par-
ticularly at low screw speed. Furthermore, it was
demonstrated that higher concentrations of apple
and pumpkin pomace in the extended plasticizing
system led to increased energy consumption. This
is due to more difficult material transport and in-
creased viscosity. When analysing bulk density of
snack pellets with addition of pomace, the highest
values were obtained in the samples with choke-
berry pomace, especially when using the L/D 20
system. The WAI and WSI of enriched snack pel-
lets reached the highest values with 30% choke-
berry pomace addition. In contrast, for the snack
pellets containing pumpkin and apple pomace, a
decrease in WAI was observed at higher levels of
addition. The findings indicate that the selection
of an appropriate type of fruit or vegetable pom-
ace, the proportion of these additives and the type
of plasticizing system are pivotal in the design of
enriched extrudates. These factors significantly
impact both the process and the properties of the
finished product. The observed changes can be at-
tributed to variations in the composition and be-
haviour of the raw materials during the intensive
thermomechanical processing.
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Abstract: The article presents the possibilities of using by-products from the agri-food industry in
the form of fruit and vegetable pomace as a supplementary ingredient to extruded food products in
the form of snack pellets. In the recipe based on potato starch, pomace from apples, chokeberries,
pumpkin, nigella seed and flaxseed were added in amounts of 10%, 20% and 30%. The prepared raw
material blends were processed using a single-screw extruder-cooker with a plastification system
L/D =20 and variable screw speed. The aim of the research was to determine the effect of pomace
addition on the extrusion-cooking process, i.e., efficiency and energy consumption, as well as on
selected physical properties of the obtained food pellets, such as expansion index, bulk density
and durability. The addition of selected pomace influenced the extrusion-cooking process and
the physical properties of the extrudates. A percentage contribution ranging from 10 to 20% can
optimize the extrusion-cooking process and improve the quality characteristics of the final product,
while simultaneously utilizing by-products from the agri-food industry and reducing their negative

environmental impact.

Keywords: extrusion-cooking; pomace; food pellets; processing parameters; selected physical properties

1. Introduction

The agri-food industry constitutes a pivotal role in global food production, catering
to the increasing demand for nutritious and safe food products [1-4]. However, this in-
dustry also generates substantial amounts of by-products during processing, which, if not
properly managed, can pose environmental challenges. By-products such as pomace from
fruits, bran from grains and oilseed meals are often considered waste, leading to concerns
regarding waste management, resource utilization and environmental sustainability [5,6].
In recent years, there has been a growing interest in exploring the potential of agri-food
by-products as valuable resources for various applications, including their utilization as
food ingredients [7,8]. This paradigm shift is driven by several factors, including the need
to reduce waste generation, enhance resource efficiency and promote sustainable prac-
tices within the food industry [9,10]. These by-products often contain valuable nutrients,
bioactive compounds and functional components that can enhance the nutritional profile
and functionality of extruded products [4,11]. However, their characteristics, including
particle size, moisture content, fiber content and composition, can also influence process
parameters such as barrel temperature, energy consumption and pressure [12,13]. Thus, a
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meticulous examination of the characteristics of by-products and their interplay with pro-
cessing variables, including the extrusion-cooking technique, is paramount to guaranteeing
the excellence of the final products [14].

Extrusion-cooking processing is a huge potential technology for the valorisation of
agri-food by-products due to its versatility, efficiency and ability to modify the functional
and nutritional properties of raw materials [15,16]. In the context of food processing,
the extrusion-cooking process refers to a continuous process that involves forcing a raw
material mixture through a die under controlled conditions of temperature, pressure and
shear [17,18]. This process results in the transformation of the raw material into a product
with a desired shape, texture and structure. Such action can reduce water consumption
and minimize the energy consumption of the process [19].

Food pellets incorporating vegetable and fruit pomace present substantial potential
for implementation, particularly with respect to sustainability and innovation within
the food industry. The integration of such pomace facilitates efficient management of
production waste, thereby mitigating waste generation and minimizing environmental
impact. Additionally, these ingredients enhance the nutritional profile of the pellets,
offering consumers healthier and more wholesome snacking alternatives. Technological
advancements, such as optimizing the extrusion-cooking process, may establish new
benchmarks in pellet production, thereby conferring a competitive edge in the market.
Furthermore, the introduction of these products aligns with the increasing consumer
demand for innovative and environmentally sustainable food solutions, rendering them
an appealing option for both producers and consumers. Therefore, our research was
designed to investigate the effect of the addition of varying content of selected pomace
(apple, chokeberry, pumpkin, flaxseed and nigella seed pomace), as well as the variation
of screw speed and plasticizing system on the extrusion-cooking process and the physical
properties of the created pellets.

2. Materials and Methods
2.1. Materials

The extrusion-cooking process of snack pellets with added by-products from agri-food
industry was described and evaluated, including tests on selected physical properties, in
the laboratories of the Department of Process Engineering at the University of Life Sciences
in Lublin, in 2023. As an addition to the raw material mixture, apple, chokeberry, pumpkin,
nigella seed and flaxseed pomace were used. Additionally, a mixture without any added
ingredients was prepared, which served as the control sample.

The production of the snack pellets was based on pre-prepared recipes that included
the following raw materials, purchased from local manufacturers: plant pomace, superior
standard potato starch, potato flakes, canola oil, beet sugar, salt.

2.2. Preparation of Mixtures and Extrusion-Cooking Process

In the initial stage, mixtures were prepared according to the provided recipes
(Table 1). The incorporation of selected types of apple, chokeberry, pumpkin, nigella
seed and flaxseed pomace was intended at 10%, 20% and 30% by weight. The concentra-
tions of pomace addition (10%, 20% and 30%) were chosen on the basis of preliminary
studies [7,20-22] and a comprehensive analysis of the current literature as sufficient to
induce the desired modifications without significantly compromising the texture and sen-
sory acceptability of the product. Concentrations exceeding 30% may present additional
technological challenges related to processing and product quality, such as process insta-
bility and pressure and temperature fluctuations, which could negatively impact both
the manufacturing process and the quality of the extrudates. Pomace was crushed using
a Germin cup blender model CY-329 (Germin Berlinger, Jarostaw, Poland). Each of the
4.5 kg mixtures had proportions adjusted accordingly based on the quantity of the plant
ingredient employed. To ensure even distribution of ingredients and to balance moisture
content, the samples underwent sieving. Subsequently, the samples were refrigerated for
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24 h to stabilize the mixing process of the ingredients. In the subsequent stage, their mois-
ture contents were assessed. The samples were then moistened until the desired moisture
content was reached, the value of which was determined on the basis of previous studies
and current technological knowledge.

Table 1. Percentage content of individual components in mixtures.

Raw Materials Control Sample 10% Pomace 20% Pomace 30% Pomace
apple, chokeberry, pumpkin, flaxseed, nigella 0 10 20 30
seed pomace (%)
potato starch (%) 82 72 62 52
potato flakes (%) 15 15 15 15
canola oil (%) 1 1 1 1
sugar (%) 1 1 1 1
salt (%) 1 1 1 1

Before the extrusion-cooking process, samples were taken from the mixtures previously
stored. Their moisture contents were determined using a Radwag MA 50 R moisture
analyser (Radwag, Radom, Poland). Afterward, the samples were moistened to achieve
moisture content values of 34%. The mixtures were then sieved to enhance the homogeneity
of their composition and moisture levels.

The extrusion-cooking process was conducted using an extruder-cooker with a length-
to-diameter ratio of the screw (L/D) of 20. Mixtures were processed at variable screw
rotational speeds of 40, 60 and 80 rpm. The process parameters were optimized based on
previous research and adjusted to the prepared mixtures. The pellets were formed into
a strip of dough using a flat forming die with dimensions of 25 mm x 0.6 mm and then
cut into pieces approximately 25 mm X 25 mm The extruded snack pellets were dried in a
laboratory shelf dryer at 40 °C for 12 h until the moisture content reached 8.5-9.5%. The
dried pellets were then placed in tightly sealed polyethylene bags and stored until further
processing. The study of the extrusion-cooking process aimed to determine the impact of
process variables, raw material mixtures and the addition of selected types of pomace on
process efficiency, stability and the quality of the extrudates.

2.3. Extrusion-Cooking Process Efficiency

Process efficiency was evaluated by measuring the mass of each prepared mixture
immediately after exiting the die every 30 s, maintaining constant processing conditions
and feed rates for each sample. Efficiency was assessed through triple measurements for
each test series utilizing an electronic stopwatch and a balance (DS-788 Yakudo, Tokyo,
Japan). The resultant average of these measurements was deemed the final outcome. The
calculation of process efficiency followed the methodology outlined by Matysiak et al. [21],
who studied the extrusion-cooking process of a potato flour-based mixture using a single-
screw extruder 545-12 Ichemad Profarb (Gliwice, Poland). The mixtures were processed at
three different speeds (20, 40 and 60 rpm):

Q= % [kg/h]

where Q is the process efficiency [kg/h], m is the mass of the extrudate obtained during the
measurement [kg], and t is time [h].

2.4. Energy Consumption of the Extrusion-Cooking Process

The active power of the extruder-cooker was measured using a standard wattmeter,
which is a part of the extruder-cooker equipment. Following the assessment of the motor
parameters installed in the extruder, the motor load and the efficiency obtained in the given
tests and the measured values were converted into specific mechanical energy consumption



Appl. Sci. 2024, 14, 8754

4of 14

(SME) coefficients. This conversion was performed according to the formula provided by
Matysiak et al. [21]:

SME = - = [kWh/kg]

where SME is the specific mechanical energy (kWh/kg), n is the extruder-cooker rotational
speed (rpm), O is the extruder-cooker engine load (%), P is the nominal electric power
pinpointed by the control panel (kW), and Q is the process efficiency (kg/h).

2.5. Physical Properties of Snack Pellets

The expansion index for the extruded snack pellets is defined as the ratio of the
diameter of manufactured pellets to the diameter of the extruder-cooker die. The measure-
ment was carried out three times, and the average of these measurements was used as
the final result. The expansion index was derived according to the formula proposed by
Combrzynski et al. [19]:

X ==
D

where X is the rate of the expansion index (-), d is the snack pellet diameter (mm), and D is
the extruder-cooker die diameter (mm).

The bulk density of snack pellets was determined as the ratio of the sample mass to its
volume. Measurements were conducted in three repetitions, and the arithmetic mean was
adopted as the measurement value.

=y
where p is the bulk density (kg/ m3), m is the sample mass (kg), and V is the container
volume (m?)

The durability of the extrudates was assessed by evaluating their resistance to rota-
tional forces in a closed chamber based on the method originated by Mitrus et al. using the
Pfost apparatus to provide the necessary kinetic energy. The final result was elicited as the
average of three independent measurements [23,24].

2.6. Statistical Analysis

Statistica software (version 12.0, StatSoft Inc., Tulsa, OK, USA) was used for statisti-
cal analyses. Principal components analysis (PCA), analysis of variance and correlation
determination were performed at the significance level of « = 0.05. Principal components
analysis was employed to determine the correlation between type of addition, amount of
ingredient and screw speed and the tested parameters. The PCA data matrix for statistical
analysis of test results for type of addition had 5 columns (parameters) and 6 rows (type of
addition), for amount of ingredient, it had 5 columns (parameters) and 4 rows (amount of
ingredient) and for screw speed, it had 5 columns (parameters) and 3 lines (screw speed).
Each input matrix was automatically scaled. The optimal number of principal components
obtained in the analysis for each matrix was ascertained based on the Cattel criterion.

3. Results and Discussion
3.1. Effect of Ingredients and Process Variables on the Extrusion-Cooking Process

Fruit, vegetable and oilseed pomace is a valuable raw material for enriching extruded
snack recipes. They can improve the nutritional value of products, introduce interesting
flavours and colours and support sustainability by reducing waste. The extrusion process
may be the optimal way to use this type of waste from the food industry. The study
produced results that confirm the potential of using fruit, vegetable and oilseeds pomace as
an ingredient to enrich the formulation of extruded snacks (Figure 1).
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Figure 1. Snack pellets without addition (a) and from left with 10, 20 and 30% pomace: (b) chokeberry
pomace; (c) apple pomace; (d) pumpkin pomace; (e) nigella seed pomace; (f) flaxseed pomace.

Most of the snack pellets with the addition of by-products were characterized by
a smooth and uniform texture without blisters. In the case of products with 20 and
30% ingredients, it was possible to notice inclusions of selected pomace (in particular,
chokeberry and pumpkin pomace), which were strongly visible in the gelatinized structure
of the extrudates (Figure 2). This is an extremely desirable feature for manufacturers, since
a product with such a structure is more attractive among consumers, who expect products
with increased health-promoting potency.

(a) (b)

Figure 2. Snack pellets (intermediate product) with 30% pomace: (a) pumpkin pomace; (b) choke-
berry pomace.

The introduction of fruit, vegetable and oilseed pomace not only influenced the
finished product but also significantly affected the extrusion-cooking process. The findings
of numerous preceding experiments [20-24] have demonstrated that the screw speed exerts
a considerable influence on the efficacy of the extrusion-cooking process. The outcomes
of the present study indicated that, by elevating the screw speed during the processing of
the majority of raw material mixtures, there was a notable enhancement in the efficiency
of the extrusion-cooking. High screw speed promoted increased material flow through
the extruder, resulting in higher production. The highest efficiency for most processed
mixtures were observed with the highest percentage of pomace. The highest efficiencies
were obtained when processing a blend enriched with 30% addition of nigella seed pomace
at 80 rpm (26.00 kg/h) and the lowest for a blend with 20% addition of pumpkin pomace
processed at 40 rpm (6.76 kg/h) (Figure 3). In addition, extended efficiencies were observed
for blends with the addition of oilseed pomace (flaxseed and nigella seed) compared to
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other blends. This was due to the larger quantity of fat, the presence of which affects the
flow of the mixture through the extruder cylinder.
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Figure 3. Response plots of extrusion-cooking efficiency of snack pellets depending on selected plant
pomace addition level and applied processing variables: (a) apple pomace; (b) chokeberry pomace;
(c) pumpkin pomace; (d) flaxseed pomace; (e) nigella seed pomace.

Similar correlations were presented by Lisiecka and Wojtowicz [25], where they
showed that auger speed leads to an increase in the efficiency of the extrusion-cooking
process of potato pellets with the addition of fresh vegetables such as onions, leeks, kale and
carrots. Conversely, Mitrus et al. [24] demonstrated in a study on the impact of fresh broc-
coli on extrusion-cooking efficiency that an increase in the proportion of broccoli resulted
in a corresponding enhancement efficiency, particularly at additions of 20% and 30%.

During the extrusion-cooking process of snack pellets enriched with plant pomace,
irregularities in electricity consumption were observed depending on the proportion of
pomace addition. Depending on the type of ingredient for most of the processed mixtures,
the highest value of SME was at a similar level, amounting to pumpkin pomace mixture
0.118 kWh/kg, apple pomace mixture 0.108 kWh/kg, nigella seed pomace 0.100 kWh/kg,
and flaxseed 0.083 kWh/kg. For the mixture enriched with chokeberry pomace, a reduction
in the index was observed, with the highest value being 0.034 kWh/kg. The lowest SME
values were similar for all ingredients, ranging from 0.008 to 0.013 kWh/kg (Figure 4).

A study presented by Soja et al. [26], who conducted research using a raw material
blend based on a mixture of wheat and corn flour on the same single-screw extruder and
the same plastifying system configuration, shows a similar correlation, where the lowest
SME values were observed for blends with a 30% addition of apple pomace. Furthermore,
Mitrus et al. [24] similarly demonstrated this dependence, observing irregularities in SME
values during the processing of mixtures with varying vegetable ingredient content.
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Figure 4. Response plots of specific mechanical energy demand during the extrusion-cooking process
of snack pellets as a function of the level of addition of selected plant pomace and the processing
variables used: (a) apple pomace; (b) chokeberry pomace; (c) pumpkin pomace; (d) flaxseed pomace;
(e) nigella seed pomace.

3.2. Influence of Process Variables on Physical Properties of Extruded Snacks

Extrusion-cooking is a process whereby ingredients are subjected to high temperatures,
pressures and mechanical shear, resulting in the formation of granules with a specific struc-
tures, textures and physical properties. The type of ingredients present in extruded food
granules can significantly influence their physical properties. One of the most important
physical characteristics of expanded products is the expansion rate. During the course of
the research, the authors observed that increasing the proportion of vegetable pomace in
the blend resulted in a reduction in the expansion rate. In the conducted research, pellets
with added fruit pomace exhibited a relatively high expansion index. The highest value for
mixtures enriched with fruit pomace was achieved with a mixture containing 10% addition
of aronia pomace processed at 40 rpm (3.17), while the lowest was observed with 30%
addition of chokeberry pomace processed at 80 rpm (2.37). In the case of pellets with the
addition of nigella seed pomace, the highest value was obtained for pellets based on a
mixture with 10% seed pomace processed at 40 rpm (3.11), while the lowest value was
observed for a mixture with 30% nigella seed pomace processed at 60 rpm (1.65). Similarly,
for the mixture with added flaxseed pomace, the highest value was also achieved for a
mixture with 10% ingredient processed at 40 rpm (2.97), and the lowest value for a mixture
with 30% ingredient at 60 rpm (1.74) (Figure 5).

Similar correlations were presented by Lisiecka and Wéjtowicz [25], where increasing
the percentage of fresh vegetables in the mixture led to a reduction in the expansion ratio.
Similarly, Alam et al. [27] observed a reduction in expansion rate when plant ingredients
were present. The authors ascribed this phenomenon to the high fibre and lycopene content
of the plants, which diminished the expansion capacity. A study by Gumul et al. [28] utilis-
ing a single-screw extruder to process a raw material mixture enriched with 5, 10 and 20%
by-product ingredients demonstrated that the incorporation of fruit pomace (chokeberry
and cherry) into extruded maize snacks also resulted in a reduction in expansion rate.
The higher fibre and polyphenol content of these ingredients resulted in a reduction in
expandability, which in turn affected the texture and structure of the final products.



Appl. Sci. 2024, 14, 8754 8of 14
=s~g " 1
< ¥ k]
!;c;; ‘% 3 . <29
W<27 T3 ¢ =P
<26 '; <23
<25 ] | B3l

-3
<20
B —PEE
‘$“ =25 B =25
SR, <27 -— B
o P |
O oo W<25 B <21
=23 <
<19
B <21 -7
| ERE]
.17

Figure 5. Response plots of expansion index of snack pellets depending on selected plant pomace ad-
dition level and applied processing variables: (a) apple pomace; (b) chokeberry pomace; (c) pumpkin
pomace; (d) flaxseed pomace; (e) nigella seed pomace.

In the next stage of the experiment, the effect of screw speed and the type and per-
centage of pomace content on the bulk density of snack granules enriched with selected
by-products of the agro-food industry was studied. The results showed that all three factors
had a significant effect on the value of the characteristic studied. The highest bulk density
value was obtained for the mixture with the addition of 20% nigella seed pomace processed
at 40 rpm (392.11 kg/m3). Conversely, the lowest value of the studied characteristic was
found in snack pellets based on a mixture with the addition of 30% chokeberry pomace
processed at 60 rpm (262.47 kg/m?). The results of the analysis of snack pellets indicate
that the bulk density value decreases with the increasing percentage of pomace addition
(Figure 6). This is primarily due to the increased expansion and porosity of the products
(Figure 7). This dependence applies to extrudates based on all formulation mixtures studied
in the conducted research

Lisiecka and Wojtowicz [29] also observed that the addition of fresh vegetable pulp
decreases bulk density. They also conducted their research using a mixture based on potato
products processed using a single-screw extruder. Similar conclusions were presented by
Wojtowicz et al. [30], where increasing the percentage of insect flour resulted in a decrease
in the bulk density of extrudates. This was mainly due to increased fat content, which
affected the material flow through the extruder cylinder. The elevated fat content acted as a
plasticizer, influencing the structure of the extrudates and consequently their bulk density.

The conducted studies showed that a decrease in bulk density corresponded to a
reduction in the durability coefficient. The control samples exhibited high durability
coefficient. For the screw speed set at 40, 60 and 80, the durability values are 99.85, 99.83
and 99.78%, respectively. The addition of 10% pomace results in extrudates from various
ingredients having similar values, typically ranging from 99.67 to 99.88%, regardless of the
type of ingredient. These values are higher at lower screw speed (40 and 60) and lower
at 80. With an ingredient amount of 20% pomace, the extrudate values slightly decrease,
reaching levels between 99.59 and 99.67%. Notably, extrudates from flaxseed exhibit the
lowest values at 80 rpm. An increase in the percentage of extrudates to 30% results in a
decrease in durability. At 40 rpm, the values range from 99.4 to 99.66%. As the screw speed
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increases to 60 and 80, these values continue to decline, reaching a minimum of 99.03%
for extrudates with nigella seed pomace at 80 rpm. The absence of ingredient yields the
highest values of extrudates at each speed, suggesting that any amount of ingredient at
any screw speed decreases extrudate values. The most stable values are observed with
lower ingredient amounts (10%), whereas higher amounts of ingredient (20 and 30%) have
a more pronounced impact in reducing these values. Analysis of control samples shows
the highest values of durability at each rotational speed, indicating that any amount of
ingredient at any screw speed decreases the durability of snack pellets. The most stable
values are observed at lower ingredient levels (10%), while higher ingredient levels (20%
and 30%) have a more pronounced impact in reducing these values (Figure 8).
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Figure 6. Response plots of bulk density of snack pellets depending on selected plant pomace addition
level and applied processing variables: (a) apple pomace; (b) chokeberry pomace; (c) pumpkin
pomace; (d) flaxseed pomace; (e) nigella seed pomace.

a) b)

F

Figure 7. Snack pellets (intermediate product) with the highest and lowest bulk density: (a) nigella
seed pomace; (b) chokeberry pomace.

The findings presented by Dushkova et al. [31] show a similar relationship, where the
addition of chokeberry (Aronia melanocarpa L.) at different levels (10% and 20%) to extruded
snack pellets significantly affects their physical and nutritional properties. In this study,
increased chokeberry pomace content generally increased antioxidant activity but may
decrease pellet shelf life. Higher screw speeds reduced shelf life due to increased shear
and mechanical stress during extrusion cooking. Optimal results were found at lower
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screw speeds with moderate chokeberry addition, balancing durability and nutritional
enhancement. In the study by Karkle et al. [32], dehydrated fruit and vegetable powders
(e.g., pumpkin, lotus stem and Indian gooseberry) were added to corn flour at 25% and
50% levels. The authors found that increasing the powder content generally reduced
radial expansion and affected the textural properties of the pellets. Durability was best
maintained at lower ingredient levels and optimized screw speeds, which is consistent
with our research.
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Figure 8. Response plots of durability of snack pellets depending on selected plant pomace addition
level and applied processing variables: (a) apple pomace; (b) chokeberry pomace; (c) pumpkin
pomace; (d) flaxseed pomace; (e) nigella seed pomace.

All results presented by the authors provides information on different aspects of the
process of producing pellets from by-products, and understanding them together allows
the process to be optimized, ensuring efficiency, low costs, high quality of the final product
and better use of raw materials.

In order to show the correlation between the properties under examination, we con-
ducted PCA analysis. The PCA analysis performed for the type of ingredient shows that,
of the five new principal components, the first two principal components, PC1 and PC2,
describe 82.94% of the variability of the system. Parameters that fall between the two red
circles have the greatest impact on the variability of the system (Figure 9a). Only bulk
density has a slightly weaker impact on the variability of the system. Bulk density and
SME are strongly and positively correlated. There is also a strong but negative correlation
between the durability and efficiency parameters. Moreover, there is a weak positive
correlation between the expansion index and durability parameters, which proves that the
strength of the product increases slightly with expansion. A weak and negative correlation
was observed between the expansion index and efficiency; this in turn proves that, with
expansion, efficiency decreases slightly. There is no correlation between expansion index,
bulk density and SME.

The PCA analysis also shows (Figure 9a,b) that flaxseed and nigella are strongly and
positively correlated with efficiency, and apple and pumpkin with bulk density and SME.
In turn, the lack of an addition is positively correlated with the expansion index. The
PCA analysis shows that the first principal component of PC1 distinguishes the ingredient
derived from seeds, from the ingredient derived from fruits and vegetables in 64.31% of
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all cases (Figure 9b). The positive values of the PC1 principal component describe the
results for seeds, and negative values of the PC1 principal component describe the results
for fruits and vegetables. The second main component of PC2 at 18.63% characterizes the
case of using an ingredient from seeds and fruits and vegetables (negative PC2 values) and
using an ingredient from soft fruits or no ingredient (positive PC2 values). In summary,
negative PC1 values and positive PC2 values describe the absence of ingredients. Positive
PC1 and PC2 values characterize soft fruits. Positive PC1 and negative PC2 values describe
the addition of seeds, and negative PC1 and PC2 values characterize the addition of fruit
and vegetables.
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Figure 9. Projection of (a) variables parameters on the PC1 and PC2 loadings plot and (b) addition
type on the PC1 and PC2 scores.

In turn, the PCA analysis performed for the amount of ingredient showed that, of the
three new principal components, the first two principal components, PC1 and PC2, describe
the variability of the system in as much as 98.09%. The parameters that fall between the
two red circles have the greatest impact on the variability of the system (Figure 10a), and
this means that these are all the parameters tested. Accordingly, durability and expansion
index are strongly and positively correlated, while there is a strong but negative correlation
between the durability, expansion index and efficiency parameters. There is also a weak
positive correlation between the expansion index, durability and SME parameters, and a
weak and negative correlation between SME and efficiency. There is no correlation between
bulk density and expansion index, durability and efficiency.

The PCA analysis also shows (Figure 10b) that the main component, PC1, at 77.79%
and the second main component, PC2, at 20.31% describe differences in the amount of
the ingredient. However, adding 30% of the ingredient significantly affects the tested
parameters, as evidenced by the high PC1 value. The addition of even 20% does not affect
the tested parameters as much as the addition of 30% of the ingredient. The analysis carried
out reveals (Figure 10a,b) that the expansion index parameter is positively correlated with
the lack of the ingredient, while the durability and SME parameters are most correlated
with the 10% addition. What is more, bulk density is positively correlated with an addition
of 20%, and the efficiency parameter is positively correlated with an addition of 30%.

The PCA analysis performed for screw speed showed that only the first two main
components, PC1 and PC2, describe the variability of the system to 100%. In this case, all
parameters have a strong influence on the variability of the entire system (Figure 10a). Bulk
density, SME and expansion index are strongly and positively correlated. There is also a
weak positive correlation between these parameters and durability. Moreover, a strong but
negative correlation exists between efficiency and the other parameters tested.



Appl. Sci. 2024, 14, 8754

12 of 14

(a) (b)
15
1.0 T P
e
bakensty | .
s _""'H-.._‘ \ 1.0
ost -/ |
4 A k)
ME / \ - 05
# {f = 2
& =
= Lor ]
& 0.0 =] 10
oy — 11 & o ¥
g \ A
e!\q:mnsina‘i dex / »’; 05
-05 P T __/‘- /
™ : __../"’ s
U L — L -1.0 g
10 —
-15
-1.0 -05 0.0 0.5 1.0 -2 -1 0 1 2 3

PC1:77.79% PC1: 7T7.79%

Figure 10. Projection of: (a) variables parameters on the PC1 and PC2 loadings; (b) addition quantity
on the PC1 and PC2 scores.

The PCA analysis shows (Figure 11b) that the main component, PC1, differentiates
low and high screw speed values by as much as 92.74%. Negative PC1 values describe
lower screw speed values (40 rpm) and positive values describe higher screw speed values
(60 and 80 rpm). The analysis shows (Figure 11a,b) that the following parameters are
strongly and positively correlated with a lower screw speed value (40 rpm): expansion
index, SME and bulk density and, slightly less strongly, with durability. There is no clear
correlation between the 60 rpm screw speed and the tested parameters. The efficiency
parameter is strongly and positively correlated with a screw speed of 80 rpm.
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Figure 11. Projection of (a) variables parameters on the PC1 and PC2 loadings and (b) screw speed
on the PC1 and PC2 scores.

4. Conclusions

The results of the study confirm the feasibility of utilizing by-products from the
agro-food industry as an ingredient for snack pellets. According to the findings, for most
mixtures, the addition of 20% pomace processed at 60 and 80 rpm positively impacts the effi-
ciency of the production process while reducing energy consumption. Moreover, increasing
the percentage of pomace results in a decrease in the expansion index, with the extrudates
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containing 20% and 30% of these ingredients showing significant differences compared
to those without pomace and with a 10% ingredient. A similar trend was observed in the
analysis of bulk density and durability, which was attributed to structural changes and in-
stability in the processed mixtures. However, the introduction of an appropriate amount of
pomace can significantly improve both the processing parameters and physical properties.

The innovative utilization of vegetable and fruit pomace as an ingredient in food
pellets represents a significant advancement in both waste management and nutritional
enrichment. This practice not only addresses the issue of efficient waste disposal but also
fosters the development of novel production technologies. Furthermore, it enables the
creation of distinctive market products. Such an approach has the potential to transform
the food industry’s strategies regarding sustainability and innovation, ultimately impacting
the nature of final consumer products.

Author Contributions: Conceptualization, J.S. and M.C.; methodology, J.S., M.C. and T.O.; software,
M.G.; validation, ]J.S. and M.C; formal analysis, M.G.; investigation, J.S., T.O. and M.C.; resources,
J.S.; data curation, J.S., M.G. and M.C.; writing—original draft preparation, J.5., M.C., M.G. and A.O;
writing—review and editing, J.S., M.C. and A.O.; visualization, J.S. and M.C.; supervision, T.O. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Mishra, D.; Muduli, K.; Sevcik, L.; Jana, S.K.; Ray, M. Combating of Associated Issues for Sustainable Agri-Food Sectors.
Sustainability 2023, 15, 10096. [CrossRef]

2. Burchi, F; Fanzo, J.; Frison, E. The Role of Food and Nutrition System Approaches in Tackling Hidden Hunger. Int. J. Environ.
Res. Public Health 2011, 8, 358-373. [CrossRef]

3. Skalkos, D. Scientific Advancements for an Innovative Agri-Food Supply Chain towards the 2030 Sustainable Development Goals
1II. Sustainability 2024, 16, 5693. [CrossRef]

4. Ratu, R.N.; Velescu, L.D,; Stoica, E; Usturoi, A.; Arsenoaia, V.N.; Crivei, I.C.; Postolache, A.N.; Lipsa, F.D.; Filipov, E; Florea, A.M,;
et al. Application of Agri-Food By-Products in the Food Industry. Agriculture 2023, 13, 1559. [CrossRef]

5. Zukiewicz, K.; Dudziak, A.; Stowik, T.; Mazur, J.; Lusiak, P. Analysis of the Problem of Waste in Relation to Food Consumers.
Sustainability 2022, 14, 11126. [CrossRef]

6.  Verni, M.; Casanova, F. The Potential of Food By-Products: Bioprocessing, Bioactive Compounds Extraction and Functional
Ingredients Utilization. Foods 2022, 11, 4092. [CrossRef]

7. Asma, U,; Morozova, K.; Ferrentino, G.; Scampicchio, M. Apples and Apple By-Products: Antioxidant Properties and Food
Applications. Antioxidants 2023, 12, 1456. [CrossRef]

8.  Comunian, T.A,; Silva, M.P,; Souza, C.J.E. The use of food by-products as a novel for functional foods: Their use as ingredients
and for the encapsulation process. Trends Food Sci. Technol. 2021, 108, 269-280. [CrossRef]

9.  Yadav, S.; Malik, K.; Moore, ].M.; Kamboj, B.R.; Malik, S.; Malik, VK,; Arya, S.; Singh, K.; Mahanta, S.; Bishnoi, D.K. Valorisation
of Agri-Food Waste for Bioactive Compounds: Recent Trends and Future Sustainable Challenges. Molecules 2024, 29, 2055.
[CrossRef]

10. Figuerola, F,; Hurtado, L.; Mari, A.; Chiffelle, I.; Asenjo, F. Fibre concentrates from apple pomace and citrus peel as potential fibre
sources for food enrichment. Food Chem. 2005, 91, 395-401. [CrossRef]

11.  Singh, J.P,; Kaur, A.; Singh, B.; Singh, N.; Singh, B. Physicochemical evaluation of corn extrudates containing varying buckwheat
flour levels prepared at various extrusion temperatures. J. Food Sci. Technol. 2019, 56, 2205-2212. [CrossRef] [PubMed]

12. Cotacallapa-Sucapuca, M.; Vega, E.N.; Maieves, H.A.; Berrios, ].D.J.; Morales, P.; Fernandez-Ruiz, V.; Cdmara, M. Extrusion
Process as an Alternative to Improve Pulses Products Consumption. A Review. Foods 2021, 10, 1096. [CrossRef] [PubMed]

13. Berenguer, C.V.; Andrade, C.; Pereira, ]. A.M.; Perestrelo, R.; Cdmara, J.S. Current Challenges in the Sustainable Valorisation of
Agri-Food Wastes: A Review. Processes 2023, 11, 20. [CrossRef]

14. Pereira, N.; Farrokhi, M.; Vida, M.; Lageiro, M.; Ramos, A.C.; Vieira, M.C.; Alegria, C.; Gongalves, E.M.; Abreu, M. Valorisation of

Wasted Immature Tomato to Innovative Fermented Functional Foods. Foods 2023, 12, 1532. [CrossRef]


https://doi.org/10.3390/su151310096
https://doi.org/10.3390/ijerph8020358
https://doi.org/10.3390/su16135693
https://doi.org/10.3390/agriculture13081559
https://doi.org/10.3390/su141811126
https://doi.org/10.3390/foods11244092
https://doi.org/10.3390/antiox12071456
https://doi.org/10.1016/j.tifs.2021.01.003
https://doi.org/10.3390/molecules29092055
https://doi.org/10.1016/j.foodchem.2004.04.036
https://doi.org/10.1007/s13197-019-03703-y
https://www.ncbi.nlm.nih.gov/pubmed/30996454
https://doi.org/10.3390/foods10051096
https://www.ncbi.nlm.nih.gov/pubmed/34063375
https://doi.org/10.3390/pr11010020
https://doi.org/10.3390/foods12071532

Appl. Sci. 2024, 14, 8754 14 of 14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Mironeasa, S.; Cotovanu, I.; Mironeasa, C.; Ungureanu-Iuga, M. A Review of the Changes Produced by Extrusion Cooking on the
Bioactive Compounds from Vegetal Sources. Antioxidants 2023, 12, 1453. [CrossRef] [PubMed]

Roye, C.; Henrion, M.; Chanvrier, H.; De Roeck, K.; De Bondyt, Y.; Liberloo, I; King, R.; Courtin, C.M. Extrusion-Cooking Modifies
Physicochemical and Nutrition-Related Properties of Wheat Bran. Foods 2020, 9, 738. [CrossRef]

Szymczak, P.; Dziadowiec, D.; Andrzejewski, J.; Szostak, M. The Efficiency Evaluation of the Reactive Extrusion Process for
Polyethylene Terephthalate (PET). Monitoring of the Industrial Foil Manufacturing Process by In-Line Rheological Measurements.
Appl. Sci. 2023, 13, 3434. [CrossRef]

Offiah, V.; Kontogiorgos, V.; Falade, K.O. Extrusion processing of raw food materials and by-products: A review. Crit. Rev. Food
Sci. Nutr. 2019, 59, 2979-2998. [CrossRef]

Combrzyniski, M.; Biernacka, B.; Wéjtowicz, A.; Kupryaniuk, K.; Oniszczuk, T.; Mitrus, M.; Rézylo, R.; Gancarz, M.; Stasiak, M.;
Kasprzak-Drozd, K. Analysis of the extrusion-cooking process and selected physical properties of snack pellets with the addition
of fresh kale. Int. Agrophys. 2023, 37, 353-364. [CrossRef]

Lisiecka, K.; Wéjtowicz, A. The Production Efficiency and Specific Energy Consumption During Processing of Corn Extrudates
with Fresh Vegetables Addition. Agric. Eng. 2019, 23, 15-23. [CrossRef]

Matysiak, A.; Wéjtowicz, A.; Oniszczuk, T. Process efficiency and energy consumption during the extrusion of potato and
multigram formulations. Agric. Eng. 2018, 22, 49-57. [CrossRef]

Yacu, W. Extruder screw, barrel, and die assembly: General design principles and operation. In Extrusion Cooking; Elsevier:
Amsterdam, The Netherlands, 2020; pp. 73-117. [CrossRef]

ASAE Standard: ASAE S269.3; Wafers, Pellets and Crumbles—Definition and Methods for Determining Density, Durability and
Moisture Content. American Society of Agricultural and Biological Engineers: St. Joseph, MI, USA, 1989.

Mitrus, M.; Combrzyniski, M.; Biernacka, B.; Wéjtowicz, A.; Milanowski, M.; Kupryaniuk, K.; Gancarz, M.; Soja, J.; Rézyto, R.
Fresh Broccoli in Fortified Snack Pellets: Extrusion-Cooking Aspects and Physical Characteristics. Appl. Sci. 2023, 13, 8138.
[CrossRef]

Lisiecka, K.; Wéjtowicz, A. Possibility to Save Water and Energy by Application of Fresh Vegetables to Produce Supplemented
Potato-Based Snack Pellets. Processes 2020, 8, 153. [CrossRef]

Soja, J.; Ozmen, O,; Krajewska, M.; Kasprzak-Drozd, K. Effect of apple pomace (Malus domestica ‘Gala’) addition on the processing
conditions and antioxidant potential of extruded snacks. Int. Agrophys. 2023, 37, 401-413. [CrossRef] [PubMed]

Alam, M.S.; Kaur, ].; Khaira, H.; Gupta, K. Extrusion and Extruded Products: Changes in Quality Attributes as Affected by
Extrusion Process Parameters: A Review. Crit. Rev. Food Sci. Nutr. 2016, 56, 445-475. [CrossRef] [PubMed]

Gumul, D.; Berski, W.; Zieba, T. The Influence of Fruit Pomaces on Nutritional, Pro-Health Value and Quality of Extruded
Gluten-Free Snacks. Appl. Sci. 2023, 13, 4818. [CrossRef]

Lisiecka, K.; Wéjtowicz, A. Effect of fresh beetroot application and processing conditions on some quality features of new type of
potato-based snacks. LWI-Food Sci. Technol. 2021, 141, 110919. [CrossRef]

Wojtowicz, A.; Combrzyniski, M.; Biernacka, B.; Oniszczuk, T.; Mitrus, M.; Rézyto, R.; Gancarz, M.; Oniszczuk, A. Application of
Edible Insect Flour as a Novel Ingredient in Fortified Snack Pellets: Processing Aspects and Physical Characteristics. Processes
2023, 11, 2561. [CrossRef]

Dushkova, M.; Simitchiev, A.; Beleva, B.; Petrova, T.; Koleva, A. Extrusion of Rice and Aronia melanocarpa Pomace: Physical and
Functional Characteristics of Extrudates. Appl. Sci. 2024, 14, 4315. [CrossRef]

Karkle, E.L.; Alavi, S.; Dogan, H.; Jain, S.; Waghray, K. Development and Evaluation of Fruit and Vegetable-Based Extruded
Snacks. Online. AACC International Cereal Science Knowledge Database. 2009. Available online: https://www.cerealsgrains.
org/publications/plexus/cfwplexus/library /webcasts /Pages/EKarkle.aspx (accessed on 15 August 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/antiox12071453
https://www.ncbi.nlm.nih.gov/pubmed/37507991
https://doi.org/10.3390/foods9060738
https://doi.org/10.3390/app13063434
https://doi.org/10.1080/10408398.2018.1480007
https://doi.org/10.31545/intagr/168434
https://doi.org/10.1515/agriceng-2019-0012
https://doi.org/10.1515/agriceng-2018-0015
https://doi.org/10.1016/B978-0-12-815360-4.00003-1
https://doi.org/10.3390/app13148138
https://doi.org/10.3390/pr8020153
https://doi.org/10.31545/intagr/171927
https://www.ncbi.nlm.nih.gov/pubmed/29657793
https://doi.org/10.1080/10408398.2013.779568
https://www.ncbi.nlm.nih.gov/pubmed/25574813
https://doi.org/10.3390/app13084818
https://doi.org/10.1016/j.lwt.2021.110919
https://doi.org/10.3390/pr11092561
https://doi.org/10.3390/app14104315
https://www.cerealsgrains.org/publications/plexus/cfwplexus/library/webcasts/Pages/EKarkle.aspx
https://www.cerealsgrains.org/publications/plexus/cfwplexus/library/webcasts/Pages/EKarkle.aspx

‘ energies

Article

Integration of Plant Pomace into Extruded Products: Analysis of
Process Conditions, Post-Production Waste Properties and
Biogas Potential

Jakub Soja !, Tomasz Oniszczuk (7, Iryna Vaskina

check for
updates

Citation: Soja, J.; Oniszczuk, T.;
Vaskina, I.; Combrzynski, M.;
Wojtowicz, A. Integration of Plant
Pomace into Extruded Products:
Analysis of Process Conditions,
Post-Production Waste Properties and
Biogas Potential. Energies 2024, 17,
6476. https://doi.org/10.3390/
en17246476

Academic Editors: Christian
Aragén-Bricefio, Panagiotis Boutikos

and Musa Manga

Received: 27 November 2024
Revised: 16 December 2024

Accepted: 19 December 2024
Published: 23 December 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2 1,%

, Maciej Combrzynski '*(0 and Agnieszka Wéjtowicz

Department of Thermal Technology and Food Process Engineering, University of Life Sciences in Lublin,
Gleboka 31, 20-612 Lublin, Poland; jakub.soja@up.lublin.pl (J.S.); tomasz.oniszczuk@up.lublin.pl (T.O.)
Department of Biosystems Engineering, Poznan University of Life Sciences, Wojska Polskiego 50,

60-627 Poznan, Poland; iryna.vaskina@up.poznan.pl

*  Correspondence: maciej.combrzynski@up.lublin.pl (M.C.); agnieszka.wojtowicz@up.lublin.pl (A.W.)

Abstract: Waste streams from cereal-based food production processes, rich in organic matter and
carbohydrates, have untapped potential for biogas production. This study uniquely investigated the
extrusion-cooking process conditions, physical properties and biogas efficiency of snack pellets en-
riched with plant pomace (apple, chokeberry, pumpkin, flaxseed and nigella seeds) at different levels
(10, 20 and 30%), produced using a single-screw extruder-cooker. The highest efficiency obtained in
the extrusion-cooking process (18.20 kg /h) was observed for pellets with the addition of 30% flaxseed
pomace. The SME value during the entire process was in the range of 0.015-0.072 kWh/kg. New
insights into the interaction between the inclusion of pomace, the physical properties of the extrudate
and the anaerobic fermentation efficiency were obtained. The results show that 30% chokeberry ex-
trudate maximized methane production (51.39% gas), demonstrating a double innovation: improving
snack pellet quality and converting food waste into renewable energy.

Keywords: extrusion-cooking process; post-production waste; biogas efficiency; process efficiency;
selected physical properties

1. Introduction

The agri-food sector generates significant amounts of post-production waste, partic-
ularly during the manufacture of cereal products such as chips, crisps, pasta, texturized
proteins, crispbread, breakfast cereals and other extruded food. These processes are highly
energy intensive and are typically conducted on a large industrial scale, which inevitably
results in the generation of substantial by-products and waste materials [1]. These wastes,
often rich in organic compounds, such as carbohydrates, proteins and fibers, are frequently
disposed of through landfilling or incineration. Such practices lead to environmental chal-
lenges, such as greenhouse gas emissions and the inefficient use of valuable resources [2].
As global attention shifts toward sustainability and a circular economy, conventional waste
management practices are being recognized as progressively unsustainable [3].

Extrusion-cooking, a widely employed technology in food processing, is notable
for generating considerable waste, particularly during the early production stages. This
method is applied in the manufacturing of snack foods and crisps and involves the si-
multaneous mixing, cooking and shaping of raw materials under elevated pressure and
temperature [4,5]. A critical step in the extrusion-cooking process is the stabilization phase,
where parameters such as temperature, pressure, moisture content and screw speed must
be finely tuned to achieve desired product characteristics [6,7]. Inefficiencies in produc-
tion are common during this phase, as machinery requires time to reach stable operation
conditions. This transitional period often results in off-specification products, which are
discarded as waste, contributing to substantial material losses.
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Anaerobic digestion presents a viable approach for managing waste generated during
extrusion-based food production [8,9]. Research shows that waste materials rich in organic
compounds, especially those from pasta or snack production, are highly suitable for anaero-
bic digestion, resulting in high methane production [10]. This efficiency is largely attributed
to the high organic content of such substances, which serves as an effective substrate for
microbial activity under anaerobic conditions [11,12].

Incorporating anaerobic digestion and biorefinery techniques into the agri-food in-
dustry provides a novel approach to lessen the environmental impact of post-production
waste while supporting renewable energy generation. Recent developments in biorefinery
strategies highlight the extraction of bioactive compounds, such as phenolics, from waste
materials either before or after anaerobic digestion, enhancing both the sustainability and
economic potential of agro-industrial practices [13,14]. This comprehensive approach sup-
ports broader goals to reduce the carbon footprint of food production and to advance the
transition to a circular economy where waste is redefined as a valuable resource for energy,
agriculture and other industrial applications [15-17].

The presence of fermentable organic compounds, particularly sugars, in agri-food
industrial by-products significantly enhances microbial activity during anaerobic digestion,
thereby optimizing biogas production efficiency. These findings underscore the potential
of these waste materials to support sustainable energy generation while concurrently
addressing waste management challenges. The conversion of agri-food industrial residues
supports the circular economy model by effectively turning waste into valuable energy
resources [18,19]. Moreover, the strategic utilization of by-products rich in fermentable
sugars offers a dual advantage: it mitigates the environmental impacts associated with
waste disposal and contributes to the advancement of renewable energy initiatives. Recent
studies have shown that co-digesting different agri-food by-products can significantly
boost biogas production, emphasizing the importance of optimizing anaerobic digestion
processes for various combinations of these materials [20-22].

The presented study aims to evaluate the impact of the type and proportion of pomace
used in the mixture on various aspects of the extrusion-cooking process, including efficiency,
specific energy consumption and process stability. Additionally, the research examines
how these factors influenced the bulk density, water absorption index (WAI) and water
solubility index (WSI) of the extrudates, as well as the biogas and methane production
efficiency. This study addresses the growing challenge of managing food manufacturing
waste streams, focusing on their potential transformation into value-added products and
renewable energy sources. The novelty of the work lies in integrating diverse plant pomaces
(apple, chokeberry, pumpkin, flaxseed and nigella seed) into extrusion-cooking, as well
as assessing their effects on both product quality and energy recovery efficiency in a
systematic and comparative manner. Key contributions of this research include identifying
optimal pomace types and proportions for maximizing methane yield while maintaining
process stability and providing a practical framework for sustainable waste valorization
and renewable energy production.

2. Materials and Methods
2.1. Materials

This section describes the origin and preparation of post-production waste materials,
the extrusion-cooking process and the formulations used in the study. It highlights the
methodology employed to generate and process intermediate by-products during extrusion-
cooking and the recipes developed to investigate the effects of plant pomace on product
properties and biogas production efficiency.

The post-production waste materials employed in this study were obtained from
the Department of Process Engineering at the University of Life Sciences in Lublin in
2023 during the extrusion-cooking process. In this case, the waste was generated during
the transition between different mixtures of raw materials. This transition phase occurs
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when the extrusion-cooking equipment is cleaned of one formulation and prepared for the
next, leading to the production of intermediate waste.

The extrusion-cooking process was carried out using a single-screw extruder. Five separate
recipes were processed, based on potato components enriched with the addition of plant
by-products, i.e., chokeberry pomace, apple pomace, pumpkin pomace, flaxseed pomace
and nigella seed pomace. Moreover, a formulation without the inclusion of any additional
ingredients was prepared to serve as the control sample.

Extrudate production was carried out based on pre-prepared formulations, drawing
upon the following raw materials sourced from local suppliers: plant pomace, potato starch,
potato flakes, canola oil, beet sugar and salt.

2.2. Methods

In the initial phase of this study, the mixtures were formulated according to specified
recipes. Selected pomace types—nigella seed, flaxseed, apple, chokeberry and pumpkin—were
incorporated at varying concentrations of 10, 20 and 30% of dry components by weight as a
replacement for potato starch (Table 1). These concentrations were determined via preliminary
investigations and a thorough review of the relevant literature, which indicated that such levels
are adequate to achieve the desired modifications in the product [23-25].

Table 1. The relative percentages of individual components in the mixtures.

Raw Materials Control 10% Pomace 20% Pomace 30% Pomace

nigella seed, flaxseed,

apple, chokeberry, 0 10 20 30
pumpkin pomace (%)

potato starch (%) 82 72 62 52
potato flakes (%) 15 15 15 15
canola oil (%) 1 1 1 1
sugar (%) 1 1 1 1
salt (%) 1 1 1 1

In the next phase of the study, the pomace was shredded by way of a Germin CY-329
blender (Germin Berlinger, Jarostaw, Poland). The proportions of each 4.5 kg mixture were
carefully adjusted based on the quantity of plant ingredients incorporated.

Prior to the extrusion-cooking process, the water content of each blend was assessed
using a Radwag MA50R moisture analyzer (Radwag, Radom, Poland) with an accuracy of
0.001%. Each mixture was then adjusted to reach a water content of 34%. To ensure the
uniform distribution of the pomace additives, as well as the desired moisture level, the
mixtures were then passed through a 0.5 mm sieve. Following this step, the mixtures were
refrigerated for 24 h to stabilize the blends.

The extrusion-cooking process of snack pellets with the addition of pomace was
carried out by employing the single-screw extruder EXP-45-32 (Zamak Mercator, Skawina,
Poland) equipped with a plasticizing unit, with a total length-to-diameter ratio (L/D) of 16.
The mixtures were processed at a screw speed of 60 rpm. The process conditions were
selected based on previous studies and adapted to the specific mixtures. The temperature
range for the individual extruder-cooker sections was 30-95 °C. The dough strips were
formed by way of a flat die measuring 25 mm X 0.6 mm and cut into pieces measuring
approximately 25 mm x 25 mm. The resulting products were dried in a laboratory shelf
dryer at 40 °C for 12 h until their moisture content reached 8.5-9.5%. After drying, the
extrudates were secured in ziplock bags for storage until further processing. Research was
performed according to the methodological framework of the study (Figure 1).
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Figure 1. Flowchart presenting the methodological framework of the study.

2.3. Extrusion-Cooking Process Efficiency

Process efficiency (Q) was assessed by measuring the mass of the extruded product
leaving the forming die at 30 s intervals, while keeping processing conditions and feed
rates constant throughout the tests. Each series of measurements was repeated three times
for accuracy, using an electronic stopwatch and a precision balance (DS-788 Yakudo, Tokyo,
Japan) with an accuracy of 0.001 kg. The final efficiency value was calculated as the average
of these repeated measurements. The approach for calculating process efficiency was
based on the methodology of Matysiak et al. [26], who investigated the extrusion-cooking
process of potato flour mixtures by way of a single-screw extruder. This methodology
has also been employed in previous research to assess extrusion-cooking efficiency under
similar conditions [2]:

Q=T (kg/h) M

where Q is the extrusion-cooking process efficiency (kg/h), m represents the mass of the
extrudate determined through measurement (kg) and t is time (h).

2.4. Energy Consumption of the Extrusion-Cooking Process

The active power of the extruder-cooker was monitored via an integrated wattmeter,
which is part of the machine’s standard instrumentation. Based on the motor specifica-
tions and operational parameters recorded during the tests, motor load data and process
efficiency were used to calculate the specific mechanical energy (SME) consumption. This
calculation was performed by applying the methodology outlined by Matysiak et al. [26],
with the conversion of measured values into SME following the prescribed formula:

o X P (kWh/kg)

n
ME = -
S “ 100 © Q

Nm

2

where SME is the specific mechanical energy (kWh/kg), n is the extruder-cooker rotational
speed (rpm), 1, is the maximum extruder-cooker rotational speed (rpm), O is the load of
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the extruder-cooker engine (%), P is the nominal electrical power specified by the control
panel (kW) and Q is the extrusion-cooking process efficiency (kg/h).

2.5. Bulk Density of Extrudates

The bulk density (BD) of the extrudates was evaluated by determining the ratio of
the sample mass, measured by means of a precision balance (DS-788 Yakudo, Tokyo,
Japan) to an accuracy of 0.001 kg, to its volume (a 1 L container). This assessment was
performed in triplicate to ensure an accuracy of 0.01 kg/m>. The arithmetic mean of
the three measurements was subsequently utilized as the representative value. The bulk
density was calculated via the formula presented by Combrzynski et al. [27]:

BD = %(kg/n@) 3)

where BD represents the bulk density (kg/m?), m denotes the mass of the sample (kg) and
V indicates the volume of the container (m?).

2.6. Water Absorption Index (WAI)

The water absorption index (WAI) was determined following the methodology out-
lined by Wojtowicz and Moscicki [28]. A sample of ground extrudates (0.7 g) was contin-
uously mixed with distilled water (7 mL) for 20 min. Subsequently, the suspension was
centrifuged for 10 min at 15,000 rpm using a Digicen 21 centrifuge (Labsystem, Krakoéw,
Poland). The supernatant was collected, and the remaining gel was weighed by way of a
precise laboratory balance WPS 210/C (Radwag, Radom, Poland) to an accuracy of 0.001 g.
The WAI was calculated in triplicate using the appropriate formula:

WAL = "8 (g/g) @)
My
where the WAI is the water absorption index (g/g), m, is the mass of the gel (g) and m; is
the mass of the dry sample (g).

2.7. Water Solubility Index (WSI)

The water solubility index (WSI) was assessed following the methodology established
by Wéjtowicz and Moscicki [28]. After conducting the WAI measurement, the resulting
liquid was evaporated at a temperature of 110 °C in a laboratory dryer SLW 53 STD
(Pol-Eko Aparatura S.J., Wodzistaw Slaski, Poland) until the complete removal of water
was achieved. The mass of the remained solids was then weighed by means of a precise
laboratory balance WPS 210/C (Radwag, Radom, Poland) to an accuracy of 0.001 g. The
WSI was then determined in triplicate by applying the specified formula:

v — Mgy

wsi =" % 100 (%) )

Mg
where the WSI is water solubility index (%), m, is the mass of the vessel before drying (g),
Mg, is the mass of the vessel after drying (g) and m; is the mass of the dry sample (g).

2.8. Anaerobic Digestion of Processed Extrudates for Methane Production

The biogas efficiency of the analyzed post-production wastes obtained by the extrusion-
cooking process was evaluated depending on the type of plant pomace used and its
percentage in the extrudates recipes.

A biogas production experiment was conducted in the Laboratory of Ecotechnolo-
gies at Poznan University of Life Sciences (PULS). In this study, the efficiency of biogas
production was assessed via methane fermentation under mesophilic conditions. The
experimental design was structured and consisted of three independent replicates to en-
sure the reliability and reproducibility of the results. The fermentation process employed
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a proprietary bioreactor designed to optimize anaerobic digestion conditions (Figure 2).
This bioreactor allows precise control of critical parameters such as temperature, pH and
substrate concentration, thus facilitating accurate evaluation of fermentation performance.
Various metrics were monitored throughout the experiment, including the volume and
composition of the biogas produced, as well as the overall biogas efficiency relative to the
input substrate.

Figure 2. Construction of a biofermentor for biogas production research: 1—water heater with

temperature regulator, 2—water pump, 3—insulated conductors of calefaction liquid, 4—water coat,
5—fermenter with charge capacity 2 dm3, 6—sampling tubes, 7—biogas transporting tube, 8—gas
sampling valve and 9—biogas volume-scale reservoir [29].

The biogas production experiment was conducted under standard conditions for methane
fermentation through the application of the methodology described by Dach et al. [30]. Follow-
ing this, fermentation reactors with a capacity of 2 dm> were prepared. Herein, 1187 g of
inoculum was introduced into each reactor. The inoculum consisted of a microbial sample
sourced from a functioning biogas plant, intended to establish active microbial cultures.
Afterward, 13 g of extrudates, supplemented with varying percentages of selected plant
pomace, were added to the prepared reactors. The reactors were sealed and submerged in
water maintained at 39 °C to simulate actual process conditions found in biogas plants. The
volume and quantitative composition of the produced gases were systematically monitored
and analyzed at 24 h intervals via a GA5000 gas analyzer (QED Environmental Systems
Inc., Dexter, MI, USA). The range and accuracy of this analyzer depend on the tested
components: CHy 0-100% (0-70%: +/—0.5% (vol.), 70-100%: +/—1.5% (vol.)), CO, 0-100%
(0-60%: +/—0.5% (vol.), 60-100%: +/—1.5% (vol.)), O, 0-25% (0-25%: +/—1.0% (vol.)),
H,S 0-10,000 ppm (+/—5.0%) and NH3 0-1000 ppm (+/—10.0%). The obtained results
were recalculated using MS Excel as biogas and methane production from 1 Mg of fresh
matter (as well as of total solids and volatile solids) of the analyzed sample. The methane
(CHy), the obtained biogas, contained carbon dioxide (CO;) and smaller amounts of other
gases, including hydrogen sulfide (H;S) as well as ammonia (NH3) in trace amounts. Bio-
gas pressure varied from 4.182 to 4.927 kPa. Physical properties of the biogas such as
flammability, density, calorific value, etc. were not measured as they were not relevant to
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this study. The fermentation process was considered to be completed when the daily biogas
production fell below 1% of the total biogas efficiency recorded during the previous 24 h
period. In accordance, the biogas and methane efficiency (Mg/m?) were determined based
on three replicates for each sample, which complies with the standard DIN 38 414 /S8 as
described by Kupryaniuk et al. [29]. The final biogas efficiency was calculated in terms
of conversion on the fresh mass of the extrudates (CBPFM), dry mass (CBPDM) and dry
organic matter (CBPDOM). The amount of methane efficiency was deliberated based on the
extrudates fresh mass (CMPFM), dry mass (CMPDM) and dry organic matter (CMPDOM).
In addition, the methane content (MC) is shown in comparison to biogas [31].

2.9. Statistical Analysis

Mean values were tested for the significance of differences by the analysis of variance
test (ANOVA), followed by the Tukey post hoc test at the 0.05 significance level. Homoge-
nous groups were indicated with similar letters. Principal component analysis (PCA) was
applied to determine the relationship between the studied cases and parameters. Statistica
software (version 13.0, StatSoft Inc., Tulsa, OK, USA) was used for the analyses. Principal
component analysis and correlation determination were performed at the significance
level of & = 0.05. The data matrix employed for the statistical analysis of the PCA results
had 12 columns and 16 rows. The number of principal components obtained in the anal-
ysis in both cases was determined based on the Cattell criterion. The input matrix was
automatically rescaled.

3. Results

In this section, we outlined the outcome of the assessment of certain processing
parameters (i.e., efficiency and specific energy consumption during the extrusion-cooking
process), as well as the determination of the physical properties of the resulting post-
production extrudates. Additionally, we examined the potential of these extrudates as an
energy source, focusing on their use in biogas production.

The agri-food industry generates significant amounts of waste, hence posing a notable
environmental challenge. The presented results include processing parameters such as
efficiency and specific energy consumption during extrusion-cooking, the physical prop-
erties of the resulting post-production extrudate and the potential use of the extrudates
as an energy source. The tested snack pellets are extruded products primarily composed
of starch, characterized by a high content of organic compounds due to the presence of
potato starch and plant pomace. The extrudates utilized in this research were classified
as post-production wastes that are generated during process optimization and product
quality stabilization. These products often pose a challenge in manufacturing facilities, as
they do not meet quality standards and cannot be sold as valuable products, resulting in
their classification as waste.

The findings provide valuable insights into the potential of these types of products for
energy purposes, aligning with the principles of a circular economy. By using extrudates
enriched with various types of pomaces and adjusting their percentage compositions,
this study enabled a comparative analysis of potential energy outputs across different
extrudates, ultimately identifying the most efficient mixture. This approach not only
demonstrates the value of post-production waste but also promotes sustainable practices
across the agri-food sector.

3.1. Impact of Ingredients Selection and Quantity on the Efficiency of Extrusion-Cooking Process

The analysis of efficiency data for different pomace types at various concentrations
(10%, 20% and 30%) compared to a control sample (0% pomace) showed significant vari-
ations in processing efficiency, highlighting the influence of both pomace type and con-
centration on the obtained results. The control sample without pomace resulted in the
highest efficiency at 18.00 kg /h (Table 2), serving as a baseline for comparison. The intro-
duction of pomace into the system generally led to an initial decrease in efficiency at the
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10% concentration, followed by varying patterns of recovery or further decrease at higher
concentrations, depending on the type of pomace.

Table 2. Extrudate extrusion-cooking efficiencies depending on plant pomace type (n = 3 &= SD).

Q (kg/h)

Type of Pomace

Control

10% Pomace

20% Pomace

30% Pomace

Control sample

18.00 £ 0248

1628 £ 0.72 f

16.80 £ 0.24 f

Nigella seed pomace 13.64 £ 0.18 <
Flaxseed pomace - 13.80 + 0.36 16.52 4+ 0.14 18.20 £ 0.25 8
Apple pomace - 13.12 4+ 0.14 b¢ 13.00 + 0.18 b¢ 16.00 +0.14
Chokeberry pomace - 12.40 +0.37° 14.36 + 0.35 de 14.16 + 0.24 de
Pumpkin pomace - 15.00 + 0.60 © 11.42 £0.092 13.12 +0.14 be

Q—Process efficiency; * 8—means indicated with similar letters do not differ significantly at « = 0.05.

Nigella seed pomace demonstrated a progressive improvement in efficiency as the
concentration of pomace increased (Table 2). At 10% of additive in the recipe, the efficiency
was 13.64 kg /h—significantly lower than the control. However, when this additive was
applied at 20% and 30%, the processing efficiency was improved to 16.28 and 16.80 kg/h,
respectively. This approached but did not exceed the control value. The relatively con-
sistent improvement with increasing pomace concentration suggests that nigella seed
pomace, while initially reducing efficiency, can be utilized at higher concentrations without
substantial adverse effects.

Flaxseed pomace followed a similar pattern, although it exhibited the most remarkable
recovery at 30% content in the recipe. The extrusion efficiency at 10% of this additive
was 13.8 kg/h, marginally higher than that of nigella seed pomace at the same concen-
tration. As the pomace concentration increased to 20%, the efficiency was improved to
16.52 kg/h. At 30% of additive, it reached 18.20 kg /h—surpassing the control sample. This
makes flaxseed pomace the most effective additive among the tested types, particularly
at higher concentrations, where it not only restored but enhanced efficiency beyond the
baseline result.

Apple pomace presented a different trend, where the efficiency remained relatively
low across all concentrations, except for the 30% addition, at which some recovery was
observed. At 10% of additive, the efficiency was 13.12 kg/h, and at a 20% concentration, it
remained almost constant at 13.00 kg /h. A notable increase occurred at the level of 30%,
where efficiency increased to 16.00 kg/h—though still below that of control. This indicates
that apple pomace has a more limited potential for efficiency recovery, as even at higher
concentrations, it does not fully match the output of the control sample.

The chokeberry pomace data showed a more complex pattern. At 10% of additive,
the efficiency was the lowest among all pomaces, at 12.40 kg/h, significantly below the
control. At the level of 20%, there was an improvement to 14.36 kg/h, but the addition of
30% of chokeberry pomace slightly decreased the efficiency to 14.16 kg/h, indicating that
chokeberry pomace may not support further efficiency gains at higher concentrations and
may even result in diminished returns. This pomace appears to have a more limited capacity
to enhance efficiency, especially when compared to alternatives such as flaxseed pomace.

Pumpkin pomace exhibited a marked decrease in efficiency at a 20% concentration,
which deviates from the trends observed in other pomaces. At 10% of additive, the
efficiency was 15.00 kg/h, which was relatively high compared to other types of pomaces
at the same concentration. However, at the 20% level, the efficiency decreased sharply to
11.42 kg /h—the lowest recorded value in the dataset. At 30% of pumpkin pomace addition,
there was a partial recovery to 13.12 kg /h, but this value remained considerably lower than
both the control and the 10% sample (Table 2). The significant decrease at 20% suggests
that pumpkin pomace may interfere with the process at these concentrations, although
slight improvement can be seen with higher concentrations.
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In conclusion, flaxseed pomace stands out as the most effective additive at high con-
centrations, with the ability to improve efficiency beyond that of the control sample. Nigella
seed pomace also showed potential for moderate efficiency gains at high concentrations,
though not to the same extent. Apple pomace demonstrates limited capacity for efficiency
enhancement, while chokeberry pomace exhibits fluctuating results with diminishing re-
turns at high concentrations. Pumpkin pomace showed a steep decline at intermediate
levels, which may limit its application in processes requiring consistent efficiency. The
significant differences observed suggest that pomace type and concentration are critical
factors in determining their impact on production efficiency.

3.2. Impact of Ingredient Selection and Quantity on the Energy Consumption of
Extrusion-Cooking Process

The provided data examined the impact of different types of pomaces added at concen-
trations of 10, 20 and 30% on the specific mechanical energy (SME) consumption. The con-
trol sample without pomace addition establishes a baseline SME of 0.051 kWh/kg (Table 3),
serving as a reference for evaluating the influence of pomace types on energy requirements.

Table 3. Extrusion-cooking specific mechanical energy consumption (n = 3 £ SD).

SME (kWh/kg)
Type of Pomace
Control 10% Pomace 20% Pomace 30% Pomace
Control sample 0.051 + 0.001 ©f - - -
Nigella seed pomace - 0.052 4 0.001 ©f 0.072 4+ 0.002 1 0.021 + 0.001 2b
Flaxseed pomace - 0.047 + 0.004 9ef 0.058 + 0.006 f8h 0.033 + 0.020 bed
Apple pomace - 0.020 + 0.002 2P 0.057 + 0.005 ©f8 0.015 4+ 0.001 2
Chokeberry pomace - 0.023 + 0.004 2 0.020 + 0.004 2b 0.021 + 0.001 2P
Pumpkin pomace - 0.029 + 0.024 2b¢ 0.067 + 0.008 8" 0.043 + 0.010 <de

SME—specific mechanical energy; *'—means indicated with similar letters do not differ significantly at o = 0.05.

Nigella seed pomace demonstrated variable effects on the SME across concentrations.
At 10% of additive, the SME was calculated at 0.052 kWh/kg, which was close to the control
value, indicating minimal influence on energy requirements at this concentration. However,
at the level of 20%, the SME value increased significantly to 0.072 kWh/kg, suggesting
that this concentration may elevate energy demands. In contrast, increasing addition up
to 30% decreased the SME to 0.021 kWh/kg, indicating a substantial reduction in energy
consumption compared to both the control sample and other concentrations (Table 3). This
trend suggests that nigella seed pomace may be beneficial at higher concentrations, poten-
tially due to improved material properties or processing efficiency. Flaxseed pomace level
exhibited a relatively stable influence on the SME, though it showed a general decrease at
higher concentrations. At 10% of additive, the SME reached 0.047 kWh/kg—slightly below
the control. At the level of 20%, the SME increased moderately to 0.058 kWh/kg, before
dropping again at 30% of additive to the mean value of 0.033 kWh/kg (Table 3). These re-
sults suggest that, while flaxseed pomace does increase energy demands at moderate levels,
its overall impact on the SME remains relatively low, with the lowest energy requirements
observed at the highest concentration.

Apple pomace demonstrated a distinct effect, consistently lowering the SME across
concentrations. At 10% of additive, the SME was at 0.020 kWh/kg—markedly lower than
the control sample. Increasing the additive level to 20% increased slightly the SME results to
0.057 kWh/kg, before decreasing further to 0.015 kWh/kg at a 30% addition (Table 3). This
consistent SME lowering indicates that apple pomace has a beneficial impact on reducing
energy consumption, particularly at lower concentrations, making it an effective additive
for decreasing mechanical energy requirements.

Chokeberry pomace showed minimal changes in SME across all concentrations, main-
taining low energy requirements in comparison to the control sample. At the level of 10%,
the SME was obtained at 0.023 kWh/kg, which remained lower than the control. A further
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decrease to 0.020 kWh/kg at 20% and to 0.021 kWh/kg at 30% of additive was observed
(Table 3). The low and stable SME values indicate that chokeberry pomace has a mini-
mal impact on energy consumption and may contribute to efficient processing conditions
regardless of the concentration.

The pumpkin pomace level exhibited a moderate effect on the SME. At a 10% concen-
tration, the SME was 0.029 kWh/kg, lower than the control. However, at 20%, the SME
increased significantly to 0.067 kWh/kg, suggesting a rise in energy demands at this concen-
tration. The addition of 30% pumpkin pomace in the recipe caused a decrease in the SME to
0.043 kWh/kg (Table 3), indicating a reduction from the 20% level but still higher than for a
10% concentration. These results imply that, while pumpkin pomace may lead to higher
energy requirements at moderate levels, its impact decreases at higher concentrations.

In conclusion, this study indicates that the addition of pomace types influenced the
specific mechanical energy consumption in diverse ways. Apple and chokeberry pomace
addition consistently reduce the SME, particularly at lower concentrations, indicating
their suitability for energy-efficient processing. In contrast, nigella seed and pumpkin
pomace application displayed more variable effects, with nigella seed pomace showing the
greatest reduction in the SME at the 30% level, and pumpkin pomace presented increased
energy demands at intermediate levels. Flaxseed pomace addition generally showed a
moderate impact on the SME, with energy requirements decreasing as the concentration
increased. These findings highlight the importance of the pomace type and concentration
in optimizing energy consumption in processing applications.

3.3. Results of Bulk Density of Extrudates

The presented results evaluate the impact of various types of pomaces added at
concentrations of 10, 20 and 30% on the bulk density of the extrudates. The control sample
without the pomace addition established a baseline bulk density of 298.99 kg/m3 (Table 4),
serving as the reference for assessing changes in material compactness upon the addition
of pomace.

Table 4. Extrudate bulk density (n = 3 &= SD).

BD (kg/m®)
Type of Pomace
Control 10% Pomace 20% Pomace 30% Pomace
Control sample 298.99 + 1.26 4 - - -
Nigella seed pomace - 319.43 +1.27f 365.19 + 1.84 308.24 £1.62°¢
Flaxseed pomace - 299.23 + 1.84 4 278.05 + 1.93P 291.64 £3.09
Apple pomace - 330.52 £1.198 355,29 & 2.57 1 337,11 +£2.38h
Chokeberry pomace - 338.08+ 1.29 1 369.75 + 1.49 25553 £2.112
Pumpkin pomace - 3104 +£0.92°¢ 309.18 £0.24 ¢ 302.46 + 1.05 4

BD—bulk density; *J—means indicated with similar letters do not differ significantly at o = 0.05.

Nigella seed pomace demonstrated a positive effect on bulk density, particularly
at moderate concentrations. At the 10% addition level, the bulk density increased to
319.43 kg/m?, indicating an improvement in compactness compared to the control. This
trend continued at the 20% level, where the bulk density reached 365.19 kg /m>—the highest
value among the concentrations for this pomace type—suggesting an optimal compacting
effect at this level. However, at 30% of nigella seed pomace, the bulk density decreased to
308.24 kg/m?3, which is still above the control, implying that higher concentrations may
reduce the bulk density gains seen at moderate levels.

Flaxseed pomace exhibited a more variable impact on bulk density, with a tendency
toward reduction at higher concentrations. At a 10% addition, the bulk density was
299.23 kg/m?3, which is not significantly different than the control (Table 4). However, the
addition of 20% pomace decreased the bulk density to 278.05 kg/m?, indicating a loss of
material compactness. At 30% of additive, the bulk density slightly grew to 291.64 kg/m?



Energies 2024, 17, 6476

11 of 22

yet remained below the control. These results suggest that flaxseed pomace may not
enhance bulk density, particularly at high concentrations.

Apple pomace showed a consistent positive impact on bulk density across all concen-
trations. At 10% of additive, the bulk density increased to 330.52 kg/ m3, and at 20%, it
rose further to 355.29 kg/m?, indicating a strong compaction effect. At 30%, bulk density
remained high at 337.11 kg/m?3, suggesting that apple pomace demonstrated enhanced
compactness at all tested concentrations, with the most pronounced effects observed at
moderate levels (Table 4).

Chokeberry pomace application exhibited the highest bulk density of the extrudates
at moderate concentrations but showed a significant decrease when used at the 30% level.
At 10% of additive in the recipe, the bulk density was 338.08 kg/m3—significantly above
the control—and further increased to 369.75 kg/m? at 20%—the highest density across
all pomace types and concentrations. However, at the 30% level, the bulk density de-
creased significantly to 255.53 kg/m?, indicating that excessive chokeberry pomace may
compromise the material structure, leading to reduced compactness.

Pumpkin pomace demonstrated a stable effect on bulk density across all concentrations,
with only slight variations. At a 10% addition, the bulk density was 310.4 kg/m3—higher
than the control sample. At the level of 20%, the BD slightly decreased to 309.18 kg/m?, and
at 30%, it declined further to 302.46 kg/m? (Table 4). While pumpkin pomace contributes
to increased compactness at lower levels, its effect remains moderate and consistent across
all concentrations.

In conclusion, the addition of pomace types significantly influenced bulk density, with
nigella seed and apple pomace providing consistent improvements across concentrations,
particularly at moderate levels. Chokeberry pomace achieved peak bulk density at a 20%
concentration; however, its effectiveness declined significantly at 30%. Conversely, flaxseed
pomace demonstrated a tendency to reduce the bulk density, especially at high concentra-
tions, while pumpkin pomace maintained a moderate and stable effect on compactness.
These findings underscore the role of both pomace type and concentration in optimizing
bulk density—critical for applications requiring tailored material properties.

3.4. Results of Water Absorption Index

The results present the impact of different types of pomaces on the water absorption
index (WAI) at concentrations of 10, 20 and 30%. The control sample, devoid of any pomace,
established a baseline WAI of 4.19 g /g (Table 5), providing a reference for assessing the
impact of each pomace type on the material’s water absorption capacity.

Table 5. Extrudate water absorption index (n = 3 £ SD).

WAI (g/g)
Type of Pomace
Control 10% Pomace 20% Pomace 30% Pomace
Control sample 4.19 + 0.06 M - - -
Nigella seed pomace - 4.73+0.051 2.26 +0.01 2 191+0.01°
Flaxseed pomace - 3.51 4 0.07 *f8 2.85 4 0.04 cdef 2.55 4 0.02 2bc
Apple pomace - 3.35 £ 0.43 def 4.06 4 0.09 8hi 3.45 + 0.05 8
Chokeberry pomace - 2.89 + 0.06 Pede 2.73 +0.08 bed 2.89 4 0.58 bede
Pumpkin pomace - 4.02 +0.18 8" 3.73 4+ 0.08 f8h 3.34 4 0.24 def

WAI—water absorption index; *'—means indicated with similar letters in columns do not differ significantly at
o =0.05.

Nigella seed pomace exhibited a variable effect on the WAI across the tested concen-
trations. At 10% of additive, the WAI increased to 4.73 g/g, reflecting an enhancement
compared to the control sample. However, a significant decline was observed at a 20%
addition, where the WAI decreased to 2.26 g/g and further diminished to 1.91 g/g at 30%.
This trend indicates that, while nigella seed pomace promotes water absorption at lower
concentrations, the ability to improve absorption is markedly reduced at higher levels,
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potentially due to unfavorable interactions between the pomace and the water absorption
mechanisms and fluctuations in the amount of fat [32].

Flaxseed pomace followed a similar pattern, with the WAI weakening as the concen-
tration increased. At a 10% addition, the WAI was recorded at 3.51 g/g, which was lower
than found for the control. This value continued to decline to 2.85 and 2.55 g/g at 20% and
30% concentrations, respectively (Table 5). The consistent reduction in the WAI suggests
that flaxseed pomace may not effectively enhance water absorption at high concentrations,
indicating potential negative interactions that inhibit the water uptake.

In contrast, apple pomace revealed a more favorable influence on the WAL The initial
measurement at 10% was 3.35 g/ g, which was relatively close to the control sample. Notably,
at a 20% addition, the WAI increased to 4.06 g/g—suggesting a significant enhancement
in water absorption capacity. Although there was a slight decrease to 3.45 g/g at the
30% level, this value remained higher than those for the control sample and at a 10%
concentration (Table 5). These results indicate that apple pomace was an effective additive
in improving water absorption, particularly at moderate levels. Chokeberry pomace
presented a relatively stable but consistently lower effect on the WAL At a 10% addition, the
WAI was measured at 2.89 g/g, indicating reduced water absorption capacity compared
to the control sample. This value slightly decreased to 2.73 g/g at 20% and returned to
2.89 g/ g at 30% of additive used (Table 5). Overall, the lower values suggest that chokeberry
pomace may not significantly enhance the water absorption capacity, exhibiting minimal
variation across the tested concentrations.

Pumpkin pomace application in extruded products showed a moderate impact on
the WALI, with a recorded value of 4.02 g/g at 10%—indicating higher water absorption
compared to the control sample. At 20% of additive, the WAI decreased to 3.73 g/g and
further to 3.34 g/g at the 30% level (Table 5). Despite the reduction in water absorption with
increasing concentration, the initial high value suggests that pumpkin pomace addition
may contribute positively to water absorption of extrudates, even at low levels.

Nigella seed and flaxseed pomace exhibited diminished effectiveness at higher con-
centrations, whereas apple pomace consistently enhanced water absorption, particularly
at moderate levels. Conversely, chokeberry pomace demonstrated limited influence, and
pumpkin pomace showed a mixed response. These observations underscore the critical
role of both pomace type and concentration in terms of enhancing the water absorption
capacity of materials.

3.5. Results of Water Solubility Index

The present study systematically evaluates the effects of different pomace types on
the water solubility index (WSI) across incremental concentrations of 10, 20 and 30%. The
control sample, without the addition of pomace, demonstrated a WSI of 4.21%, providing a
reference point for comparison in assessing the impact of different pomace types on water
solubility (Table 6).

Table 6. Extrudate water solubility index (n = 3 £ SD).

WSI (%)
Type of Pomace
Control 10% Pomace 20% Pomace 30% Pomace
Control sample 421+0.092 - - -
Nigella seed pomace - 3.71 4+ 0532 7.97 £ 0.77 def 1023 £0.76 f
Flaxseed pomace - 5.47 4 .17 2bcd 6.10 & 0.20 abcde 7.30 & 0.16 bede
Apple pomace - 4.49 4+ 045 437 4+0.382 5.53 4 .25 abed
Chokeberry pomace - 8.59 + 1.01 ¢ 14.80 +3.308 17.67 £ 0.58 &
Pumpkin pomace - 416 +0.722 4.70 £ 0.09 2be 7.53 £ 0.20 cdef

WSI—water solubility index; *8—means indicated with similar letters do not differ significantly at « = 0.05.

Nigella seed pomace showed a significant enhancement in the WSI as the concentration
increased. Initially, at the 10% level, the WSI was obtained at 3.71%, which was lower than
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the control value. However, at a 20% concentration, a substantial increase in the WSI was
observed—rising to 7.97% and further to 10.23% at 30% of additive (Table 6). These results
suggest that nigella seed pomace was particularly effective at elevating water solubility,
especially at high concentrations, highlighting its potential as an additive in applications
requiring improved solubility characteristics.

Flaxseed pomace also positively influenced the WSI, though the enhancement was
more moderate. At a concentration of 10%, the WSI of the extrudates was 5.47%, which
exceeds the control sample. The WSI values increased to 6.10% at a 20% concentration,
followed by a further rise to 7.30% at the 30% level (Table 6). The progressive increase in
the WSI across concentrations suggests that flaxseed pomace enhances water solubility,
though to a lesser extent than observed if nigella seed pomace was used.

In contrast, the apple pomace application exhibited a relatively stable effect on the
WSI. At 10 and 20% of additive, the WSI values were at 4.49 and 4.37%—slightly higher
than the control. However, at 30%, a significant increase was observed to 5.53% (Table 6).
These results imply that apple pomace can increase water solubility but with inconsistent
effects across varying concentrations.

Chokeberry pomace presented the most substantial enhancement in the WSI among
the pomaces evaluated. The WSI value at a 10% concentration was 8.59%, which was
significantly higher than the control. This increase continued at 20%, reaching 14.80%, and
further rose to 17.67% at a 30% concentration. These findings indicate that chokeberry
pomace is highly effective at improving water solubility, suggesting a potential application
in formulations that require enhanced solubility.

Pumpkin pomace addition demonstrated a more moderate impact on the WSIL. At 10%
of addition, the WSI was measured at 4.16%, which was slightly lower than in the control
sample. However, WSI values increased to 4.70% at 20% and further to 7.53% at 30% of
pumpkin pomace. Although this by-product contributes positively to water solubility, its
overall effect remains less pronounced compared to nigella seed and chokeberry pomaces.

Nigella seed and chokeberry pomace markedly enhanced the WSI of extrudates,
particularly at higher concentrations, while flaxseed pomace provided a moderate benefit.
Conversely, apple pomace exhibited steady yet variable effects on the WSI, and pumpkin
pomace provided only a minor increase. These outcomes emphasize the significance of
selecting both the appropriate pomace type and concentration to enhance water solubility
for specific applications.

3.6. Results of Extrudates Biogas Efficiency

The control potato-based extruded sample provided a methane content of 47.38% in the
obtained gases during anaerobic fermentation (Figure 3), with a cumulative methane pro-
duction of 299.29 m3 per Mg of fresh mass and cumulative biogas production of 631.68 m?
per Mg of fresh mass (Table 7). This control serves as a reference sample for evaluating the
effects of pomace addition and type on methane efficiency and biogas productivity.

Nigella seed pomace demonstrated a notable increase in the methane content as the
concentration of by-products increased in the recipe. At 10% of additive, the methane
content was found to be 47.07% of the total gas amount, slightly below the control. However,
methane productivity increased to 49.64% if 20% of pomace was used and to 51.39% at the
30% level (Figure 3). Correspondingly, cumulative methane production per Mg of fresh
mass increased from 295.87 m? at 10%, to 323.60 m? at 20% and 337.04 m> at 30% of this
additive, indicating that nigella seed pomace elevated methane output, particularly at high
concentrations (Table 7). Similar trends are observed in cumulative methane production
per Mg of dry mass and dry organic matter, suggesting that nigella seed pomace has a
positive impact on biogas production efficiency at moderate to high concentrations.

Flaxseed pomace showed relatively stable methane content across all concentrations,
starting from 47.42% of the total gas amount at 10% of additive and increasing slightly to
48.95% at 30% with significant effects (Figure 3). The cumulative methane production per
Mg of fresh mass remained near the control value, reaching 289.68 m? at 10% of flaxseed
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pomace and increasing to 300.53 m> at the 30% level. Although flaxseed pomace addition
does not significantly enhance methane efficiency as compared to nigella seed pomace,
the steady biogas productivity across concentrations suggests a potential for maintaining
fermentation stability without significant fluctuations in methane output.
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Figure 3. Methane content after anaerobic fermentation of post-production wastes of snack pellets
with various types and amounts of additives; *5—means indicated with similar letters in columns
do not differ significantly at o = 0.05.

Table 7. Methane fermentation measurements of post-production waste extrudates (n = 3 &= SD).

Sample Pomace Amount CMPFM CBPFM CMPDM CBPDM CMPDOM CBPDOM
P (%) (m*/Mg) (m®/Mg) (m®/Mg) (m®/Mg) (m®/Mg) (m®/Mg)
Control sample 0 299.29 + 2.06 % 631.68 + 1.15 <f 32641 £2319%F 68993 +1209F 33318 £2.379f  703.80 + 1.60 ¢
Nigella seed 10 295.87 4 1.04 @ 62857 244 ¢ 324.47 4+ 1.01 de 686.15 & 2.59 4 330.11 # 0.78 «@ 700.10 £ 2.58 ¢
;‘f omace 20 323.60 + 2.60 & 651.87 +2.60 8 355.63 £ 1.09 " 716.26 + 3.06 & 364.19 +1.301 734.01 +3.228
30 337.04 4+ 0.08 1 655.82 & 3.58 & 372344+ 0.051 72543 +3.938 383.65 4+ 0.017 747.63 & 4.09 1
10 289.68 4+ 0.25 P 610.91 + 0.81 b¢ 324.14 + 0.18 <de 683.55 + 0.66 4 330.64 + 0.48 <de 697.91 + 0.66
Flaxseed pomace 20 298.47 4 1.40 de 618.41 4 1.48 «d 328.45 4 1.56 °f 680.01 4 1.59 «d 335.91 + 1.63 °f8 695.88 + 1.74 ¢
30 300.53 + 1.02 def 613.93 +3.14°¢ 330.20 &+ 1.07 f8 674.52 + 3.17 be 339.66 + 1.10 8" 694.34 +3.25¢
Apple 10 290.62 4 1.92 b¢ 609.90 = 3.75 bc 317.48 +2.15° 664.66 + 4.19 P 323.60 4 2.21 % 678.43 + 4.19°
poﬂgce 20 300.22 + 1.01 de 640.20 + 6.59 f 327.43 + 1.11 def 699.20 4 7.45 ©f 334.27 + 1.13 defg 713.40 4 7.40
30 296.04 + 3.58 < 628.38 + 3.32 de 322.28 + 3.71 bed 683.88 + 3.46 < 331.10 + 3.73 <de 700.99 4+ 3.59 <
Chokeberr 10 303.05 + 1.59 ©f 628.18 + 4.75 de 330.79 + 0.65 8 688.50 + 5.36 de 337.17 £ 0.64 8 701.07 4 5.28 «d
pomace y 20 298,98 + 0.31° 602.79 +1.71° 319.36 4 0.25 b¢ 664.14 +1.94° 327.36 4 0.25 b¢ 681.04 + 1.89°
30 278.87 + 0.96 @ 569.12 + 4.352 311.32 + 1.00 635.35 + 4.76 @ 31872+ 1.112 650.41 + 4.982
10 302.53 4 2.46 °f 640.81 +1.55f 329.63 4 2.68 °f8 697.53 4 1.61 °f 335.44 4293 9°f8 711, 53 & 1.68 def
Pumpkin pomace 20 297.99 + 3.17 de 637.11 & 1.90 326.74 + 3.62 def 700.51 +2.14 f 335.61 + 3.59 defg 718.38 £ 2.11f
30 305.80 +2.22 f 640.69 & 4.65 334.67 +1.588 699.77 +5.17 f 343.72 £ 1.57h 717.09 £ 5.26 f

CMPFM—cumulative methane production in m® per Mg of fresh mass, CBPFM—cumulative biogas pro-
duction in m® per Mg of fresh mass, CMPDM—cumulative methane production in m® per Mg of dry mass,
CBPDM—cumulative biogas production in m? per Mg of dry mass, CMPDOM—cumulative methane production
in m3 per Mg of dry organic matter, CBPDOM—cumulative biogas production in m3 per Mg of dry organic matter;
aJ—means indicated with similar letters in columns do not differ significantly at & = 0.05.

Apple pomace addition exhibited a variable impact on methane production. At 10% of
additive, the methane content was recorded at 47.65% (Figure 3), with cumulative methane
production per Mg of fresh mass at 290.62 m3. A slight decrease in the methane content to
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46.89% was observed if 20% of additive was used, while cumulative methane production
was 300.22 m® per Mg of fresh mass. At the 30% level, the methane content increased
slightly to 47.11%, with the cumulative production at 296.04 m® (Table 7). These results
indicate a moderate improvement in methane production, suggesting that changing the
concentration of apple pomace affects methane efficiency.

Chokeberry pomace revealed significant variability in methane production, with a
content of 48.24% in the total gas amount when 10% of pomace was applied, peaking at
49.00% at the 30% level (Figure 3). However, cumulative methane production per Mg
of fresh mass decreased from 303.05 m> at 10% to 278.87 m® at 30% of additive. This
trend indicates that, while chokeberry pomace can increase methane content, the impact
on cumulative methane production diminishes at higher concentrations, possibly due to
interactions that reduce overall gas productivity.

Pumpkin pomace addition in snack pellet recipes produced a consistent methane
amount and cumulative methane production across all concentrations. At 10% of addition,
the methane content reached 47.21% of total gases (Figure 3), and the cumulative methane
production per Mg of fresh mass was 302.53 m3. When 30% was applied, the methane
content rose to 47.73% (Figure 3), with the cumulative methane production at 305.80 m?
per Mg (Table 7). These results suggest that pumpkin pomace maintains stability in the
methane content and production without sudden variation across all concentrations.

To summarize, the addition of different types of pomaces in various concentrations
had an influence on the methane productivity and cumulative biogas amount. Nigella
seed pomace addition showed the most substantial enhancements in the methane content
and cumulative production at high concentrations. In contrast, flaxseed and pumpkin
pomaces demonstrated stable productivity, providing a consistent methane output across
all concentrations.

Conversely, apple and chokeberry pomace applications had variable effects, with
fluctuations in methane production that suggest process-specific responses. These findings
underscore the potential of selecting pomace types, particularly nigella seed, for optimizing
methane efficiency in biogas production.

4. Discussion

In our study, the highest process efficiency was obtained for snack pellets enriched
with oilseed pomace. Similar findings were reported by Soja et al. [23], who used a single-
screw extruder with a plasticizing unit with L/D 20 to produce snack food pellets. The
results showed that high concentrations of oilseed pomaces can optimize the processing
efficiency and quality of extrudates, while high concentrations of apple and pumpkin
pomace can negatively affect process efficiency, possibly due to the presence of fiber,
sugars or pectin. Lisiecka et al. [33], in testing snack pellets with added fresh vegetable
pulp, noted that an increase in vegetable pulp content within the raw material mixture
corresponded with a decline in extrusion-cooking efficiency. This reduction in efficiency
was attributed to increased viscosity in the mixture, stemming from the higher fiber content
introduced by the vegetable pulp. Accordingly, the elevated fiber fraction altered the flow
characteristics of the mixture, creating greater resistance during the extrusion-cooking
process and, consequently, reducing overall throughput.

The results of the energy consumption analysis based on the SME indicator obtained in
this study showed a similar trend to the findings presented by Lisiecka and Woéjtowicz [34].
The lowest SME values were observed for both the smallest and largest additive amounts in
the mixture. In contrast, the intermediate additive level (20% in the mixture) was associated
with an increase in SME values, compared to the 10% additive for most types of pomaces.
This trend was similarly observed by Lisiecka and Wojtowicz [34]. The lowest SME values
for all types of pomaces were obtained at the highest additive concentration (30%), aligning
with the analysis of the results presented by Soja et al. [35].

The results of the bulk density for most extrudates indicated an increase in bulk density
with the addition of 10% and 20% of plant pomace, with the highest values achieved for
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mixtures enriched with 20% of pomaces. For most of the snack pellets with an added 30%
by-product pomace, a decrease in extrudate bulk density was observed. A similar trend
was noted by Wéjtowicz et al. [36], who recorded the lowest bulk density for pellets with
the highest percentage of additives in the raw material blend. The decrease in bulk density
of snack pellets enriched with various functional additives, such as plant pomace or cricket
flour, may be attributed to the reduction in carbohydrates and, consequently, in starch
content, which, in turn, limits the gelatinization process. The highest bulk density was
obtained for extrudates with a 20% pomace addition, and the results were consistent with
the previous studies employing a different plasticizing unit length [35]. The control sample,
in comparison to mixtures with 10% and 20% of added pomaces, showed a lower bulk
density, and this agrees with similar observations reported by Mitrus et al. [37].

In the conducted study, fluctuations in the water absorption index (WAI) values were
observed depending on the type of pomace and its percentage content in the mixtures.
For extrudates containing nigella seed, flaxseed and pumpkin pomace, a decrease in the
WAI was noted as the percentage of these components increased in the mixture. Similar
trends were reported by Yagci et al. [38] and Altan et al. [39], where an increase in tomato
pomace content led to a decline in the water absorption index. For food pellets with apple
and chokeberry pomace, fluctuations and irregular effects on the WAI were observed,
aligning with the findings of Dushkova et al. [40], who studied the influence of chokeberry
pomace in rice flour-based extrudates. Based on these results, it can be concluded that
the type of additive and its physicochemical properties significantly impact the WAI of
extruded products.

Building upon the presented research, elevating the concentration of nigella seed,
flaxseed and chokeberry pomace in the raw mixture led to an increase in the extrudate
water solubility indexes (WSIs). Wojtowicz et al. [41] similarly noted a rise in the WSI
of snack pellets as the concentration of fresh chokeberry in the raw mixture increased
(this mixture was processed using a single-screw extruder at a screw rotation speed of
60 rpm). These findings are similar to the conclusions drawn in this study. For other
pomace types, such as apple and pumpkin, irregularities and fluctuations were observed in
the WSI results of the extrudates with increasing pomace concentration in the raw mixture.
Lisiecka et al. [42] reported similar findings in their study on the effect of fresh beetroot on
processing conditions and selected quality attributes of food pellets.

The biogas production potential of post-production waste from the food industry is
essential for advancing sustainable development and the circular economy. Converting
this waste into biogas not only reduces waste accumulation but also provides a renewable
energy source applicable across various economic sectors. The highest cumulative biogas ef-
ficiency was achieved after fermentation of pellets containing a 30% addition of nigella seed
pomace, resulting in 337.04 m3/ Mg for fresh mass, while the lowest efficiency was obtained
for pellets containing a 30% addition of chokeberry pomace, obtaining 278.87 m3/Mg.
Czubaszek et al. [43] focused on methane production from agri-food residues by analyz-
ing the biogas efficiency of agricultural by-products like cabbage leaves, apple pomace,
pumpkin residue and walnut husks. They observed the highest methane efficiency in the
fermentation of cabbage leaves, reaching 297.81 NL/kg of volatile solids, whereas the low-
est efficiency was 199.18 NL/kg of volatile solids for pumpkin residue. David et al. [44] also
investigated methane efficiency from food residues, with the highest efficiency recorded at
305.45 NL/kg of volatile solids, further supporting the relatively high methane efficiency
from post-production waste in food pellet manufacturing.

The mentioned results indicate that the addition of vegetable pomace to snack ex-
trudates increases methane efficiency, probably due to its rich carbohydrate content and
balanced fiber levels. Carbohydrates offer an available substrate that promotes microbial
activity during anaerobic fermentation, while fiber contributes to maintaining optimal
conditions for continuous fermentation. This synergy increases methane production effi-
ciency and reveals enriched snack pellet waste to be a valuable source of biogas generation.
These findings highlight the potential of agri-food industrial by-products to support re-
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newable energy production, in line with the goals of sustainable waste management and a
circular economy.

Comparative analysis of methane efficiency demonstrates that pomace type plays
a crucial role in determining biogas potential, emphasizing the importance of substrate
selection in optimizing fermentation efficiency. The superior biogas production from nigella
seed pomace may be attributed to its higher carbohydrate content and favorable nutrient
profile, while the relatively lower efficiency observed with chokeberry pomace suggests
the potential influence of specific inhibitory compounds or imbalanced fiber content. These
variations underscore the need for tailored approaches in integrating plant pomace into
industrial processes—as different pomace types exhibit unique biochemical characteristics
that affect microbial activity during anaerobic digestion.

Such insights provide valuable guidance for the selection of optimal pomace compo-
sitions, enabling the development of efficient, cost-effective strategies for industrial-scale
energy applications. By strategically utilizing pomace types with higher methane efficiency,
industries can enhance renewable energy production while contributing to sustainable
waste management practices and supporting circular economy goals.

Soldano et al. [45] analyzed the effect of anaerobic fermentation of mycotoxin-contaminated
wheat on methane efficiency. The average methane production was 337.0 NL/kg of volatile,
which is comparable to the results obtained with a 30% addition of nigella pomace in
a study on extruded potato samples. Both studies suggest that an appropriate choice
of substrates or additives can significantly affect the methane production efficiency of
anaerobic digestion processes. Lopez et al. [46], in turn, investigated the methane potential
of various commercial food waste sources, including waste from university dining halls,
prepared food and leftover produce waste from grocery stores, food waste generated
by hotels and convention centers and restaurant kitchen waste. They reported methane
efficiency ranging from 363 to 492 mL/dry g, where lipids contributed 59-70% of the total
methane production. In comparison, this study on extrudates demonstrated that nigella
seed pomace achieved a methane content of up to 51.39% and a cumulative efficiency of
372.34 m3 /Mg dry mass.

Chokeberry pomace, rich in polyphenols, presents a potential challenge for anaerobic
digestion. Polyphenols are known for their antioxidant properties, and high concentrations
can inhibit the process [47,48]. While apple and pumpkin pomace, due to their carbohydrate
content, generally do not exhibit strong inhibitory effects [49,50], their high sugar content
could lead to rapid acidification [51] and can disrupt the delicate pH balance necessary for
efficient biogas production. Li et al. [52] also note that the presence of polyphenols, even in
apple pomace, can have inhibitory effects at high concentrations. In contrast, flaxseed is
high in lipids and lignocellulosic material and could potentially lead to LCFA (Long Chain
Fatty Acid) inhibition [53]. Hence, high lignin content can slow down the hydrolysis step
of fermentation and might also limit the biodegradability of the pomace [54,55].

These findings suggest a comparable influence of food waste on methane production,
particularly for substrates rich in lipids, emphasizing the importance of the composition in
optimizing methane production potential.

The principal component analysis (PCA) of the presented results allowed us to obtain
five new variables that explain 100% of the variability of the tested system. Accordingly,
the first two principal components explain as much as 81.93% of the variability. The PCA
also showed that all parameters have a very strong effect on the variability of the entire
system, barring the process efficiency (Q) and bulk density (BD), which had a slightly
smaller effect on the variability of the tested system (Figure 4). The water absorption
index (WAI) and process efficiency (Q) were strongly and positively correlated. A similar
relationship was obtained for the cumulative biogas production of fresh mass (CBPFM),
cumulative biogas production of dry mass (CBPDM) and cumulative biogas production
of dry organic matter (CBPDOM) and also between the cumulative methane production
of fresh mass (CMPFM), cumulative methane production of dry mass (CMPDM) and
cumulative methane production of dry organic matter (CMPDOM). The water absorption
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index (WAI), process efficiency (Q), specific mechanical energy (SME) and water solubility
index (WSI) were strongly and negatively correlated (Figure 4 and Table 8).

PC2: 23 98%

-1.0 05 0.0 05 1.0

PC1: 57.96%

Figure 4. Projection of variables as product parameters on the PC1 and PC2 loadings plot.

Table 8. Correlation matrix between the results obtained for the tested samples.

SME BD WAI WSI CMPFM CBPFM CMPDM CBPDM CMPDOM CBPDOM

(kWh/kg)  (kg/m?) (%) (%) (m3*Mg) (m3>Mg) @m3*Mg) m3Mg) (@m3>Mg) (m*Mg)
Q (kg/h) 0.63 * —0.49 0.37 —0.42 0.19 0.16 0.18 0.18 0.16 0.16
SME —0.52 0.45 —0.71 ** 0.60 * 0.73 ** 0.56 0.77 ** 0.56 0.76 **
BD —0.22 0.19 0.23 0.16 0.18 0.09 0.18 0.09
WAI —0.75** —0.10 0.42 —0.25 0.27 —0.27 0.21
WSI —-0.27 —0.68 * —-0.15 —0.59 —0.15 —0.56
CMPFM 0.82 ** 0.98 *** 0.90 *** (0.98 *** (0.92 ***
CBPFM 0.72 ** 0.98 *** 0.72 ** 0.97 ***
CMPDM 0.83 ** (0.99 *** 0.86 **
CBPDM 0.83 ** 0.99 ***
CMPDOM 0.85 **

Q—efficiency, SME—specific mechanical energy, BD—bulk density, WAI—water absorption index, WSI—water
solubility index, CMPFM—cumulative methane production in m? per Mg of fresh mass, CBPFM—cumulative
biogas production in m3 per Mg of fresh mass, CMPDM—cumulative methane production in m® per Mg of dry
mass, CBPDM—cumulative biogas production in m® per Mg of dry mass, CMPDOM—cumulative methane
production in m® per Mg of dry organic matter, CBPDOM—cumulative biogas production in m® per Mg of dry
organic matter; *—significant at p < 0.10; **—significant at p < 0.05; ***—significant at p < 0.01.

The PCA (Figures 4 and 5) also showed that the cumulative methane production
of fresh mass (CMPFM), cumulative methane production of dry mass (CMPDM) and
cumulative methane production of dry organic matter (CMPDOM) were strongly correlated
with flaxseed pomace addition. In turn, the cumulative biogas production of fresh mass
(CBPFM), cumulative biogas production of dry mass (CBPDM) and cumulative biogas
production of dry organic matter (CBPDOM) were correlated with pumpkin pomace
application in extrudates. The control sample was correlated with the water absorption
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index (WAI) and the process efficiency (Q) results, but the water solubility index (WSI) was
correlated with the application of chokeberry pomace addition in the extruded pellets.
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Figure 5. Projection of sample type depending on pomace source on the PC1 and PC2 scores plot.

The correlation matrix performed to analyze data interactions is shown in Table 8. The
correlation coefficients as tabled show the interactions between all possible combinations
of pairs of variables, wherein the larger its value, the stronger the linear relationship
between the variables. Moreover, the sign of the correlation coefficient indicates a positive
or negative correlation between the studied variables.

Values of processing efficiency Q were positively correlated with the SME (0.63 at
p < 0.10). The SME was significantly negatively correlated with the WSI (—0.71 at p < 0.05)
and positively with the cumulative methane production (CMPFM) (0.60 at p < 0.10) and
the cumulative biogas production (CBPFM) (0.73 p < 0.05) as fresh mass. What is more,
significant positive correlations were found between the SME and the cumulative biogas
production as dry mass (CBPDM) (0.77 at p < 0.05) and as dry organic matter (CBPDOM)
(0.76 at p < 0.05). In addition, the WSI and WAI were negatively correlated with each
other, with a coefficient of —0.75 and at a significance level of p < 0.05. Furthermore, as
presented in Table 8, all fermentation indicators were significantly correlated with high
values of coefficients.

5. Conclusions

Plant pomace addition had a beneficial effect on the extrusion-cooking process and
improved the physical properties of the snack food pellets. In addition, the post-production
wastes from the production of snack pellets with the addition of plant pomaces showed
a promising potential for biogas and methane production. These dual benefits not only
enhanced the quality and functionality of food pellets but also highlighted the potential of
post-production waste in energy recovery, supporting both sustainable energy initiatives
and effective waste management strategies. Considering all the studies conducted, includ-
ing the analysis of the extrusion-cooking process, the quality of extrudates and the biogas
efficiency, we concluded that the best performance was achieved with nigella seed pomace
supplemented at levels of 20% and 30%. These concentrations demonstrated superior
results in optimizing both the extrusion-cooking characteristics and the overall output
quality, while also enhancing biogas production efficiency.
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The analysis spotlighted nigella seed and chokeberry pomace as optimal additives
for magnifying both functional properties and methane production efficiency. Nigella
seed pomace, particularly at a 30% concentration, achieved the highest methane output
(51.39%) and significant improvements in water solubility (10.23%), making it highly
effective for applications requiring dual benefits. Chokeberry pomace, while exhibiting
the most substantial increase in solubility (17.67% at 30%), demonstrated diminishing
returns in cumulative methane production at higher concentrations, suggesting its use may
be more suited for solubility-focused applications. Flaxseed pomace provided moderate
enhancements in solubility and stable biogas productivity, offering a balanced option for
maintaining fermentation consistency. Apple and pumpkin pomace showed more variable
effects, but their contributions to functional and methane properties indicate a potential
for tailored use in formulations where stability or moderate efficiency is desired. These
findings emphasize the importance of selecting pomace types and concentrations aligned
with specific application goals.

This approach not only reduces greenhouse gas emissions associated with organic
waste decomposition but also provides a cost-effective pathway to achieve energy indepen-
dence in rural and industrial sectors. By valorizing plant pomace and other agro-industrial
residues, industries can align with global sustainability goals and contribute to a more
resilient bioeconomy.
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