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Streszezenie w jezyku angielskim

Contemporary challenges related to the growing global demand for energy and the necessity to
reduce emissions of harmful substances encourage the search for alternative, renewable fuel
sources. Biomass, particularly that derived from agro-food industry waste, such as apple
pomace, walnut shells, and sunflower husks, presents a promising energy potential. The use of
woody biomass, as well as biomass from the agro-food sector, is part of broader efforts aimed
at more sustainable waste management and the creation of a cleaner environment. In Poland,
according to the National Energy and Climate Plan for 2021-2030, a significant share of solid
biomass is foreseen in the national energy balance.

The combustion of biomass, athough considered an environmentally friendly solution
compared to fossil fuels, generates by-products, primarily ash. Its chemica composition is
crucial for assessing environmental impacts through landfilling (burden on the environment,
e.g., due to contaminant leaching), agricultural application, and pollutant emissions during the
combustion process. The ash composition is highly variable and may contain potentially toxic
elements (PTEs) such as Pb, Cd, As, Cr, Cu, Ni, Se, and Zn.

This doctoral dissertation presents innovative research focused on a comprehensive analysis of
ashes resulting from the combustion and co-combustion of agro-food biomass (apple pomace,
walnut shells, sunflower husks, and cherry biomass pellets composed of branches and pitsin a
1:1 ratio) with hard coal at temperatures of 400+£15°C and 850+£15°C. The study analyzed ashes
from the combustion/co-combustion of agro-food biomasswith hard coal in terms of the content
of PTEs, rare earth elements (REES), uranium (U), thorium (Th), and mineral composition. In
the context of the globally increasing importance of critical raw materials, including REEs, for
the development of modern technologies, the search for new, sustainable sources for their
recovery isgaining priority, in accordance with the European Union’s strategy emphasizing the
recycling and processing of waste.

Raw woody biomass (alder and birch) and ashes from its combustion were aso studied to
determine the concentration of PTEs and the impact of environmental factors on wood quality
(samples were collected from the Matopolskie Voivodeship and the Bory Tucholskie National
Park). Thermogravimetric analysis of alder and birch enabled the evaluation of mass changes
asafunction of time under a set temperature program, providing insightsinto their potential for
energy use. Water extracts from these ashes indicated that the concentrations of |eached sulfate
and potassium ions exceeded the permissible limits for pollutants discharged into water and

soil.



Chemical, mineralogical, and thermal analyses were conducted using advanced analytical
techniques such as ICP-OES/MS (Inductively Coupled Plasma Optica Emission
Spectrometry/Mass Spectrometry), AAS (Atomic Absorption Spectrometry), XRD (X-ray
Diffraction), SEM-EDS (Scanning Electron Microscopy with Energy-Dispersive
Spectroscopy), IC (lon Chromatography), and TG-DSC-FTIR (Therma Analysis). These
methods allowed for the determination of PTE, REE, U, and Th concentrationsin raw biomass
and combustion ashes, identification of mineral phases and particle morphol ogy in ash samples,
evaluation of components leached into aqueous € uates from ashes, and provided insights into
the thermal processes occurring in wood.

The conducted research provides valuable data on the feasibility of burning agro-food biomass
(e.g., inpellet form) inindividual household heating systems, enablesthe environmental impact
assessment of agro-food and woody biomass combustion, and opens new perspectives for the

potential recovery of REES from ashes.



1. Wprowadzenie
Transformacjaenergetycznai dekarbonizacja sektora energetycznego zawodowego, jak

i indywidualnego prowadzi do poszukiwania alternatywnych zrodet energii. Jednym z nich jest
biomasa, ktéra jest klasyfikowana wg roznych kryteriow, m.in. na stan skupienia, stopien
przetworzenia czy zroédto pochodzenia (Malec, 2023). W znowelizowanej ustawie zostata
doprecyzowana definicja biomasy jako substancji, ktora ulega biodegradacji, jest pochodzenia
biologicznego i zalicza si¢ do niej substancje roslinne lub zwierzgce. W ustawie wyodrebniono
réwniez definicj¢ biomasy rolnicze i biomasy lesnej (Dz.U. UE, 2023; Dz.U.,2025, poz. 303).
Biomase¢ jako paliwo dla energetyki ograniczaja parametry wynikajace z wilasciwosci
fizykochemicznych, ekonomicznych i technicznych (Sala, 2017).

Spalanie biomasy jest coraz czesciej stosowang technologia, ktora pozwala na redukcje
emisji gazoéw cieplarnianych i zwigkszenie udzialu energii odnawialnej. W Polsce istniejg duze
zasoby biomasy, ktora pochodzi z lasow oraz z rolnictwa. Wedtug prognozy wykonang przez
International Energy Agency (IAE) do roku 2050 biomasa bedzie obecna ale forma jg
wykorzystania ulegnie zmianie (Fig.1) (www.https://magazynbiomasa.pl/zrownowazona-
biomasa-w-cieplownictwie-i-energetyce/). Biomasa charakteryzuje si¢ wysoka zmiennoS$cia
przestrzenng w porownaniu do paliw kopalnych, a jej zagospodarowanie i produkty jej spalania

stanowg wyzwanie dla utrzymania prawidlowo zbilansowanej podazy (Zelazny i in., 2018).
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Fig. 1. Wykorzystanie i podaz na bioenergie w latach 2010-2050 wg IAE
(www.https://magazynbiomasa. pl/zrownowazona-bi omasa-w-ci epl owni ctwie-i-energetyce/)



Przyjmuje si¢, ze do 2050 roku ponad 60% globalnej podazy bioenergii (100 EJ), bedzie
pochodzi¢m.in. z odpadow rolniczych, organicznych odpadow komunalnych i pozostatosci
z przemyshu lesnego (w tym przypadku 20 EJ).

Wedtug danych Komisji Europejskigj, w ostatnich latach gléwnym Zrodlem energii
odnawialng byla biomasa, z ktorej wytwarzano ok. 60% energii OZE, z tego 75% byto
uzywane w cieptownictwie (Raport, 2022/2023). W skali globalnej okoto 40% energii
W obszarach miejskich pochodzi z biomasy, w poréwnaniu do 90% na obszarach wiejskich
(Gani i in., 2022).

W Polsce wykorzystuje si¢ biomas¢ w ilosci od 3,5 min ton do 5 min ton
w elektroenergetyce, cieptownictwie i ogrzewnictwie indywidualnym. Brak jest rzetelnych
danych co do ilosci wytwarzanego popiotu z jej spalania. W 2021 roku w indywidualnych
gospodarstwach domowych wykorzystano 20,1% wegla kamiennego (zrédto danych GUS,
2024). Drewno opatowe jako jedne z odnawialnych no$nikow energii w gospodarstwach
domowych wykorzystano na podobnym poziomie — 18,9% (GUS, 2024). Spalano je na ogo6t
w tych samych kotlach i piecach co wegiel kamienny, jednoczes$nie z weglem lub zamiennie.
Oproécz drewna, gospodarstwa zuzywaly takze inne rodzaje biomasy, ale powszechnos¢ ich
stosowania byta znacznie mniejsza niz drewna (3,0%).

Porozumienie Komigji Unii Europejskig (EU), Rady i Parlamentu z 30 marca 2023 roku
w sprawie dyrektywy, w sprawie energii odnawia ngj tzw. RED III podtrzymato status drewna
opatowego, jako waznego odnawialnego paliwa. Udzial drewna jako energii odnawialnej ma
wynosi¢ 42,5 % w 2030 roku (Dz.U UE, 2023).

W Krajowym Planie na rzecz Energii i Klimatu na lata 2021-2030 (Ministerstwo
Energii, 2019) zalozono, ze udziat energii ze zrodel odnawialnych (OZE) w energetyce
wyniesie 31,8%, z czego 11,5% bedzie pochodzito z biomasy statej. Dotychczasowe metody
spalania biomasy w Polsce obejmowaly gldwnie wspodtspalanie mieszanek biomasy lesnej
zweglem w kottach rusztowych 1 fluidalnych, a takze wspotspalanie mieszanek pylowych
w kottach pytowych.

Biomasa jest powszechnie postrzegana jako zrownowazone i przyjazne dla klimatu
zrodlo energii, jednak jej spalanie nie jest pozbawione wyzwan $rodowiskowych, np. emisj¢
CO:2 (Bohler i in., 2019). Zdecydowanie spalanie biomasy, w tym biomasy rolno-spozywczej
niesie ze sobg korzysci w postaci redukcji emisji CO2 i dywersyfikacji zrodet energii, jednak
generuje rowniez potencjalne zagrozenia dla srodowiska, zwigzane z obecnoscig pierwiastkow
potencjalnie toksycznych (PPT) w popiotach i ich emisj¢ do atmosfery. Surowce biomasowe

zawieraja PPT, spos$rdd ktorych wymienié¢ nalezy m.in. arsen (As), kadm (Cd), chrom (Cr),
Y



miedz (Cu), nikiel (Ni), otow (Pb), selen (Se) i cynk (Zn). Ponadto, spalanie biomasy, podobnie
jak spalanie wegla kamiennego, wiaze si¢ z emisja zanieczyszczen do atmosfery, takich jak
pyty (PM1o i PM25), tlenki azotu (NOx), dwutlenek siarki (SO2) i tlenek wegla (CO). Emiga
pytow zalezy od rodzaju spalanej biomasy, technologii spalania i eksploatacji kotta. Nawet przy
nowoczesnych technologiach spalania, niskokaloryczno$¢ biomasy oraz zmienno$¢ jej sktadu
fizykochemicznego moga ogranicza¢ efektywnos$¢ energetyczng 1 zwigksza¢ $lad
srodowiskowy (Nunes i in., 2020). W Polsce roczna emisja pytu PMzs ze zrodet spalania
nieprzemystowego, w tym z sektora komunalnego 1 mieszkaniowego, stanowi 52% roczne;j
krajowe emigji tego zanieczyszczenia (Kubicai in., 2022). Gtéwng przyczyna jest stosowanie
powszechnie dostepnych paliw staltych, wegla 1 drewna, do ogrzewania pomieszczen, a takze
do przygotowywania cieptej wody uzytkowej i gotowania. Dotyczy to gtdéwnie starych piecow,
ktére nie sg objete zadnymi normami dotyczacymi ilo$ci emitowanych substancji szkodliwych.

Emigaczastek statych ze spalaniabiomasy stanowi rowniez problemem srodowiskowy
(Cavoi in., 2013). W przypadku spalania drewna w indywidualnych paleniskach domowych
istnieje ryzyko emisji nanoczastek (Trojanowski i Fthenakis, 2019). Sktad chemiczny biomasy
moze wplywac na sktad popiotu i potencjalng emisje metali cigzkich (Hansen 1 in., 2001;
Vassilev i in., 2013). Dyrektywa 2001/80/WE Parlamentu Europejskiego i Rady dotyczaca
ograniczenia emisji niektorych zanieczyszczen powietrza z duzych obiektow spalania naktada
na panstwa cztonkowskie Unii Europejskigj obowigzek wprowadzenia prawnych ograniczen
emigi spalinz obiektow energetycznego spalania o mocy cieplnej 50 MW lub wickszej
(Dyrektywa UE 2001/80/EC).

Biomasa z przemystu rolno-spozywczego (np. pestki, tupiny, wyttoki z owocow oraz
resztki organiczne), jest surowcem wtornym nie tylko w produkcji pasz, biogazu i nawozow
organicznych, ale moze by¢ potencjalnym surowcem do wykorzystania w procesie spalania
W energetyce.

Glowne wyzwania zwigzane ze spalaniem/wspolspalaniem biomasy z weglem
kamiennym obejmuja:

1. emisje pytow (PMzs, PM1o) oraz lotnych zwigzkow organicznych. Kotty o matej mocy
czesto wykorzystuja spalanie rusztowe, co wptywa na zwigkszong emisj¢ cynku (Zn)

i niklu (Ni) do atmosfery (Cheng i in., 2021). Réwniez w procesie spalania biomasy

drzewnegj wilgotng zanieczyszczone np. glebg wartos¢ emisji tych pierwiastkow moze

by¢ wyzsza (Stritigas i in., 2017) obecnos¢ pierwiastkow potencjalnie toksycznych w

popiotach
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2. ryzyko zanieczyszczenia gleb 1 wod przy nieprawidlowej utylizacji odpadoéw
popiotowych

3. Korozje¢ instalacji grzewczych przez chlor, siarke i metale alkaliczne

W popiotach powstajacych w procesie spalania wegla kamiennego stwierdzono
wystepowanie pierwiastkow ziem rzadkich (REE) (Catusz-Motoszko i1 Biatecka, 2013;
Smotka-Danielowska, 2014; Franus i in., 2015; Adamczyk i in.,, 2016, 2018; Vassilev
I Vassileva, 2020). Ich stezenie w popiotach jest kilkadziesigt razy wyzsze niz w weglu
kamiennym. Dyrektywa odpadowa Parlamentu Europejskiego dotyczaca ochrony naturalnych
zasobow Srodowiska sprzyja mozliwosci wykorzystania popiotow lotnych pochodzacych ze
spalania wegla kamiennego, jako potencjalnego zrodta REE. Majg one ogromne znaczenie
W nowoczesnej gospodarce, ze wzgledu na ich wykorzystanie w zaawansowanych
technologiach i tym samym skfaniaja do poszukiwania alternatywnych zrodet ich
pozyskiwania.

Popioty z biomasy zawierajace PPT, stanowia wyzwanie w konteks$cie ich
zastosowania, w tym sktadowania. Niewlasciwe sktadowanie popiotow z biomasy moze
prowadzi¢ do migracji zanieczyszczeh zawartych w popiotach do gleby 1 wod gruntowych.
Lugowanie zanieczyszczen z popiotdéw (gltownie chlorki 1 siarczany) stanowi powazne
zagrozenie ekologiczne dla srodowiska gruntowo-wodnego. Rowniez wymywane PPT
Zpopiotdw moga kumulowaé si¢ w organizmach zywych, wedrujac w gore tancucha

pokarmowego 1 ostatecznie trafiajac do organizmu cztowieka.

1.1. Cd pracy
Celem zaprezentowanych w cyklu publikacji powigzanych tematycznie badan,

stanowigcych osiggniecie naukowe, byto okreslenie sktadu chemicznego i mineralnego, oraz
mozliwo$ci wykorzystania biomasy rolno-spozywczej i biomasy drzewnej jako paliwa
alternatywnego w réznych warunkach spalania. Bezposrednig inspiracja do podjecia tematu
badawczego byla potrzeba odpowiedzi na pytanie, czy w zwigzku z koniecznoscig
przeciwdziatania zachodzacym zmianom klimatycznym celowe jest zastgpowanie zrodet
kopalnych zrodtami odnawialnymi (OZE), miedzy innymi biomasg. Nowatorski aspekt pracy
stanowi porownanie biomasy drzewnej z obszarow o skrajnie rdznej czystosci srodowiskowe;j
w kontekscie unijnej dyrektywy RED III, ktora klasyfikuje drewno jako zeroemisyjne zrodio

energii.
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Na glowny cel badawczy skladaly sie ponizsze cele szczegolowe:

1. ustalenie, ktory rodzaj biomasy moze by¢ potencjalnie uzyty w procesie spalania,
glownie w indywidualnych paleniskach domowych, m.in.. wyniku peletyzacji biomasy
rolno-spozywczej

2. wskazanie optymalnej mieszanki biomasy i wegla kamiennego (udziat biomasy 20%,
40% i 60%) spalanych w roznych temperaturach (400+15°C i 850+15°C) w warunkach
laboratoryjnych oraz piecach domowych, uwzgledniajac typ biomasy i jej udziat
procentowy

3. okreslenie rodzaju zanieczyszczen zawartych w popiotach z biomasy drzewnej w procesie ich
lugowania

4. zbadanie procesOw termicznych, ktorym ulega drewno podczas zmian temperatury

5. wskazanie przydatnosci surowcow biomasowych jako paliwa w oparciu o niektore

wskazniki geochemiczne

2. Wlasciwosci popiotow z biomasy

Biomasa sktada si¢ z trzech glownych sktadnikow: celulozy, hemicelulozy 1 ligniny
(Chen et al., 2014). Procesy konwersji pirolizy s3 waznym procesem technologicznym
w produkcji biopaliw 1 odzyskiwaniu energii z biomasy. Wegiel, woddr, tlen i azot odpowiadaja
przede wszystkim za powstanie paliwa z biomasy, utlenianie w procesie spalania w wyniku
reakcji egzotermicznych z wytworzeniem CO, CO2 i H2O (Cruz et al., 2020).

Porozumienie Komigji Unii Europejskig (EU), Rady i Parlamentu z 30 marca 2023 roku
w sprawie dyrektywy, w sprawie energii odnawialnej zwane RED 111 za cel przyjeto osiagniecie
putapu 42,5% dla energii odnawialnej w ogdlnym zuzyciu energii w UE do 2030 roku. Glowne
zrodla biomasy lesnej na cele energetyczne stanowig drewno okragle i tupane, karpina oraz
pozostatosci drzewne z lasu i zadrzewien, oraz produkty z dziatalno$ci w przemys$le materiatlow
drzewnych.

Biomasa z przemystu rolno-spozywczego obejmuje wiele dziedzin gospodarki,
w ktorych powstajg odpady. Jednym z nich jest przemyst owocowo-warzywny, ktory wytwarza
odpady 1 produkty uboczne m.in. wytloki owocdéw 1 warzyw, skorki czy pestki .Bardzo czesto
wykorzystuje si¢ wszelkiego rodzaju owoce i warzywa oraz ich czgs$ci, ktore nie nadaja si¢ do
spozycia lub zostaty wycofane ze sklepow (Czekala i in., 2016).

Temperatura spalania odgrywa kluczowa rol¢ w ksztattowaniu ilosci i1 sktadu

chemicznego popiotow powstajacych podczas spalania biomasy (Vassilev i in., 2013). Przy
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niskich temperaturach spalania, wynoszacych okoto 400-500°C znaczna cze$¢ materii
organicznej nie ulega catkowitemu spaleniu, co wptywa na sktad popiotu, w tym na zawartos¢
wegla organicznego. W tych warunkach niektore zwigzki metali alkalicznych, takie jak potas
i s6d, moga nie ulega¢ pelnemu rozktadowi i odparowaniu, co prowadzi do ich obecnosci
W popiele w formach, ktore nie wystepujg przy wyzszych temperaturach (Mtonka-Medralai in.,
2020). Badania Vassileva i wspotpracownikow (2010) wykazaly, ze w temperaturach okoto
500°C sktad popiotdéw rdzni si¢ od tego uzyskanego w wyzszych temperaturach ze wzgledu na
niepetne przemiany fazowe 1 ograniczone uwalnianie lotnych sktadnikéw. Z kolei
w temperaturach 800-900°C, typowych dla wielu procesow spalania biomasy zachodzi
peiniejsze spalanie materii organicznej, a metale alkaliczne, takie jak potas i sod, moga
uwalnia¢ si¢ do fazy gazowej, a nastepnie kondensowac na powierzchniach kotta lub reagowaé
z innymi sktadnikami popiotu, takimi jak krzemionka i glin, tworzac krzemiany
i glinokrzemiany (Nunesi in., 2020). Chlor w biomasie odgrywa istotng role¢ w uwalnianiu
alkaliow, a termodynamiczne obliczenia Niu (2016) pokazuja , ze w temperaturach 400—
1000°C przy stalym stosunku molowym K(g)/Cl(g) rownym 1,0, dominujagcym produktem jest
KCI(g). Zmniejszenie stezenia CI(g) i K(g) prowadzi do zwigkszenia frakcji KOH(g) (Niu,
2016). W bardzo wysokich temperaturach (powyzej 1000°C), lotne zwigzki alkaliczne moga
reagowa¢ ze skladnikami popiotu, takimi jak krzemionka 1 glin, tworzac krzemiany
i glinokrzemiany, co moze zmniejszy¢ ilo$¢ alkaliow w fazie gazowej (Niu, 2016).

Spalanie biomasy generuje duze ilosci popiotu (Vassilev i in., 2013). Okoto 70%
popiotu z odpadéw drzewnych jest sktadowane na wysypiskach (Medinai in., 2017). Popiot
moze zawiera¢ pierwiastki potencjalnie toksyczne, ktére moga by¢ szkodliwe dla srodowiska,
w wyniku ich migracji (Hanseni in., 2001; Vassilev i in., 2010). W przypadku niewlasciwego
sktadowania lub wykorzystania popiolu ze spalania biomasy istnige ryzyko wymywania
szkodliwych substancji do gleby i wod (Hansen i in., 2001). Spalanie biomasy pochodzacej
Z terendOw zanieczyszczonych moze prowadzi¢ do koncentracji zanieczyszczen w popiele, co
wymaga szczegolnej ostroznosci przy jego zagospodarowaniu (Giudicianni i in., 2017).
W takich przypadkach, spalanie skazonej biomasy, majace na celu zmniejszenie objgtosci
odpadow, moze by¢ bardziej obcigzajace dla srodowiska niz bezposrednie sktadowanie, chyba
7e zostanie potaczone z odzyskiem energii (Alvarez-Mateos i in., 2019). Spalanie biomasy,
zwlaszcza o wysokiej zawarto$ci metali alkalicznych moze powodowac spiekanie popiotu
(slagging) na powierzchniach kotléw, zapychanie (fouling) powierzchni wymiany ciepta oraz

aglomeracje w ztozu (Paulauskasi in., 2020). Metale alkaliczne, takie jak K i Na, sg cze$ciowo
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uwalniane do fazy gazowej podczas spalania i mogg ulega¢ kondensacji tworzac osady (Niu
i in., 2016; Paulauskasi in., 2020; Zhou i in., 2013).

W popiotach ze spalania biomasy drzewnej moga wystgpowaé podwyzszone st¢zenia
pierwiastkow potencjalnie toksycznych (PPT), takich jak As, Cd, Cr, Cu, Ni, Pb, Zn. Ich
stezenie zalezy od rodzaju biomasy i temperatury spalania. (Medina i in., 2017; Vassilev i in.,
2013; Vamvuka, 2009) . Obecno$¢ chloru, siarki i azotu w biomasie jest niepozadana ze
wzgledu na ich szkodliwy wptyw na srodowisko. Dodatkowo, chlor i siarka powoduja korozje
piecow, w ktorych sg spalane oraz prowadza do powstawania osadéw zuzlowych na
powierzchniach wymiennikow ciepta.

W popiotach ze spalania  wystepuja podwyzszone zawartosci pierwiastkow
alkalicznych takich jak wapn (Ca), fosfor (P) oraz potas (K) (Zajac i in., 2018).
Niezrownowazone pozyskiwanie biomasy lesnej moze prowadzi¢ do ubozenia gleby
w sktadniki odzywcze, takie jak azot (N), potas (K) i fosfor (P). W zwiazku z tym, moze by¢
konieczne uzupehianie tych sktadnikow za pomoca nawozow mineralnych (Hammar i in.,
2019). W celu minimalizacji zagrozen $rodowiskowych zwigzanych ze spalaniem biomasy,
konieczne jest stosowanie zréwnowazonych praktyk pozyskiwania surowca, monitorowanie
emisji, wtasciwe gospodarowanie popiotem oraz dostosowanie technologii spalania do rodzaju
wykorzystywanej biomasy (Baxter i in., 1998; Vassilev i in., 2013).

Sktadowanie popiotow powstatych ze spalania lub wspoétspalania biomasy z weglem
kamiennym stanowi istotne wyzwanie Srodowiskowe ze wzgledu na ryzyko migracji metali
toksycznych i innych szkodliwych substancji do gleb oraz wod gruntowych. Kluczowym
mechanizmem tego zjawiska jest tugowanie sktadnikdw nieorganicznych z popiotow, ktore
moze prowadzi¢ do akumulacji toksycznych pierwiastkow w ekosystemach oraz ich
biodostepnos¢ dla roslin i mikroorganizméw (Bogush i in., 2018; Pettersson i in., 2008).
W zwiazku z tym niezbedne jest systematyczne monitorowanie proceséw utylizacji popiotu,
aby zminimalizowa¢ negatywny wptyw na §rodowisko.

Kluczowym wyzwaniem w procesie wspotspalania jest wysoka zawarto$¢ potasu, sodu
i chloru w biomasie, ktoéra prowadzi do zjawisk zuzlowania (slagging) i korozji. Alkalia,
W potaczeniu z chlorem, tworza zwiazki o niskich temperaturach topnienia, takie jak chlorki
metali alkalicznych (KCI, NaCl), ktére kondensuja na powierzchniach wymiennikow ciepta.
Powstate osady dziatajg jako izolator termiczny, obnizajac efektywnos$¢ wymiany ciepta nawet
0 20-30% 1 przyspieszajac degradacje materialdow kottowych (Olivas Ogaz, 2019). Proces
zuzlowania, definiowany jako tworzenie stopionych lub podtstopionych osadow w strefach

wysokotemperaturowych (np. palenisko), jest bezposrednio zwigzany z wlasciwosciami
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topnienia popiolu biomasowego, charakteryzujacego si¢ nizszg temperaturg topnienia (700—
900°C) w poréwnaniu z popiotem weglowym (>1200°C) (Zhu i in., 2023). Z kolei fouling,
czyli osadzanie si¢ spiekanych czastek popiotu na powierzchniach konwekcyjnych
(np. przegrzewaczach), wynika z kondensacji lotnych zwigzkéw alkalicznych, tworzacych
porowate struktury utrudniajgce przeptyw ciepta (Zhu i in., 2023). Obecnos¢ chloru dodatkowo
nasila korozj¢ wysokotemperaturowa, prowadzac do destrukcji warstw ochronnych tlenkdéw na
powierzchniach stalowych. Mechanizm ten, wzmacniany przez obecno$¢ pary wodnej
i zwigzkow siarki, skutkuje szybkg degradacja elementow kotla, takich jak rury przegrzewacza,
co generuje znaczace koszty napraw (Olivas Ogaz, 2019). Aby zminimalizowaé negatywne
skutki wspotspalania, rekomenduje si¢ stosowanie strategii tagodzacych, takich mieszanie
biomasy z weglem w kontrolowanych proporcjach (np. 20% udzial biomasy), dodawanie
substancji wigzacych alkalia (np. kaolinu) oraz optymalizacje parametrow procesu
(np. utrzymanie temperatury spalania < 900°C) (Wei i in., 2023). Kluczowe jest rowniez
wykorzystanie materiatbw odpornych na korozj¢, takich jak stale nierdzewne z powlokami
ceramicznymi, oraz regularny monitoring stanu instalacji.

Nowoczesne systemy spalania biomasy, wyposazone w zaawansowane technologie
kontroli emisji, takie jak filtry tkaninowe, osiagaja znaczaca redukcje emisji czastek statych
popiotéw nawet stukrotnie w poréwnaniu z instalacjami starszej generacji (Kelz i in., 2012).
Efektywno$¢ ta wynika z optymalizacji procesu spalania oraz implementacji rozwigzan
zgodnych z najlepszymi dostgpnymi technikami BAT-AEL (Best Available Techniques -
Associated Emission Levels), ktore stosuje si¢ w konkluzjach BAT jako dokumentami
okreslajacymi limity emisyjne (Steiner i Lanzerstorfer, 2023; Dz.U.UE.L.2023.2749).

W przeciwienstwie do nich, starsze kotty, zwlaszcza zasilane recznie, emitujg wyzsze stezenia
aerozoli organicznych i sadzy, istotnie wptywajac na degradacje jakosci powietrza (Kelz i in.,
2012). Roznice w skladzie chemicznym emitowanych czastek sa réwniez znaczace:
nowoczesne systemy generuja glownie sole metali alkalicznych, podczas gdy starsze
technologie dominujg w emisji zwigzkow organicznych i sadzy (Kelz i in., 2012). Ponagto,
wspotczynniki emisji PMio I PM2s w przypadku starszych instalacji czesto przekraczaja
dopuszczalne limity, co wskazuje na pilng potrzebe modernizacji technologii oczyszczania

gpalin (Gengi in., 2013).
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2.1. Poréwnanie wlasciwos$ci popioléow ze spalania biomasy i z wegla kamiennego

Wiasciwosci wegla kamiennego stosowanego w energetyce i biomasy pod wzgledem
sktadu pierwiastkowego sa podobne ale zroznicowane ze wzgledu na ilos¢. Biomasa zawiera
prawie czterokrotnie wigcej tlenu, dwukrotnie mniej wegla, siarki i azotu (Mirowski i in., 2018).

Sktad chemiczny popiotu z wegla kamiennego 1 popiotu z biomasy rdzni si¢ znacznie
ze wzgledu na pochodzenie i warunki spalania Wtasciwosci fizyczne popiotu z wegla
kamiennego i popiotu z biomasy s3 ksztalttowane przez ich sklad chemiczny oraz proces
spalania. Popidt weglowy zazwyczaj ma drobniejsza granulacje 1 wigksza powierzchnie
wlasciwg w porOwnaniu z popiolem z biomasy, co moze wptywaé na jego reaktywnos¢
I przydatnos¢ w zastosowaniach, takich jak produkcja cementu (Singh i in., 2020). Popiot
weglowy czesto wykazuje rowniez wicksza porowatosé ze wzgledu na obecnos¢ niespalonego
wegla, co moze wplywac na jego wytrzymato$¢ mechaniczng, gdy jest uzywany w materiatach
budowlanych (Singh 1 in., 2020). Z drugiej strony, popidt z biomasy zazwyczaj ma wigksza
granulacje¢ i mniejsza powierzchni¢ wtasciwa niz popidt weglowy, co moze ograniczaé jego
przydatnos$¢ w niektdrych zastosowaniach przemystowych (Singh i in., 2020). Popiét z biomasy
ma réwniez tendencje do nizszej gestosci ze wzgledu na wyzsza zawarto$¢ metali alkalicznych
i ziem alkalicznych (Krdl i in., 2022).

W sktadzie chemicznym popiotu wegla przewaza SiO2 nad zawartoscig FeoOs, SOg,
Al203, CaO i MgO (Parzentny i Rog, 2017; Singhi in., 2020). Zawiera rowniez $§ladowe ilosci
pierwiastkow ziem rzadkich (REE) oraz pierwiastkow krytycznych, takich jak gal (Ga) i skand
(Sc) (Karan i in., 2023). Popioét z biomasy jest bogaty w metale alkaliczne ze znaczacymi
ilosciami tlenku potasu (K20), tlenku wapnia (CaO), tlenku magnezu (MgO) 1 pigciotlenku
fosforu (P20s) (Wilczynska-Michalik i in., 2018;Singh i in.,2020). Popidt z biomasy jest
réwniez cennym zrédlem sktadnikow odzywczych, takich jak potas i waph, co czyni go
odpowiednim do zastosowan rolniczych (Singh i in., 2020; Odzijewicz i in., 2022). Popiot
Zbiomasy moze zawiera¢ nizsze poziomy metali toksycznych w poréwnaniu z popiotem
weglowym, cho¢ jego sktad moze si¢ znacznie r6zni¢ w zaleznos$ci od rodzaju biomasy
I warunkow spalania (Wilczynska-Michalik i in., 2018).

Wilasciwosci termiczne i1 spiekania popiotu z wegla kamiennego 1 popiotu z biomasy sa
znaczace dla ich zachowania w systemach spalania i zgazowania. Popidt weglowy zazwyczaj
ma wyzszg temperature spiekania, co czyni go bardziej odpornym na zanieczyszczenia
i zuzlowanie w kottach i gazownikach (Fan i in., 2021). Temperatura topnienia
popiotu weglowego jest ksztattowana przez zawarto§¢ SiO: i Al:Os, ktoére moga tworzy¢

stabilne fazy o wysokig temperaturze topnienia, takie jak mulit (Fan i in., 2021). Natomiast
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popidt z biomasy zazwyczaj ma nizszg temperature spiekania ze wzgledu na wysokg zawarto$¢
metali alkalicznych i ziem alkalicznych, co moze sprzyja¢ zuzlowaniu i zanieczyszczeniom
w systemach spalania (Fan i in., 2021; Zhang i Ren, 2023). Obecnos¢ potasu i sodu w popiele
Z biomasy moze prowadzi¢ do tworzenia si¢ krzemiandw o niskiej temperaturze topnienia, co
moze obnizy¢ temperaturg topnienia popiolu w przypadku mieszania z popiotem weglowym
(Fani in., 2021).

Zarowno popiot z wegla kamiennego, jak 1 popidt z biomasy stanowig zagrozenie dla
srodowiska, ale ich wptyw zalezy od sktadu i metod utylizacji. Popiot weglowy moze zawierad
pierwiastki potencjalnie toksyczne, takie jak np. otdéw, arsen, bar oraz pierwiastki
promieniotworcze (uran i tor) (Singhi in., 2020). Zdolnos$¢ do tugowania popiotu weglowego
zalezy od jego sktadu chemicznego, przy czym pierwiastki zwigzane z faza szklista lub matryca
krzemianowa sg mniej mobilne (Singh i in., 2020). Popidt z biomasy moze zawiera¢ nizsze
poziomy metali toksycznych, ale nadal moze stanowi¢ ryzyko, jesli jest zanieczyszczony
wielopier§cieniowymi weglowodorami aromatycznymi (WWA) lub lotnymi zwigzkami
organicznymi (LZO) powstalymi podczas niepelnego spalania (Singh i in., 2020; Odzijewicz
iin., 2022). Wysoka rozpuszczalno$¢ metali alkalicznych i ziem alkalicznych w popiele
Zbiomasy moze prowadzi¢ do probleméw Srodowiskowych, szczegélnie jesli jest
wykorzystywany ~ w rolnictwie bez odpowiedniego monitorowania jego wlasciwosci
(Wilczynska-Michalik i in., 2018; Odzijewiczi in., 2022).

Wykorzystanie popiotu z wegla kamiennego i1 popiolu z biomasy zalezy od ich
wlasciwos$ci oraz dostgpnosci odpowiednich technologii. Popiot weglowy jest powszechnie
stosowany jako zamiennik cementu oraz w produkcji betonu 1 cegiet ze wzgledu na wysoka
zawartos¢ SiO2 i AlOs (Singh i in., 2020). Jest rowniez potencjalnym zroédtem pierwiastkow
krytycznych, takich jak Ga i REE, ktore mozna odzyska¢ za pomoca zaawansowanych
technologii recyklingu (Singh i in., 2020; Karan i in., 2023). Popiot z biomasy jest cennym
nawozem ze wzgledu na wysoka zawartos¢ K, Ca i innych sktadnikow odzywczych, pod
warunkiem spelnienia norm bezpieczenstwa srodowiskowego (Odzijewicz i in., 2022). Moze
by¢ rowniez wykorzystywany w produkcji zeolitdéw, katalizatorow 1 innych produktow
o wartosci dodanej, ale jego heterogeniczno$¢ i1 potencjalne zanieczyszczenia ograniczaja
przydatnos¢ w niektorych zastosowaniach (Odzijewicz i in., 2022).

Wspotspalanie wegla kamiennego z biomasg moze znaczaco wpltyngé¢ na wlasciwosci
wytworzonego popiotu. Dodanie popiotu z biomasy do popiolu weglowego moze obnizy¢
temperature topnienia popiotu i zmieni¢ charakterystyke zuzlowania, co moze prowadzi¢ do

probleméw eksploatacyjnych w kottach i gazownikach (Fan i in., 2021; Zhang i Ren, 2023).
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Mieszanie popiotu weglowego 1 popiotu z biomasy moze prowadzi¢ do tworzenia nowych faz
mineranych, takich jak krzemiany potasu i wapnia, co moze wplywaé na wlasciwosci fizyczne
i chemiczne popiotu (Fan i in., 2021; Leei in., 2024).

Zaréwno popiot weglowy, jak i popidt z biomasy stanowig zagrozenie dla srodowiska
jesli nie sg odpowiednio wykorzystane. Nieprawidtowa utylizacja popiotu weglowego moze
prowadzi¢ do tugowania toksycznych pierwiastkéw do wod gruntowych i gleby, stanowiac
zagrozenie dla zdrowia ludzi i ekosystemow (Singh i in., 2020). Popidt z biomasy moze
zawiera¢ szkodliwe zwiazki organiczne, takie jak WWA 1 LZO, ktére mogg mie¢ negatywny
wplyw na $rodowisko i zdrowie, jesli zostang uwolnione do $rodowiska (Odzijewicz i in.,
2022).

Zarzadzanie W zakresie wykorzystania popiolow z wegla kamiennego i biomasy
wymaga uwzglednienia ram regulacyjnych 1 wytycznych $rodowiskowych. Przepisy czgsto
koncentrujg si¢ na prawidlowej utylizacji popiotu weglowego w zbiornikach popiotu oraz jego
wykorzystaniu w budownictwie 1 zastosowaniach przemystowych (Singh i in., 2020).
Natomiast wykorzystanie popiotu z biomasy wymaga charakterystyki jego wlasciwosci
chemicznych i fizycznych, aby zapewni¢ bezpieczne stosowanie w rolnictwie 1 innych
sektorach (Wilczynska-Michalik i in., 2018; Odzijewicz i in., 2022).

Dalsze badania w tym zakresie sa potrzebne, aby zoptymalizowa¢ wykorzystanie
popiotu weglowego i popiotu z biomasy przy jednoczesnym ograniczeniu negatywnego
wplywu na srodowisko. Badania powinny koncentrowac si¢ na poprawie odzysku pierwiastkow
krytycznych oraz opracowaniu nowych zastosowan popiotu weglowego w budownictwie
i przemys$le (Karan i in., 2023). Badania prowadzone nad zastosowaniem nad popiotu
zbiomasy powinny dotyczy¢ zmienno$ci jego sktadu oraz eksploracji zaawansowanych
technologii bezpiecznego i efektywnego wykorzystania (Wilczynska-Michalik i in., 2018;
Odzijewiczi in., 2022).

W Tabeli 1 przedstawiono podstawowe roéznice pomiedzy popiotami ze spalania wegla

kamiennego i z biomasy.
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Tabela 1. Podstawowe rdznice miedzy popiotem z wegla kamiennego a popiotem z biomasy

Par ametr Popidl z wegla Popiol z biomasy Literatura
kamiennego
Gléwne tlenki Si02, AlzQOs, Fe20s K20, CaO, MgO, Wilczynska-Michalik i in., 2018; Singh i
P20Os in., 2020
Temperatura Wyzsza Nizsza Faniin., 2021; Zhang i Ren, 2023
spiekania
Niespalony Czesto obecny Zazwycza) nieobecny | Singhi in., 2020
wegiel
Ryzyko Metale toksyczne, WWA, LZO, Singhi in., 2020; Odzijewicz i in., 2022
srodowiskowe pierwiastki rozpuszczalne metale
promieniotwoércze alkaliczne
Zastosowanie Cement, Nawozy, zeolity, Singhi in., 2020; Odzijewicz i in., 2022;
budownictwo, odzysk | katalizatory Karani in., 2023
REE

Sktad chemiczny popiotéw biomasy jest $cisle zwigzany z rodzajem spalonej biomasy
(Vassilev i in., 2010; Smotka-Danielowska i Jablonska, 2022). Roézne typy biomasy
charakteryzuja si¢ odmienng zawarto$cig pierwiastkdw organicznych i nieorganicznych, co
bezposrednio wplywa na sktad chemiczny i mineralny powstajacych popiotow (Vassilevi in.,
2010, 2013). Popioty pochodzace z drewna zazwyczaj zawierajg mniejsze ilosci potasu, chloru
i siarki w porownaniu z popiotami z biomasy rolniczej (Mtonka-Mgdrala i in., 2020). Badania
(2010)

popiototworczych w drzewnej biomasie paliwowej. Z kolei Boonjob i wspotautorzy (2013)

Werkelina 1 wspotautorow dotyczyly form chemicznych pierwiastkow
analizowali powigzania materii popiototworczej w pozostato$ciach biomasy drzewnej. Wang
i wspotautorzy (2021) badali popioty z biomasy pochodzacej z elektrowni spalajacych
pozostatosci rolnicze. Popioty z tupin stonecznika, tupin orzecha wtoskiego oraz wytlokow
jabtkowych, sa zréznicowane pod wzgledem zawarto$ci w nich pierwiastkow toksycznych
(Zajac i in., 2019).

W nizszych temperaturach spalania w popiele ze spalaniabiomasy wystepuja gtownie
amorficzne zwiazki, ktore maja wptyw na tworzenie si¢ osadow popiotu (Mtonka-Medrala
iin., 2022). Przyktadowo, szczawian wapnia (CaC204H20) obecny w surowej korze ulega
rozktadowi do weglanu podczas spalania biomasy w temperaturach powyzej 400°C (Boonjob
i in, 2013), dlatego tej krystalicznej fazy nie obserwuje si¢ w popiotach (Striigasi in., 2013).

W popiotach ze spalania biomasy w wyzszych temperaturach obecny jest kwarc, tlenki
zelaza i potasu oraz krzemiany (magnezu potasu, glinu, wapnia i potasu), mullit, diopsyd,
pirop, monticellit (Vassilevi in., 2013). Nalezy zauwazy¢, ze mineraty refrakcyjne (np. kwarc,

metakaolinit, mullit) podwyzszaja temperatury topnienia popiotu, natomiast mineraly
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topnikowe (np. anhydryt, krzemian wapnia, hematyt) je obnizajg (Vassilev i in., 2013).
W wyzszych temperaturach spalania, sktadniki nieorganiczne moga ulega¢ rozktadowi do
formy lotng (Kleinhansi in., 2018).

Warto rowniez podkresli¢, ze popiot laboratoryjny, otrzymywany w kontrolowanych
warunkach, moze potencjalnie wykazywa¢ odmienny sktad w porownaniu z popiotem
powstajacym w przemystowych kottach energetycznych, ze wzgledu na roéznice temperatury
w palenisku i czasu prowadzonego procesu spalania (Kleinhansi in., 2018).

Badania Vassilev i Vassilevej (2020) pokazuja, ze popidt z biomasy, zwlaszcza
z wytlokow jabtkowych 1 tusek stonecznika, moze by¢ potencjalnym zréodlem REE.
W popiotach z tupin stonecznika i orzecha wiloskiego autorzy okreslili zawartos¢ REE
odpowiednio na poziomie 5,95 mg/kg i1 41,68 mg/kg (w tym itr 0,29 mg/kg). Nalezy jednak
przeprowadzi¢ dalsze badania w celu okreslenia zawartosci REE w popiotach, opracowania

efektywnych i ekonomicznie optacalnych metod odzysku REE z tych materiatow.

3. Material badawczy

W badaniach wykorzystano biomas¢ pochodzaca z polskiego przemystu rolno-
spozywczego: wytloki z jabtek (AP), tupiny orzechéw wioskich (WS), tuski stonecznika (SH)
i pellet z wisni (gatezie i pestki w proporcji 1:1) (CH). Wybor tych surowcow i produktow
wynikat z ich powszechnej dostepnosci u polskich producentow, szczegdlnie w kontekscie
odpadow powstajacych podczas produkcji zywnosci. Probki biomasy rolno-spozywczej
pobierano w trzech partiach po okoto 20 kg kazda. Biomas¢ drzewna pozyskano z Nadle$nictwa
w Andrychowie i z Parku Narodowego ,,Bory Tucholskie” — brzozai olcha, mieszanka olchy
i buka (ktody). Probki do badan wyrobiono z okotopiersnicowej partii pnia drzew.

Probki wegla kamiennego typ 32 (sortyment handlowy) pochodzit z kopalni nalezace;j
do Polskiej Grupy Goérniczej (brak zgody na publikacje nazwy).

Biomasg¢ spalano i wspoétspalano z weglem kamiennym Stosunkach ilosciowych 20%,
40% i 60%, w temperaturach 400-450+15°C i 850+15°C w piecu muflowym wyposazonym
w rur¢ odprowadzajaca spaliny. Proces spalania prowadzono w dwoch zakresach temperatur
symulujagc warunki panujace w indywidualnych piecach domowych i odzwierciedlajace
warunki istniejace w instalacjach przemystowych fluidalnych 850+15°C.

Lacznie pobrano 30 probek biomasy 1 9 probek wegla kamiennego. Probki biomasy
zostaly wysuszone w temperaturze 80°C w celu osiagniecia stanu powietrznosuchego. Tak

przygotowane probki zostaty rozdrobnione za pomoca miyna tnagcego SM 300 (Retsch) do
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frakcji 250 pm. Rozdrobniong biomase ucierano do frakcji pylastej w mtynku korundowym
I mozdzierzu agatowym. Wegiel kamienny ucierano w mozdzierzu porcelanowym.

Przygotowano zgtady polerowane popioldw ze spalania/wspotspalania biomasy i wegla
kamiennego do analizy przy uzyciu skaningowego mikroskopu elektronowego. Probki
popiotéw zatapiano w zywicy epoksydowej 1 polerowano przy uzyciu pasty diamentowe;.

Wykonano analiz¢ sktadu ziarnowego popiotéw przy uzyciu analizatora Analysette 22
MicroTec, ktory pracuje w zakresie pomiarowym 0,01-2000 um (Instytut Nauk o Ziemi,
Wydziat Nauk Przyrodniczych).

4. Metody badan
Identyfikacje¢ sktadu mineralnego i sktadu fazowego oraz morfologii czastek popiotow

ze spalania/wspotspalania biomasy 1 wegla kamiennego wykonano przy uzyciu przyrzadow,
ktorych dzialanie wspierane jest czgsciowo ze S$rodkow Uniwersyteckich Laboratoriow

Kontroli Atmosfery (ULKA), Uniwersytet Slaski.

4.1. Analiza elementarna biomasy
W probkach biomasy oznaczono podstawowe pierwiastki: wegiel (C), wodor (H), azot

(N), siarke catkowitg (S), chlor (Cl) i tlen (O). Analizy te przeprowadzono w Laboratoriach
Pomiarowo-Badawczych Energetyki (ENERGOPOMIAR) w Gliwicach.

Zawarto$¢ C, H i S oznaczono przy uzyciu automatycznego analizatora IR (PN-EN 1SO
16948:2015-07; PN-EN SO 16994:2016-10), stgzenie azotu okreSlono metoda
kalorymetryczng (PN-EN SO 16948:2015-07), zawarto$¢ chloru metoda chromatografii
jonoweg (PN-EN SO 16994:2016-10), a zawarto$¢ tlenu obliczono na podstawie bilansu
materiatowego (O = 100 — C+H+N+Popiot).

Zawarto$¢ popiotu PN-EN SO 18122:2023-10) i wilgotnos¢ catkowita (PN-EN SO
18134-2:2017-03) w biomasie oznaczano metoda wagowg. Warto$¢ kaloryczng biomasy
oznaczano metodg obliczeniowa (PN-EN 1SO 18125:2017-07).

Zawarto$¢ czesci lotnych (V%) oznaczano metoda wagowa zgodnie z norma PN-EN

1SO 18123:2015-01 (2015).

4.2. Dyfrakcja rentgenowska metoda proszkowa (XRD)
Sktad mineralny popiotdw ze spalania/wspolspalania biomasy i wegla kamiennego

oznaczono metodg dyfrakcji rentgenowskiej (XRD) przy uzyciu dyfraktometru
rentgenowskiego PANalytical MPD X’PERT PRO PW3040/60. Warunki pomiaru: moc lampy

40kV, napigcie 40 mA, zakres analizy od 3 do 75 20, krok pomiarowy 0,010, czas zliczania
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impulséw 100 sekund. Szacowanie frakcji wagowej mineralow przeprowadzono przy uzyciu
metody Rietvelda w module HighScore + (wersja 4.9) w potaczeniu z bazami danych ICSD
2015 i ICDD PDF 4+ (2018). Identyfikacja faz opiera si¢ na dopasowaniu pozycji

I intensywnosci gtownych pikow dyfrakcyjnych do wzorcow referencyjnych

4.3. Mikroskopia elektronowa skaningowa (SEM)
Mikroskop elektronowy skaningowy Quanta 250 z mikroanalizatorem rentgenowskim

EDS UltraDry (Thermo Fisfer Scientific) zostal uzyty do obserwacji morfologii i okreslenia
sktadu fazowego czastek popioldw. Analizy zostaly wykonane w wysokiej proézni przy napieciu
15kV. Rejestrowano obrazy BSE, na ktorych obserwowano pokréj i wielko$¢ czastek popiotow.
Mikroanalize EDS przeprowadzono w wybranych punktach preparatu w celu okreslenia sktadu
chemicznego pojedynczych czastek popiotow i ich agregatow. Analizy wykonano w Instytucie
Nauk o Ziemi). Obserwacje morfologii czgstek popiotow w obrazach BSE wykonano dla okoto

800 mikroobszarow, uzyskano ponad 350 obrazéw BSE odpowiedniej jakosci.

4.4. Techniki analityczne | CP-MSi ICP-OES
Obie techniki zapewniaja szybka analize wielu pierwiastkdw w probcee, jednak ICP-MS

(Spektroskopia masowa z jonizacjag w plazmie indukcyjnie wzbudzanej) zapewnia znacznie
nizsze granice wykrywalnosci niz ICP-OES (Spektroskopia emisyjna ze wzbudzeniem
plazmowym) i jest lepszym wyborem do analizy pierwiastkow $ladowych. W przypadku
badanych probek popiotéw wykorzystano wariant technik sprzg¢zonych ICP-M S/OES. Pomiary
pierwiastkéw §ladowych, w tym potencjalnie toksycznych (As, Ba, Cd, Cr, Cu, Hg, Ni, Pb, Se,
TI'i Zn) wykonano w Acmel abs (Bureau Veritas Commodities Canada Ltd). Kontrole jako$ci
pomiardéw instrumentalnych potwierdzano poprzez analizy probek $lepych, podwojne analizy
probek oraz materiatow referencyjnych STD CDV-1i STD V16 dla biomasy surowej, oraz
STD OREAS45H | STD OREASS01D dla popiotow z biomasy.

4.5. Absorpcyjna spektrometria atomowa (AAS)
Analizy PPT z eluatow wodnych popiotow z biomasy drzewnej wykonano przy uzyciu

spektrometru typ iCE 3000 SERIES firmy Thermo Scientific. Pierwiastki takie jak Cd, Cr, Cu,
Ni, Pb, Tl i Zn oznaczono metodg ptomieniowa, w ptomieniu acetylen — powietrze. Oznaczenia
metali toksycznych prowadzone byty zgodnie z normg PN-1SO 8288:2002 (2022).
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4.6. Chromatografia jonowa (I C)
Analizy wymywalnos$ci anionéw wykonano zgodnie z normami PN-EN 1SO 14911

(2002), PN 1SO 14991 (1999) i PN-EN 1SO 10303-1 (2009). Analizy tugowania pierwiastkow
toksycznych wykonano zgodnie z normg PN-1SO 8288 (2002).

Analizy anionow prowadzono przy uzyciu chromatografu jonowego typ 850
Professiona 1C (Metrohm) z detektorem konduktometrycznym. Granica oznaczalnosci LOQ
wynos 0,01-0,1 mg/L. Probki przygotowano poprzez ekstrakcje popiotdéw woda
demineralizowana w warunkach statycznych (stosunek L/S = 10:1, 24 h) i filtracje przez filtry
0 $rednicy porow 0,45 um. Analizowano aniony (F-, Cl, NO2~, NOs~, PO.*, SO+*") i kationy
(NH4*, Na*, K*, Ca*, Mg*"). Warunki pracy przyrzadu dla badanych prébek przedstawiono
w Tabeli 2.

Tabela 2. Warunki separacji aniondéw i kationow z eluatéw wodnych popiotow

Par ametr Aniony K ationy

Kolumna Metrosep Supp 7-250/4.0 Metrosep C-4-150/4.0

Eluent 3.6 mmol/L Na.CO:s 1.7 mmol/L HNO:s + 0.7 mmol/L kwas dipikolinowy
Przeptyw 0.7 mL/min 0.9 mL/min

Ci$nienie 8MPa 4 MPa

4.6.1. Pomiary pH i C25 ekstraktow wodnych popioléw metoda potencjometryczna
Badania odczynu popiotéw w ekstraktach wodnych przeprowadzono dla dla wszystkich

badanych probek. Pomiar przeprowadzano za pomocg pH-metru firmy Elmetron CP-411.
Pomiary przewodnictwa elektrolitycznego wiasciwego (Cozs) w ekstraktach wodnych
popiotoéw zostalty wykonane przy uzyciu konduktometru typ CCO-401 firmy Elmetron.

4.7. Analiza termograwimetryczna (TG/DSC-FTIR)
Probki biomasy poddano analizie termograwimetrycznej, przeprowadzonej za pomoca

analizatora NETZSCH, model STA 449 F3 Jupiter. Warunki przeprowadzenia analiz byty
nastepujace:
o nawazka probki — ok. 10 mg
o tygleceramiczne Al>O3
o atmosfera obojetna (azot) do temp. 600°C, powietrze syntetyczne dla temp. 600-
1030°C
o dynamiczny przeptyw gazu z predkoscia 70 ml/min w catym przedziale temperatur
o program temperaturowy: ogrzewanie probki w przedziale temperatur 35-1030° C,
z predkoscig 10°C/min
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Réwnoczesnie prowadzono analize wydzielanych gazow metoda FTIR sprzezong z analizg
termograwimetryczng (TG-FTIR) wykonang przy uzyciu spektrometru FTIR typu ,,Alfa 1I”
firmy Bruker, bezposrednio sprz¢zonego z zestawem STA F3. Widma rejestrowano co
16 sekund od 400 do 4000 cm, z rozdzielczosciag 4 cm™. Cela gazowa utrzymywana byta
w statej temperaturze 200° C, aby zapobiec kondensacji gazow. Wyniki analizowano za
pomoca dedykowanego oprogramowania OPUS. Pasma absorpcyjne FTIR identyfikowano
jako charakterystyczne dla niektorych gazoéw i grup funkcyjnych w produktach gazowych.

4.8. Srodowiskowe wskazniki geochemiczne
Podjeto probe przyblizonej oceny antropogenicznego zanieczyszczenia popiotow ze

spalania z zastosowaniem metod statystycznych obowigzujacych w geochemii srodowiska.

Obliczono wspétczynniki emisji (E) metali toksycznych do atmosfery na podstawie
nastepujacego wzoru (1) (KOBIZE — Krajowy Osrodek Bilansowania i Zarzadzania Emisjami,
2023):

E=B:-Wo-W[mg] (1)

gdzie:
E — emiga substancji zanieczyszczajacej (mQ)
B — zuzycie biomasy (Mg)
Wy — warto$¢ opatowa biomasy (MJ/kg)
W — wspotczynnik emisji zanieczyszczen pytowych i1 metali toksycznych(Raport KOBiZE,
2023; EMEP/EEA Raport, 2019)

Wspotczynnik  zanieczyszczenia (Cf), obliczono jako stosunek stezenia metalu w
popiele do jego tla geochemicznego (wartosci referencyjnych dla skat tupkowych), wg
nastepujacego wzoru (2) (Tomlisoni in., 1980; Gopei in., 2017):

Cf = C metal (2)

C background value

gdzie:

Cf — wspotczynnik zanieczyszczenia dla poszczegdlnych PPT

C metal — stezenie pierwiastka w popiele

C background value — warto$¢ tta pierwiastka (Cu (45 ng/g), Ni (68 ug/g), Pb (20 ng/g), Cd
(0.3 ug/g), As (13 ug/g), Cr (90 ng/g), Zn (90 pg/g), and Se (0.6 pg/g) (Turekian i Wedephol,
1961)

Wartosci Cf interpretuje si¢ w nastepujaco: Cf < 1 niskie zanieczyszczenie; 1< Cf < 3
umiarkowane zanieczyszczenie; 3 < Cf < 6 wysokie zanieczyszczenie; Cf > 6 bardzo wysokie

zanieczyszczenie.
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Wskaznik obcigzenia zanieczyszczeniem metalami toksycznymi (PLI) s$rodowiska

oznaczono wg wzoru (3) (Gopei in., 2017):

PLI = V/Cf1 x Cf2 X Cf3 X ... x Cfn 3
gdzie:
PLI — wskaznik obcigzenia zanieczyszczeniem
Cfl1, Cf2 ... Cf3 — stezenie pierwiastka w popiele
Interpretuje si¢ go jako PLI=0 — brak obciazenia zanieczyszczeniem; PLI=1- bazowy poziom
zanieczyszczenia, PLI > 1 — zanieczyszczenie (Kebonyei in., 2017).
Stopien skazenia (CD) jako narzedzie badawcze majace na celu uproszczenie kontroli
zanieczyszczen wprowadzit Hékanson (1980) (4):
CD = X127 Cfpp caas.cr.cuNiznse (4)
gdzie:
CD - stopien skazenia
Cf — wspotczynnik skazenia dla poszczegdlnych pierwiastkow toksycznych
Klasyfikacja wartosci: CD < 8 brak zanieczyszczenia; 8 < CD < 16: niski stopien
zanieczyszczenia; 16 < CD < 32: umiarkowany stopien zanieczyszczenia; 32 < CD < 64
znaczny stopien zanieczyszczenia; CD > 64 bardzo wysoki stopien zanieczyszczenia
wskazujacy na powazne zanieczyszczenie antropogeniczne.
Wskaznik toksyczno$ci BATI obliczono w celu oceny pierwiastkoéw toksycznych
W popiotach ze spalania biomasy, 1 mozliwosci ich przydatnosci zastosowania w celach
rolniczych (Nahlik i in., 2019) (5):

BATIpmax —PTE

BATI = —me— (5)

gdzie:
BATI,,,x — wartos¢ graniczna dla PPT (Cd (0.7 mg/kg), Cr and Cu (70 mg/kg), Pb (45
mg/kg), Ni (25 mg/kg), Zn (200 mg/kg) (Rakshit i in., 2018)
PTE — zawarto$¢ pierwiastka toksycznego w popiele
Wartosci < 0 oznaczaja przekroczenie dopuszczalnego limitu przy stosowaniu okre§lonego
popiotu w celach rolniczych a warto$¢ ujemna przedstawia wielko$¢ tego przekroczenia.
Wartosci progowe dla popioléw z biomasy ustalono na podstawie poziomow progowych
uzyskanych dla kompostow z odpadow domowych.

Obliczono wspotczynnik perspektywiczny (Coutl) jako stosunek krytycznego REY do

calkowitej ilosci nadmiernego REY w popiotach ze spalania/wspotspalania biomasy rolno-
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spozywczej z weglem kamiennym. Wspotczynnik Coutl pozwala oceni¢ przydatnos¢ popiotow
do odzysku REY, biorac pod uwage zapotrzebowanie rynkowe na pierwiastki strategiczne.

Zastosowano nastgpujacy wzor (6) (Seredini Dai, 2012):

(Nd+Eu+Tb+Dy+Er/YREY

Coutl = (Ce+Ho+Tm+Yb+Lu/YREY 6

gdzie:

Coutl — wspotczynnik perspektywiczny

> REY krytyczne: Nd, Eu, Tb, Dy, Er

>'REY nadmiarowe (niekrytyczne): Ce, Ho, Tm, Yb, Lu

5. Wyniki badan i dyskuga

Uziarnienie popiotéw ze spalania biomasy
Uziarnienie popiotéw wytworzonych w temperaturze 850+150°C jest bardzo drobne,

czastki popiotow 0 frakcji >1 — 50 um stanowig od 78,1% (tupiny orzecha witoskiego) do
92,5% (wyttoki z jabtek). W popiotach uzyskanych w temperaturze 400+15°C udziat tej frakcji
jest nieco nizszy, natomiast wigcej wystepuje czastek popiotow o frakcji powyzej 100 um
(Fig.2Ai B).
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Fig.2 (A-B). Krzywe kumulacyjne uziarnienia popiotéw wytworzonych w réznych warunkach
temperaturowych

Poréwnanie sktadu ziarnowego popiotow jest utrudnione ze wzgledu na réznorodnosé
prezentowanych wynikéw badan. Rozni autorzy podaja, ze popiotdéw ze spalania biomasy
sktadajg si¢ gtdwnie z drobnych czastek (Cruz i in., 2017; Romero i in., 2017). Wedlug Uliasz-
Bochenczyk (2016) popioly z biomasy lesnej 1 odpadow rolniczych sktadajg si¢ gtownie

Z czastek popioldw o $rednicy ponizej 50 pm.

Analiza elementarna

Wyniki analizy elementarng dla probek biomasy podano w Tabeli 3. Oznaczona
zawarto$¢ popiotu w probkach biomasy rolno-spozywczej jest nizsza w poréwnaniu do
biomasy drzewnej. Wyjatek stanowi pellet z wisni (A=6,92%), mieszanka zlozona z gatezi
i pestek wisni. Wyzsza zawarto$¢ popiotu prawdopodobnie wynika z mieszanki biomasy w
postaci galezi i pestek wisni w stosunku 1:1. Moze to by¢ rowniez wpltyw zanieczyszczenia
resztkami gleby 1 pestkowaniem owocow. Poszczego6lne rodzaje biomasy rdznig si¢ migdzy
sobg zawartos$cig siarki, chloru i azotu.

Analizie poddano réwniez probki wegla kamiennego, ktory zostat uzyty do
przygotowania mieszanek spalanych z biomasa. Srednig warto$¢ wilgotnosci oznaczono na
poziomie 14,9%, zawarto$¢ popiotu wyniosta 17,8% a warto$¢ opatowa 23,1 MJ/kg. Zawartos¢

siarki wynosi 1,07% a azotu 1,27%.
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Tabela 3. Analiza elementarna biomasy drzewnej i z przemystu rolno-spozywczego

Prébka
. | Pellet | Lupin .
Parametr Wytloki z or zzch)::\ Luski Brzoza! | Olchal | Brzoza? Olcha?
zZ jablek - . slonecznika
wisni | wloskiego
Wilgotnosé 11,6 9,4 9.4 10,8 14,6 17,3 17,7 17,8
W (%)
Popiotowosé 1,87 6,92 0.76 2,95 2,90 8,66 6,30 8,91
A (%)
Warto$¢ 16,06 16,91 16,86 16,35 16,70 15,30 15,70 15,50
opatowa
Q (MJkg)
C (%) 49,10 | 46,19 50,43 50,39 55,71 51,48 54,78 54,27
H (%) 6,54 5,78 5,99 5,93 5,83 5,66 5,72 5,72
N (%) 1,44 1,00 0,40 0,83 0,66 0,87 0,71 0,63
S (%) 0,10 0,11 0,01 0,15 0,32 0,36 0,25 0,24
Cl (%) 0,026 | 0481 0,042 0,051 0,023 0,017 0,011 0,014
O (%) 42,79 | 46,43 43,13 42,65 37,45 41,61 38,53 39,13

INadlesnictwo Andrychow
2park Narodowy ,,Bory Tucholskie”

Wilgotnos$¢ probek z biomasy przemystu rolno-spozywczego jest nizsza w pordwnaniu
do biomasy drzewnegj. Warto$¢ opatowa biomasy drzewnej i biomasy z przemystu rolno-
spozywczego jest zblizona. Zawartos¢ wilgoci w tupinach z orzecha witoskiego i tuskach
stonecznika jest nieznacznie wyzsza niz badaniach innych autoréw (Gazzali i in. 2013;
Zajemska 1 Musiat 2013; Zajac 1 in. 2018). Zawartos¢ wilgoci w peletach wisniowych wynosi
9,4%, co jest podobne do wynikow Jelonka i wspotautorow (2021). Srednia zawarto$é wilgoci
w wytlokach jabtkowych wynosita 11,6%, I jest wyzsza niz warto$¢ podana przez Techera

I wspotpracownikow (2024).

Skitad mineralny i morfologia czastek popiolow 7 biomasy

Sktad mineralny popiotow ze spalania/wspotspalania biomasy i wegla kamiennego jest
zroznicowany pod wzgledem jakoSciowym i ilosciowym. W Tabeli 4 zamieszczone gtowne
sktadniki mineralne oznaczone w popiotach z biomasy rolno-spozywczej wytworzonej
w temperaturze 400+15°C. Szacunkowa zawarto$¢ podano wedlug malejacej zawarto$ci
sktadnikow mineralnych.

Najwyzszg zawarto$¢ kwarcu oznaczono w popiotach ze spalania tupin z orzecha
wloskiego (77,36%) a najnizsza ze spalania biomasy z wyttokéw jabtek (45,86%. Wysoka
zawartos¢ tlenkow glinu 1 potasu w popiotach z wytlokow z jabtek i tupin z orzecha wloskiego

moze wynika¢ z zanieczyszczen S$rodowiskowych, np. pylow przemystowych,
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zanieczyszczong gleby i jej odczynu, substancji nicorganicznej wystepujacej w biomasie
(Gianoncelli | in., 2013). Mineraty akcesoryczne w popiele z tusek stonecznika to fairchildyt
[(K2Ca(COg3)2], arkanit [K2SO4], sylwit [KCI] i archeryt [(K,NH4)H2PO4].

W mieszankach popiotow ze wspodlispalania biomasy rolno-spozywcze] z weglem
kamiennym (udziat biomasy 20%, 40% 1 60%) gtowne mineraly stanowig kwarc, hematyt,
protohematyt , anhydryt i kalcyt. Wyzszy udziat hematytu oznaczono w mieszankach popiotow
na bazie wegla kamiennego 1 tupin orzecha wloskiego (43,1%) oraz tusek stonecznika (29,6%),
w ktorych udziat biomasy wynosit 40%.

Protohematyt (Fexx(OH)xO3x) zidentyfikowano tylko w mieszance popiotow
wytworzonej ze spalania wytlokow z jabtek z weglem kamiennym(18,6% - 25,1%) . Zawartos¢
OH-i x wyroznia si¢ dla fazy 1 <x <0.5, i klasyfikuje jako protohematyt (Peterson et al.
2015).

Faza szklista i porowata glinokrzemianowa wystepuje w zmienne;j iloéci, w zaleznosci
od rodzaju biomasy. Sktadniki akcesoryczne w badanych popiotach to: peryklaz (MgO),
dolomit [CaMg(COs)2], ilmenit (FeTiOz), magnetyt (Fe30s), diopsyd (CaMgSi>Oe), akermanit
[CaMQ(Si207)], gehlenit [CaeAl(AlSIO7)], magnezioferryt (MgFezOa), muskowit

[KAI2(AISiz010)(OH)] i quandait [(MgFe)2(TiFeAl)Oy].

Tabela4. Gtowne sktadniki mineralne W popiotach z biomasy rolno-spozywczej i mieszankach
popiotow z biomasy i1 wegla kamiennego

Biomasa\Mieszanka
biomasy z weglem Skladniki mineralne
kamiennym
1A- Luski stonecznika | Kwarc, Tlenek potasu, Lime, Hematyt
2A — Lupiny z orzecha | Kwarc, Tlenek glinu, Tlenek potasu
wloskiego
3A- Wytloki z jablek Kwarc, Tlenek glinu, Tlenek potasu, Lime, Hematyt
1A-20% Kwarc, Hematyt, Anhydryt, Kalcyt,
1A-40% Kwarc, Hematyt, Anhydryt, Kalcyt,
1A-60% Kwarc, Anhydryt, Hematyt, Kalcyt
2A-20% Hematyt, Kwarc, Anhydryt, Kalcyt
2A-40% Kwarc, Anhydryt, Hematyt, Kalcyt
2A-60% Kwarc, Anhydryt, Hematyt, Kalcyt
3A-20% Kwarc, Protohematyt, Anhydryt, Kalcyt
3A-40% Kwarc, Protohematyt, Anhydryt, Kalcyt
3A-60% Kwarc, Anhydryt, Protohematyt, Kalcyt

Anhydryt (CaSOs), Kalcyt (CaCOs), Hematyt (FexOs), Kwarc (SiO.), Lime (CaO); Protohematyt (Fexx(OH)xOs.
X); Tlenek glinu (Al,03); Tlenek potasu (K20); Lime (CaO)
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Roéznice w skladzie fazowym biomasy z przemystu rolno-spozywczego wynikajg
przede wszystkim z jej rodzaju. Formy porowate i widkniste obserwowano rzadko jak
przedstawiaja je w swoich badaniach Gowman i1 wspétautorzy (2019). Morfologia czastek
popiotu, podobnie jak ich sktad chemiczny jest zroznicowana. Wystepuja formy kanciaste,
obte i kuliste. W popiotach niskotemperaturowych oznaczono agregaty ztozone z kwarcu,
archerytu [(K,NH4)(H2PO4)], tlenkow wapnia, sferycznych form fosforanow potasu i magnezu,

kulistych form tlenkoéw zelaza i nieregularnych form glinokrzemianow (Fig.3 A-D).

C D

Fig. 3 (A-D). Przyktady morfologii i sktadu chemiczny czastek popiotow z wytlokow z jabtek
A — kwarc; B — mieszanina archerytu i tlenkoéw Zelaza ; C — kuliste formy fosforanow potasu i
magnezu; D — kulista forma tlenkdéw Zelaza (jasniejsze ziarno) 1 glinokrzemiany

W mieszankach biomasy rolno-spozywczej i wegla kamiennego obserwowano
mineraly, ktore sg no$nikami pierwiastkow ziem rzadkich (REE). BadaniaSEM-EDS pokazuja,
ze popioly ze spalania mieszanki biomasy i wegla kamiennego zawierajg itr (Y203) (Fig.4 A-
B).
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Fig.4 (A-B). Obraz SEM czastek popiotow ze spalania mieszanki z wytlokow z jablek z
weglem kamiennym (A — ksenotym-Y (Y PO4); B — monacyt-Ce (CePO4)

Stezenie PPT w popiolach zbiomasy rolno-spoZywczej

Stezenia PPT (AS, Cd, Cr, Cu, Ni, Pb, Se i Zn) w surowej biomasie z przemystu rolno-

spozywczego (wytloki z jabtek, tupiny orzecha wtoskiego, tuski stonecznika, pellet z wisni) sa

niskie. Sposrdd oznaczonych metali toksycznych wyzsze stezenia Zn, Cu, Cr i Pb stwierdzono

W surowe biomasie z wyttokow z jabtek Fig 5.
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AP — wytloki z jabtek; CH — pellet z wi$ni; SH — tuski stonecznika; WS — tupiny z orzecha wtoskiego;

Fig. 5. Srednie wartoéci stezeh PTE w surowej biomasie i w popiotach wytworzonych w
roznych temperaturach jej spalania (400+ 15°C i 850+ 15°C)

Popioty ze spalania biomasy mogg zawiera¢ rézne stezenia PPT nie tylko w zaleznosci

od rodzaju biomasy ale takze w obrebie tego samego typu biomasy w zaleznosci od jej

pochodzenia, co pokazano naFig. 5i Fig.6. Przyczyna moze by¢ zanieczyszczenie srodowiska.

We wszystkich probkach popiotéw ze spalania biomasy w temperaturze 850+ 15°C

stwierdzono wyzsze stezenia As, Cr, Cu, Ni, Pb, 1 Zn, przy czym popioty ze spalania wyttokow

z jabtek zawieraja wyzsze koncentracje tych pierwiastkOw w porownaniu do pozostatych

probek popiotow (Fig.5).
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W popiotach ze spalania biomasy w temperaturze 400+£15°C stwierdzono wyzsze
stezenia Cd (3,8 mg/kg) 1 Se (0,8 mg/kg) w pordwnaniu to popiotow wytworzonych
w temperaturze (850+15°C) (Fig.5). Biomasa z tusek stonecznika tez jest zrdznicowana
w zaleznos$ci od pochodzenia, poniewaz badania wykazaty, ze stezenie Cd (3,85 mg/kg) w jg
popiele jest porownywalne ze st¢zeniem tego pierwiastka w popicle z wytlokow z jablek
(Fig.6). Wyzsze stezenie Cd w popiotach ze spalania wyttokow z jabtek w temperaturze 400+
15°C potwierdzaja badania Odenbergera i wspdtautorow (1997). W przypadku tych popiotow
im nizsza temperatura spalania tym wyzsze stg¢zenie Cd. Oznaczonych stezen Se 1 TI
W popiotach z biomasy nie mozna poréwnac ze wzgledu na brak danych w literaturze.

Stezenie Th w popiotach jest nieznacznie wyzsze w probkach popiotow z wytlokoéw
Z jabtek i tusek stonecznika (Fig.6). Stg¢zenie U w badanych popiotach oznaczono w zakresie

3,9 - 6,3 mg/kg, wyzsze w popiele z wytlokdéw z jablek (Fig.6).
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AP- wytloki z jabtek; WS — tupiny z orzecha wloskiego; SH — tuski stonecznika;

Fig.6. Srednie stezenie PPT, U i Th w popiotach z biomasy wytworzonych w temperaturze
400+ 15°C.

Obliczone wskazniki toksycznosci BATI dla Cd, Cr, Cu, Ni, Pb 1 Zn w popiotach
wskazuja, ze mozna je skladowa¢ w srodowisku, poniewaz uzyskano wartosci dodatnie dla
badanych probek popiotow.

Szacunkowe wartosci emisji (E) pyhlu calkowitego, PM10 i PM2.5 mialy na celu
wskazanie biomasy o najlepszych parametrach spalania 1 niskiej emisji zanieczyszczen do

amosfery.
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Badania pokazaly, ze emisja tych pyléw jest na podobnym poziomie wartosci dla
popiotéw z biomasy rolno-spozywczej (wytloki z jabtek, tupiny z orzecha wioskiego 1 tuski
stonecznika). Tradycyjnie kotty lub piece na wegiel kamienny moga emitowac okoto 7 kg/Mg
pytu catkowitego (Kubica, 2010). W wyniku spalania badanej biomasy emisja pylow
calkowitych jest nizsza i miesci si¢ w zakresie 1,22 — 1,35 kg/Mg.

Obliczona misja zanieczyszczen zawierajacych metale toksyczne ze spalania biomasy
rolno-spozywczej w temperaturze 400£15°C jest wyzsza niz w temperaturze 850+15°C.
Obliczona emigaPPT (As, Cd, Cr, Cu, Ni, Pb, Sei Zn) ze spalaniabiomasy rolno-spozywczej
w temperaturze 400+15°C, wskazuje wyzsze wartoéci dla Zn, Cd, Cr i Pb. W przypadku
spalania takiej biomasy w temperaturze 850+15°C obliczona emisja jest najwyzsza dla Zn, Cu,
Pbi Ni.

Wartosci wspolczynnika zanieczyszczenia Cf we wszystkich probkach popiotow
z biomasy rolno-spozywczej spalangj w temperaturze 400-£15°C mieszcza sie w zakresie 0,002
— 1,3. Na uwage zastuguje Se, ktory prawdopodobnie tworzy kompleksy z metalami
toksycznymi, w tym z Cd co powoduje, ze wartosci Cf w popiotach z wyttokow z jabtek (1,3)
1 tupin z orzecha wtoskiego (1,2) sa wyzsze. Warunki redukcyjne w procesie spalania réwniez
moga przyczynia¢ si¢ do koncentracji Se poprzez tworzenie zwiazkow typu PbSe, CuSe czy
NiSe (Cappelletti i in. 2021). W przypadku Cd wartos¢ Cf=1 wskazuje, na jego potencjany
wplyw na srodowisku np. przy nieznacznym obnizeniu temperatury spalania. Kolejno$¢ wedtug
warto$ci malejgcej Cf przedstawia nastgpujaca sekwencja:

AP: Se>Cu>Zn>Pb, As>Cd>Cr> Ni

CH: Se>Zn> Ni, Cd > Pb, Cu> As, Cr

WS: Se>Cu>Zn>Pb>Ni>Cd, As, Cr

SH: Cd>Cu>Se>Zn>Pbh, As, Cr, Ni

Dla popiotéw uzyskanych w temperaturze spalania 850+15°C najwyzsze wartosci Cf obliczono
dla Cu (3,3), Zn (2,6), Cd (2,2) 1 Pb (1,8), popiotach z wyttokow z jablek.

Wysokim wskaznikiem obcigzenia zanieczyszczeniem PLI (12) charakteryzuja sig¢
popioly ze spalania wyttokéw z jabtek w temperaturze 850+15°C.W przypadku pozostatych
probek popiotow wartosci PLI sg bliskie zera.

Obliczona warto$¢ stopnia zanieczyszczenia metalami toksycznymi (CD) popiotow jest
najwyzsza lecz umiarkowana w popiotach z wyttokow z jabtek (CD=14,8).

Zanieczyszczenia uwalniane z proceséw spalania w indywidualnych paleniskach

domowych dotycza gtéwnie okresu zimowego co powoduje pogorszenie jakosci powietrza.
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Stezenie REY w popiolach 7 biomasy rolno-spoiywczej

Pod wzgledem geochemicznym pierwiastki ziem rzadkich (REE) dzieli si¢ na trzy
grupy (Blissett i in., 2014):

1. lekkie— LREE (L& Ce, Pr, Nd, Sm)

2. $rednie — MREE (Eu, Gd, Tb, Dy, Y)

3. cigzkie — HREE (Ho, Er, Tm, YD, Lu)

Klasyfikacja REY wg Seredina (2010) opiera si¢ m.in. na obecnym trendzie
zapotrzebowania tych pierwiastkow w skali globalnej 1 jest bardziej przydatna do przemystu
nowoczesnych technologii. REY klasyfikuje si¢ jako pierwiastki krytyczne (Nd, Eu, Tb, Dy,
Y, Er), niekrytyczne (La, Pr, Sm, Gd) i nadmiarowe (Ce, Ho, Tb, Yb, Lu).

Srednia zawarto$¢é REE w popiolach z samej biomasy wahata si¢ od 3,55 mg/kg (tuski
stonecznika) do 120,5 mg/kg (wyttoki z jabtek), co wskazuje na znaczng zmienno$¢ pomiedzy
rodzajami biomasy (Tabela5).

Zawarto$¢ REY w badanych popiotach ze wspotspalania biomasy z weglem kamiennym
determinuje zawarto$¢ tych pierwiastkéw w weglu kamiennym. Jedynie w probce popiotu

WS60 (145,2 mg/kg) stezenie REY jest wyzsze niz w probce popiotu WS40 (109,4 mg/kg).

Tabela 5. Srednia zawartos¢ (mg/kg) REY , U i Th, oraz perspektywiczny wskaznik REY
W popiotach ze spalania/wspotspalania biomasy 1 wegla kamiennego

Prébkit
REY AP | WS | SH HC | AP20 | AP40 | AP60 | WS20 | WS40 | WS60 | SH20 | SH40 | SH6EO0

Y 138 {05 |04 | 188 | 210 |174 |80 174 | 122 | 156 | 208 | 168 | 10.2
La 218 |09 |07 |344 |357 |288 |137 |284 |198 |273 |353 |279 |17.0
Ce 4538|203 |15 | 730 | 6851 | 57.52 | 27.90 | 56.60 | 40.19 | 54.60 | 68.62 | 56.32 | 34.13
Pr 52 02 |01 |83 8.1 6.6 31 6.7 6.6 6.3 8.0 6.5 39
Nd 201 |08 |06 |187 |317 |257 |121 |260 |177 |241 |310 |252 | 148
Sm 4.0 02 |01 |57 6.2 52 24 51 35 4.9 6.2 50 3.0
Eu 0.9 0.06 | 0.04 | 1.2 13 11 0.5 11 0.8 1.0 13 11 0.8
Gd 34 0.06 | 0.06 | 4.7 52 4.4 2.0 4.4 3.0 41 53 4.2 25
Tb 005 | 005|0.03|05 0.7 0.6 0.3 0.6 0.4 0.5 0.7 0.6 0.3
Dy 2.6 0.03 | 0.03| 4.0 4.0 3.3 16 34 2.3 3.0 39 3.2 20
Ho 05 0.03| 0.03| 0.8 0.7 0.6 0.3 0.6 04 0.6 0.7 0.6 04
Er 13 0.06 | 004 | 21 20 17 0.8 1.7 12 15 20 16 1.0
Tm 0.2 0.05| 0.03| 0.3 0.3 0.2 01 0.2 0.2 0.2 0.3 0.2 01
Yb 11 0.06 | 0.03 | 2.2 17 14 0.7 14 1.0 13 17 14 0.8
Lu 0.2 0.03 | 0.03| 0.3 0.2 0.2 003 |02 0.1 0.2 0.2 0.2 0.1
U 3.8 01 |01 |60 6.0 4.8 2.2 5.0 34 4.6 59 4.8 29
Th 8.8 03 |02 |140 | 148 |118 |57 121 | 83 111 | 147 | 116 |71
REY 1205 | 493 | 355 | 175.0 | 187.3 | 154.7 | 73.53 | 153.8 | 109.4 | 145.2 | 186.0 | 150.8 | 91.0
LREE 965 |41 |30 | 1401|1392 | 1238 |59.2 |1228 | 878 | 1172 |149.1 | 1209 | 72.8
MREE 207 |06 |04 |292 |322 |268 |124 | 269 187 | 242 |320 |259 |158
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HREE 3.3 023|115| 57 159 |41 193 |41 29 3.8 4.9 4.9 24
Coutl 082 |065|067|059 |08 |084 |08 |08 |08 (080 |083 |083 |0.82
Y/Ce 031 (025027026 |031 |030 [029 (031 (030 |(023 |030 |030 |0.30
Lan/Ybn | 1.4 10 |20 |11 16 15 1.0 15 15 15 15 15 16
Gdv/Ybn | 1.8 30 |20 |12 18 18 12 18 1.8 1.8 1.8 17 18
Lan/Gdy | 0.8 10 |10 |09 0.9 0.7 0.9 0.9 0.8 0.8 0.8 0.8 0.9

IAP- wytloki 7 jablek; WS — tupiny orzecha wloskiego; SH — luski stonecznika; HC — wegiel kamienny; AP20,
WS20, SH — 20% udziat biomasy; AP40, WS40, SH40 — 40% udziat biomasy; AP60, WS60, SH60 — 60% udziat
biomasy; anomalaCe: Ce/Ce" = Cen (Lan X Pry)0,5; anomalia Eu: EWEU" = Eun (Smn X Gdn)0,5

Znormalizowanie stezen REY w popiotach do zawartosci tych pierwiastkow w gornej
skorupie kontynentalngj (UCC) pozwolito na pokazanie graficzne REE migdzy réznymi
typami popiotow. W celu przydatnosci popiotow jako potencjalnego surowca obliczono trzy
wskazniki frakcjonowania:

e LREY —L (typlekki Lan/Lun> 1)
e MREY — M (typ $redni Lan/Smn < 1§ Gdn/Lun > 1)
e HREY —H (typ ciezki Lan/Lun < 1)

We wszystkich probkach popiotéw ze spalania biomasy nastgpito znaczne zubozenie
lub wzbogacenie LREE w poronaniu do HREE (Lan/Ybn =1,0-2,0). Probki tych popiotoéw sg
umiarkowanie wzbogacone w MREE (Gdn/Ybn =1,8-3,0; Lan/Gdn=0,8-1,0) (Tabela 5).
Probki popiotow z biomasy WS 1 SH sklasyfikowano jako typ H, a probki popiotow biomasy
AP jako L-M. Krytyczne REE (Nd, Eu, Tb, Dy, Y, Er) stanowity $rednio 28,8% w popiotach
z biomasy, 25,9% w popiotach weglowych i ok. 31% w popiotach ze wspolspalania biomasy
Z weglem kamiennym, niezaleznie od rodzaju biomasy.

Obliczone warto$ci wspotczynnika perspektywicznego dla REY w popiotach ze
biomasy rolno-spozywczej mieszczg si¢ w zakresie 0,59 — 0,85 (Tabela 5). W probkach popiotu
ze wspoOlspalania biomasy rolno-spozywczej z weglem kamiennym w zaleznos$ci od udziatu
biomasy obliczone wartosci Coutl nie wykazuja duzego zréznicowania (0,80 — 0,85) (Tabela
5).

Steienie PPT w biomasie drzewnej

W gospodarstwach domowych w Polsce i na $§wiecie najczesciej wykorzystuje si¢
drewno lisciaste (grab, brzoza, dab, olcha). Oczekuje sie, ze zuzycie drewna wzro$nie
W przysztosci ze wzgledu na zwigkszony popyt ze strony gospodarstw domowych.

Stezenie niektorych PTP (Cd, Cr, Cu, Ni i Zn) w popiele z biomasy drzewnej moze by¢

bardzo wysokie, dlatego istotne s3 badania dotyczace zawartosci metali toksycznych
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W popiotach ze spalania gidéwnie w indywidualnych gospodarstwach domowych (Pastricakova,
2004).

Poréwnano dwa rodzaje drewna — brzoza i olcha, ktére pochodzity z terenow
antropogenicznych (woj. matopolskie) i o obnizonej antropopresji (Narodowy Park ,,Bory
Tucholskie” , woj. pomorskie). Figury 7 i 8 przedstawiajg stezenia PPT (Cu, Pb, Zn, Ni, Cr,
Cd, TI, Asi Hg) w popiotach ze spalania brzozy i olchy (400+ 15°C).

W $wiezej brzozie dominujagcym pierwiastkiem jest Zn, ktorego stezenie jest wyzsze
niz w $wiezej olsze. Wyzsze stezenie Zn (98,2 mg/kg) oznaczono w $wiezej brzozie z Parku
Narodowego ,,Bory Tucholskie” w pordwnaniu ze $wieza brzoza z woj. matopolskiego (Zn -
21,6 mg/kg) (Wykres 2). Popiol ze spalania brzozy z Narodowego Parku ,,Bory Tucholskie”
wykazuje znacznie wyzsze stezenie Zn (1384, 5 mg/kg) w porownaniu do popiotu z brzozy
z woj. matopolskiego (Zn — 338,1 mg/kg) (Fig. 7i 8)

Popidt ze spalania olchy pozyskanej z Parku Narodowego ,.Bory Tucholskie”
charakteryzuje si¢ wyzszym stezenie Zn (321,1 mg/kg) i Cu (34,3 mg/kg). Wysokie stezenie
Ni (121,1 mg/kg) oznaczono w popiele z olchy z woj. matopolskiego (Wykres 1).

Wyzsze stezenia Zn w olszy 1 brzozie z Parku Narodowego ,,Bory Tucholskie” wigze
si¢ z materig organiczng w glebie, ktoéra wykazuje duza pojemnos$¢ sorpcyjna tego pierwiastka

1 powoduje jego koncentracje w warstwach prochniczych gleby.
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Fig.7. Srednie stezenie PPT w olsze $wiezej 1 jej popiotach, w zalezno$ci od pochodzenia
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Fig.8. Srednie stezenie PPT w brzozie $wiezej i jej popiotach, w zaleznosci od pochodzenia
biomasy

Badania dotyczace emisji pochodzacej ze wspodtspalania biomasy z weglem kamiennym
obejmuja glownie zanieczyszczenia organiczne (Li i in., 2017)

Obliczone wartosci wskaznika toksycznosci BATI (Cd, Cu, Cr, Ni, Pb, Zn) dla Zn sa
ujemne w badanych popiotach ze spalania brzozy i popiotu z olchy pozyskanej z Parku
Narodowego ,,Bory Tucholskie”, oraz popiolu z brzozy pochodzacej z woj. matopolskiego

(Fig. 9). W przypadku Cd ujemne warto$ci BATI dotycza popiotdw z brzozy niezaleznie od jej

pochodzenia (Fig.9).
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Fig. 9. Wskaznik toksycznosci BATI popiotu z biomasy drzewne
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Analiza termograwi metryczna biomasy drzewnej

W procesie pirolizy powstaje zazwyczaj wegiel drzewny (karbonizat, wegiel
pirolityczny), gaz o duzym cieple spalania (gaz pirolityczny, w tym gltéwnie metan i tlenek
wegla), oraz frakcja wodna, w sktad ktorej wchodzi m.in. metanol, kwas octowy 1 smota
(Szechynska-Hebdai Hebda, 2011).

W praktyce biomasa jest substancja ztozona z wielu sktadnikow, stad interpretacja
sktadu na podstawie krzywych DTG jest utrudniona. Krzywe DTG uzyskane dla badanych
probek w przedziale temperatur 35-600°C zestawiono na Fig.10.
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Probki: 1 — olcha; 8 — brzoza (woj. matopolskie); 9 — olcha; 10 — brzoza (Park Narodowy Bory Tucholskie™).

Pozostate probki stanowiag biomasg rolno-spozywcza — wyniki niepublikowane.
Fig.10. Krzywe DTG badanych probek biomasy

Celuloza jako jeden z gléwnych skladnikow biomasy roslinnej podczas pirolizy ulega
ztozonym reakcjom chemicznym, podczas ktorych powstaja niestabilne termodynamicznie
produkty posrednie. Piroliza w poszczegdlnych probkach biomasy zachodzi w rdéznych
temperaturach i czgsto odbywa si¢ dwustopniowo. W najnizszej temperaturze rozpoczyna si¢
rozktad probki 2 (wyttoki z jabtek), natomiast rozktad probki 1 (olcha) zachodzi w stosunkowo
wysokich temperaturach. .Analiza DC/TG wykazata mniejszg stabilno$¢ termiczng olchy
pozyskanej z wojewodztwa matopolskiego w stosunku do olchy z Parku Narodowego “Bory
Tucholskie”. Ocena stopnia pirolizy przez zmiang jej gestosci jest tylko globalnym spojrzeniem

na czgstke drewna.
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WidmaFTIR - dlatemperatur 350°C nast¢puje wydzielanie gtdwnie tlenku i dwutlenku
wegla. Uwalnianie CO; jest zwigzane z krakingiem i przebudowsa grup karbonylowych
i karboksylowych, natomiast CO uwalnia si¢ w wyniku rozpadu wigzan C-O-C i C=0.
Widoczne dla niektorych probek drgania wigzan O-H i H-O-H (w zakresie, odpowiednio: 4000-
3500 i 1900-1300 cm™) wskazuja na rozpad wiazan w lancuchu celulozowym oraz rozpad
innych zwigzkéw organicznych, co zwigzane jest z wydzielaniem si¢ wody. Widma uzyskane
w temperaturze 650°C pokazujg gazy wydzielajace si¢ w trakcie spalania karbonizatu, ktorego
produktem jest COg, a intensywnos$¢ jego wydzielania zalezy od ilo$ci wegla pirolitycznego

pozostatego po procesie pirolizy.

Wymywalnosé zanieczyszczen z eluatow wodnych popiolow z olchy i brzozy

Zmierzone wartosci przewodnosci elektrolitycznej i odczynu (pH) zamieszczono
w Tabeli 6.

Tabela 6. Lugowane zanieczyszczeniaz wodnych zawiesin popiotu z biomasy drzewne)

Wartosci referencyjne
Wymywalnos¢ Al Bl C1 D1 (Rozporzadzenie MS,

MGMiZS, 2014, 2019)
pH 9.98 10.27 6.70 10.52 6.5-9.0
Cos (mS/cm) 0.678 2.190 0451 3.170 -

Jony (mg/L)
ca® 6.86 20.39 13.69 18.73 -
Mg* 6.59 60.68 8.74 80.30 -
Na* 6.71 2351 2.68 40.56 800.0
K* 208.85 620.85 112.25 943.36 80.0
cI 2.66 32.79 9.63 47.32 1000.0
SO 26.48 1775.77 25.10 305.33 500.0
NOs 3.36 29.15 1.48 31.64 30.0
PO.* 5.67 20.61 40.24 19.62 -
Metale toksyczne (pg/L)

Zn 1.6 1.8 33 2.5 2000.0
Cu 1.0 0.8 2.7 2.2 500.0
Ni 1.0 1.0 14 11 500.0

Woj. malopolskie: AL — popiét z olchy; C1 — popiét z brzozy;
Park Narodowy ,,Bory Tucholskie”: B1 — popi¢t z olchy; D1 — popiét z brzozy;

Odczynem lekko kwasnym (pH=6,70 mS/cm) charakteryzuje si¢ wyciag wodny
Zpopiotu z brzozy (woj. matopolskie). Pozostale wyciagi wodne popiotow sa zasadowe
I przekraczajg warto$ci dopuszczalne dla $§ciekoéw wprowadzanych do wod i gleb. (Tabela 6).

Stezenie jonow w badanych eluatach wodnych popiotow z brzozy i z olchy z Parku
Narodowego ,,Bory Tucholskie” mozna przedstawi¢ wg nastepujacej sekwencji:
probka B1: SO4% > K*>Mg?" > Cl">NOz > Na' > POs* > Ca?*
probka D1: K*> SOs% > Mg? > Cl">Na" > NOz > Ca* > POs>
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natomiast w przypadku eluatow wodnych popiotow z olchy i brzozy pozyskanych z woj.
matopolskiego, wartosci oznaczonych jondow sa znacznie nizsze. Referencyjna zawartos$¢
jonow SO4? zostata przekroczona w eluacie wodnym popiotu z olchy a dopuszczalne stezenia
jonow K* zostaly przekroczone we wszystkich badanych probkach (Tabela6). Sposrod metali
toksycznych w eluatach wodnych popiotow oznaczono tylko Zn, Cu i Ni w bardzo matych
stezeniach.

Eluaty wodne popiotow z biomasy rolno-spozywczej sg bardziej zréznicowane pod

wzgledem wymywania gtéwnych jonéw a wyniki badan sg fazie przygotowania publikacji.

6. Podsumowanie

Uziarnienie popiotow ze spalania biomasy rolno-spozywczej jest bardzo drobne, ponad
80% popiotow stanowig czastki o wielkosci od 0,1 um do 50 pm.

Parametry biomasy z przemystu rolno-spozywczego takie jak wysoka wilgotnos¢ (9,4
— 11,6) i nizsza warto$¢ opalowa maja wplyw na procesy spalania w warunkach
niskotemperaturowych, i na sktad chemiczny wytwarzanych popiotow. Te czynniki nie
powinny jednak decydowa¢ o mozliwosci wykorzystania tych surowcow biomasowych (np.
pellety, granulki) w indywidualnych paeniskach domowych. Popioty ze spalania biomasy
Zprzemystu rolno-spozywczego roznig si¢ pod wzgledem skladu pierwiastkowego
i mineralnego. Powszechnie w popiotach z biomasy rolno-spozywczej wystepuja: kwarc,
kalcyt, arkanit, fairchildyt i archeryt.

Probki surowej biomasy zawieraja male stgzenia PPT w poréwnaniu do popiotow
wytworzonych w réznych temperaturach spalania. Wyzsze koncentracje As, Pb, Ni, Zn, Cui Cr
oznaczono w popiotach z wytlokéw z jabtek wytworzonych w temperaturze 850+15°C, podczas
gdy wyzsze stezenia Cd i Se obserwowano w tych samych popiotach wytworzonych w
temperaturze 400+15°C. Pozostate popioty ze spalania pelletu z wisni, tupin orzecha wtoskiego
i tusek stonecznika w temperaturze 850+15°C réwniez s3 wzbogacone w PPT, co wynika z
wickszej ilosci bardzo drobnych czastek popiotéw, na ktorych sg zaadsorbowane metale
toksyczne. Wartosci wskaznikow zanieczyszczenia (Cf) I obcigzenia zanieczyszczeniami (PLI)
wskazujg na istotne zroznicowanie wptywu spalania biomasy rolno-spozywczej na srodowisko,
w zaleznosci od rodzaju surowca i temperatury procesu spalania. Na podstawie obliczonego
stopnia zanieczyszczenia metalami toksycznymi (CD) wyttoki z jabtek spalane w temperaturze
850+£15°C wskazuja na umiarkowane zanieczyszczenie (CD = 14,8), a pierwiastki
odpowiedzialne zaten wynik to Pb (Cf=3,4), Cu (Cf=3,2), Zn (Cf=2,6) i Cd (Cf=2,2).
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W probkach surowej brzozy i olchy oraz w popiotach tych drzew stwierdzono wyzsze
stezenia Zn, Ni 1 Cu, przy czym koncentracje Zn i Cu sg wyzsze w popiotach z brzozy
pozyskanej z Parku Narodowego ,,Bory Tucholskie”, natomiast Ni w popiele z olszy z woj.
matopolskiego. Ze wzgledu na ujemne wartosci wskaznika BATI obliczonego dla Zn 1 Cd
W popiotach ze spalania brzozy z woj. malopolskiego i w popiotach ze spalania brzozy oraz
olchy z Parku Narodowego ,,Bory Tucholskie”, te popioty nie powinny by¢ wykorzystane
w rolnictwie. Stezenie wymytych jonéw siarczanowych i potasowych z eluatéw wodnych
popiotow olchy i1 brzozy nie spetnia kryteriow wilasciwych dla odpadéw obojetnych. Moze
stanowi¢ czynnik zanieczyszczajacy wody gruntowe i gleby. Zasadowe pH eluatow wodnych
popiotéw powoduje niskie stezenia takich pierwiastkow jak Zn, Cu i Ni, oraz ogranicza ich
migracj¢ do srodowiska. Analiza termiczna brzozy i olchy wykazata nizszg stabilno$¢ olchy
pozyskanej z woj. matopolskiego. Prawdopodobnie hemicelulozy sa najmniej trwalym
sktadnikiem badanego drewna.

Cechg charakterystyczng surowcow biomasowych jest wysoka zawarto$¢ czesci
lotnych, co w konsekwencji moze powodowa¢ wyzszy emisj¢ zanieczyszczen pytowych do
atmosfery.

Rodzaj biomasy rolno-spozywczej i jej udzial w procesie spalania/wspotspalania
Z weglem kamiennym wplywa na zawarto$¢ REY w wytworzonych popiotach. Wydawac¢ by
si¢ mogto, ze to wegiel kamienny 1 zawarto§¢ w nim REY bedzie determinowala udziat tych
pierwiastkow w popiotach ze wspotspalania. Jednak udziat krytycznych REY (Nd, Eu, Tb, Dy,
Y i1 Er) w popiotach o udziale biomasy 20%, 40% 1 60% jest nieznacznie wyzszy (27,7% —
32,1%) niz w popiotach z ze spalania wegla kamiennego (25,9%). Przeprowadzone badania
pozwolity okresli¢ typy popiotow biomasy pod wzgledem zawartosci w nich REY (wyttoki
Z jabtek — typ L-M; pozostate popioty reprezentuja typ H) i obliczy¢ wartos$ci wspotczynnika
perspektywicznego REY dla popiotow ze spalania biomasy (Coutl=0,85 wytloki z jabtek)
I wspoltspalanej z weglem kamiennym (Coutl=0,80-0,85). Te popioly mozna uznaé za
potencjalne do odzysku REY .

Uzyskane wyniki badan i zmienno$¢ sktadu chemicznego popiotow wytworzonych ze
spalania biomasy drzewne oraz rolno-spozywczel wskazuja na potrzebe kontynuacji badan,
poniewaz obecno$¢ niektorych PPT w popiolach nie zawsze bgdzie korzystna dla srodowiska.
Wyniki badan wskazujag na konieczno$¢ precyzyjnego doboru biomasy i optymalizacji
technologii spalania, szczegolnie w kontekScie wspotspalania z paliwami kopalnymi, oraz
podkreslaja wage dalszych badan nad zarzadzaniem popiotami w celu ochrony gleb i wod przed

ich skazeniem. W kontekscie praktycznym, wyniki wskazuja, ze pellet wisniowy, hupiny
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orzecha wiloskiego 1 ‘tuski stonecznika stanowig bezpieczne alternatywy dla
spalanialwspotspalania z weglem, podczas gdy wykorzystanie wytlokow z jablek wymaga
implementacji zaawansowanych systemow kontroli emisji zanieczyszczen oraz S$cislego
monitoringu parametréw spalania. Ograniczeniem metodyki badawcze w zakresie
zastosowanych indeksow geochemicznych jest jednak zalezno$¢ od przyjetych wartosci tta
geochemicznego, ktoére moga réznic¢ si¢ regionalnie, oraz brak danych poréwnawczych dla
popiotow z biomasy drzewnej i rolno-spozywczej, co utrudnia interpretacje wynikéw. Pomimo
tego, zastosowanie wskaznikow Cf i PLI dostarcza kluczowych informacji dla projektowania
zrbwnowazonych strategii energetycznych, uwzgledniajacych zaréwno efektywnosé
energetyczng, jak i minimalizacj¢ presji na $Srodowisko naturalne, szczeg6lnie jezeli dotyczy¢

to bedzie indywidualnych palenisk domowych.
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Rare earth elements, uranium, and thorium in ashes from
biomass and hard coal combustion/co-combustion

Introduction

Rare earth elements are very valuable in the modern economy because they are used in
modern highly advanced technologies (Strzalkowska 2022). Of all REE. the most important
are lanthanum (La). europium (Eu). erbium (Er) and neodymium (Nd) (Calusz-Moszko and
Bialecka 2013). The growing demand as well as the situation on the economic markel re-
sult in the search for alternative sources of REE. The European Union has launched a new
strategy to diversify access to rare earth materials used for electronics and consumer goods.
Moreover. the new European Union’s strategy assumes the obtaining of critical raw materi-
als by recycling or reprocessing waste (European Commission 2020).
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Flv ash is characterized by a very fine grain size and a well-developed development area.
which increases the concentration of trace clements. including REY. Fly ash constitutes
approx. 70-85% of the total mass of furnace waste (Smolka-Daniclowska 2013 and the
commercial power industry produces almost twenty million tons of it anmually (GLS 2021}
Rescarch on the content of REE in fly ash has been conducted by various msthors around the
world (Frumus et al. 2015; Zhou et al. 2006; Dan nnd Filkenun 2048, Smuath et al. 2009, Huang
eral 2020; Rybak and Rybak 2021, Hower etal 202). Strzalkowska 2022), Fly ash from the
combustion of hard coal and hignite seems to be i prospective source of secondary REE. It
is estimated that the world's hard-coal fly ash contams an average of 404 mg/kg REE (Kot~
tis and Yudovich 2009, Strzalkowska (2022) determined the REE content in the range of
356-2721 mg/kg in hard-coal ashes in Poland. in the magnetic fraction of ashes from
187 mg/kg to 208 mg/kg, and n the ash fraction < 45 pm, the REE concentmation range
15 266314 mg/kg. Frunus cf al. (2015) determined REE in ashes from the co-combustion
of hard coal and biomass in the range of 379-394 mg/kg. The content of REE in fly ashes
varics depending on the type of furnace and the efficiency of fume dedusting, the quantity
and quality of used hard coal Ashes from hard coal combustion in conventional furnaces
contain REY in the range of 1.3-389.6 mg/kg. and in uidized bed furmces. in the range of
146.94-266.9 me/kg (Smolka-Daniclowska 2013, Adamczvk et al 2018). The content of Y
in fly ashes from hard-coal combustion ranges from 2.8 mg/kg 10 233 me/kg (\Wdow i and
Franus 2004, Adamczyk et al. 2008. Choudhary et al. 2022; Fu et al. 2022),

Jerzak et al. (Jerzuk et al 2021) found that the efficicncy of retention of trace elements in
ashes is influenced by the dinmeter of coal particles (< 600 pm), and the size distnbutions
of these particles are unimodal, The distnibution and abundance of REE in hard coal vary
regionally, ¢.g. in Chingse hard coal, the content of these elements is almost twice as high as
the average world level (Rumakrishaa et al. 2018),

Vassilev and Vassileva (Vassilev and Vasstheva 20200 in ashes from sunflower husk and
walnut shells determined the REE content at 5,95 mg/ke and 41,68 mg/kg (of wluch vitri-
um - 0.29 me/ke). respectively, Sunflower husk peliets are often used in coal-fired power
plants due to their lugh calonfic value (21 M¥kg), relatively low chlorine content and resist-
ance to biodegmdation (high lignmn content — 34,17 wi %) ( Pive 2004, Kaluzy nskiet ol 2017
Zujemska et ol 2017). Walmut shells are a potential source of biomiass as they make up almost
40% of the total weight of the frun (Jahpnban-Esfahlan et al. 20201, The world production
of walmuts in the shell is. according 10 vanous authors, from 2 min tons to 3.7 min tons
per vear (Queirds et al, 20200 Miladinovic et al. 2020), The waste weight of apple ponkice
ranges from 10% to 25% of the processed raw material. In Poland. apple pomace is largely
processed mto cattle feed orused 1n the production of akcobol (Masiarz et al 2019

Geochemically REE can be divided into three fractions. which include hight - LREE (La.
Ce, Pr. Nd, Sm), medium — MREE (Eu. Gd, Tb. Dy, and Y). and beavy — HREE (Ho, Er,
Tm, Yb. and Lu) (Blissett ¢t ol 2014). The classification is very uscful for the description of
REY in coal and its ashes. Seredin (Seredin 2010) developed the REY classification, which
takes into account current market trends and a demand forecast for the coming years. This
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classification is more uselul for industry requirements. From REE, he distinguished critical
clements (Nd, Eu, Th, Dy, Y, Er). non-critical elements (La, Pr. Sm, Gd), and excessive ele-
ments (Ce. Ho. Tm, Yb and Lu). The ashes should contain as many critical REY as possible
because they can then constitute the raw material most suitable for the recovery of critical
raw materials. For this purpose. the prospective cocflicient (Coutl) 1s also calculated as the
ratwo of the critical REY to the total amount of excessive REY i the hard-coal ash. accord-
ing to the following equation (1) {Serdedin and Dai 2012),

Coiitl = (Nd+ Eu+Th+ Dy « Er+ Y) 'ZREY (
(Ce+Ho+Tm+Yb +Lu)/ ZREY
Y% Coutl - prospective coefficient.

YREY cntical - Nd, Eu, Th, Dy, Y. Er.
YREY excessive - Ce, Ho. Tm, Yb. La

The higher the ratio, the more the material can be considered as having potential for REE
recovery,

The objective of the study is lo determine the concentration and geochemical fractions
of REE in ashes from the combustion/ico-combustion of biomass from the agri-food industry
and hard coal (share of biomass in the co-combustion process: 20%. 40% and 60%), Bio-
mass, wlhich constitutes a kirge group of waste in the production of apple products, walnuts
and sunflower seeds. was selected for analysis. The objective was to determine the chemical
composition of the ash particles to identify the source of REE. U and Th in the ashes. 1t can
be Iy pothesized that ashes from the co-combustion of agn-food biomass and hard coal can
be a potential raw material for REE recovery. regardless of the type and share of biomass
in the combustion process. Recveling is a very importam source of many critical materials,
including REE from Lindfills and CHP ashes. It constitutes a promising methed to reduce
the harmful effects of the extraction of REE on the environment.

I. Research materials and methods

The research matenial consisted of three (ypes of biomass and hard coal, which were
fired at a temperature of §50°C. The biomass samples were dried a1 80°C and then ground
using the SM M0 cutting mill 1o a fraction of 250 pm. Hard-coal samples were ground in
a porcelain mortar to a dusty fracuon. Samples of biomass and hard coal were placed in
a silite laboratory fumace. which is equipped with a fume discharge pipe. The 1o1al ash was
obtained in the firing process, which was subgected 1o further analyses. Biomass samples
came from the Polish agni-food industry (apple pomace. walnut shelis and sunflower husks).
The hard coal comes from the Upper Silesian Coal Basin (USCB) (Polish Mining Group),
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[n total. nine samples of biomass ash. two samples of hard coal ash and eighteen samples of
ashes from the co-combustion of biomass (20%. 40%, and 60% share) and hard coal were
analvzed. The designations of the test samples are presented mn Table 1

Tahle I.  Symbals of ash ssples foe analysis
Tabela |, Symbole prabek popialow do analix

Sample symbol Sample type Sample symbol Sample type
e Asth fram co-combustson of apple
7 Co-¢ stsan of apple pomnoe
" ool b AP (20, 30%, sard 60%) and hard coal
AP&0
e Asgh fy besstion of waluut shell
. A X rom co-com walnut she!
w2 Wsam el o o {20%. 0%, and 60%) and hard coal
Waat
sH Samflonier-brnk ash SHM
SH40 Ash lrom co-oombesdion of sunflower husk
He Hard coal Y (0P, 40%, and 607) and hand coal

Amalyses of REY, U, and Th concentrations were performed using the 1ICP-MS method
in Vancouver, Canada (Bureau Veritas Mineral Laboratories) using the certified reference
matenial: STD OREAS4SE _1G and STD OREASSO1D.

The morphology and chemical composition of the ash particles containing REY. U. and
Th were determined using @ Quanta 250 and Phenom XL environment scanming electron
microscope. equipped with an EDS (Thenmo Fisher Scientific) X-ray microanalvzer (Insti-
tute Natural Sciences, Sosnowice, Poland). The prepamations were prepared in the form of
polished specimens.

The mineral composition of ashes from biomass and hard-coal combustion/co-combus-
tion was determined by the X-ray diffraction method (XRD), using a PANalytical X-ray
diffractometer. MPD X'PERT PRO PAW3I040/60 (Faculty of Natural Sciences, Sosnowiec.
Poland). The estimated percemtage content of ingredients in the ash was determined by the
Rietveld method.

The analysis of the ash grimn composition was performed using the Analvsetie 22 Mi-
croTec analvzer, which operates with a measurement range of 0.01-2000 pm (Faculty of
Natural Scicnces, Sosnowice, Poland),
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2. Results and discussion

2.1, REY, U, and Th contemt

The granulometric analysis of ashes from biomass firing showed that particles with a di-
ameter of up to 100 pm predominate, in the amount of about 81% (AP), 82% (WS) and 84%,
(SH). In the ashes from the co-firing of biomass (60%) with hard coal, the share of partickes
with a diameter of up to 100 pm is the highest and amounis to 75-77%. and in the remaining
samples. 1t 1s v ihe range of 70-72%.

Table 2 shows the values of REY concentrations in ashes from combustion/co-combus-
tion of biomass and hard coal.

The share of critical REE in the samples of ashes from WS biomass (1.3 mg/kg) and
SH biomass (1 mg/kg) is at a similar kevel. while a higher concentration of these clements
was determined in the ash sample from AP biomass (387 mg/kg) (Table 2). Converted into
the percentage of critical REE in the tested biomass :dshes, their content is in the range of
294-32%. Higher concentrations of U (3.8 mg/kg) and Th (8.8 mg/kg) were determined in
AP biomass ashes. In the remaining samples of WS and SH biomass ashes. U (0.1 mg/kg)
and Th (0.2-0.3 mg/kg) values are low.

In the hard coal ash. the average REY content 1s 175 mg/kg. including the ¢ritical REY-
453 mg/kg. whichis 25 9%, The average concentration of U and This 6 mg/kg and 14 mg/kg,
respectively. Zelazny et al. (2020) detcrmined the average content of selected REE (Y, La,
Ce, Pr. Nd. Sm, Gd, Tb, Dy, Er, Yb) in Polish hard coal in the range from 433 mg/kg to
36,1 mg/kg. In hard coal from the USCB, the uranium content ranges from 0.1 mg/kg 0
8.5 mg/kg. and thorium from 0.1-14.9 mg/kg. According to Ketris and Yodovich (Ketrss and
Yudovich 2009), the content of U in the world's coals is 19 mg/kg and the content of Th is
313 mg'ke

In the samples of APG0 and SHOO ashes. a sigmificant decrease in the REY content
(73.5 mg/kg and 91 mg/kg) was observed. compared to the ashes in which the biomass
constituted 20% and 40%. Such a correlation was not found in the samples of WS60 ashes,
becausce the average concentration of REY was determined at a similar kevel as in the WS20
ash sample (1338 mg/kg and 145.2 mg/kg), and lower in the WS40 sample (109.4 mg/kg)
{Table 2),

The calculated coeflicient of variation in the range of (1-20% and 20-40% for rare eanh
clements and yttrium indicate a small and medium variation in the chemical composition of
ashes from the combustion/co-combustion of biomass ( Table 2).

Figure 1 shows the concentritions of LREE. HREE and MREE in ashes from biomass
and hard coal combustionfco-combustion. All ashes from biomass combustion mainly con-
ain LREE; however, a higher concentration was detcrmined in apple pomace ash (AP —
96.5 mg/kg}. and much lower was found in the remaining biomass ash (SH - 3 mg/kg and
WS —4.1 mg/kg). Hard-coal ash is enriched in LREE and MREE, as is ash from AP biomass

56

56:1008713756



92

Adameayk ot al 2003 ' Gospodacka Swoweami Mineraloymi — Maeral Resomroes Mapagement 382), ®7- 104

Tahle 2 Content of (mgkg) REY, U, and Th in ashes from combustson co-combeastion

of bionuiss and hard coul
Tabeln 2. Zawartadc (mgkg) REY, U i Th w popiolach ze spafania'wspodspalania bromusy
i wegla kamiennego
Sanple
REY
AP | WS | SH HC | AP20 | APAD | APG0 | WS20 | WS40 | WSO | SH20 | SHA) | SHeO
Y 138 s hd | 18K | 200 | 174 80 | 174 | 122 | 156 | 208 | 16X | 102
sD 5250 002} 002| 477 S3X| A66| 621 ASS| 445] 421 ) 638 412| 433
Vo 20 3 3 L] 18 16 21 L} 16 L] 3 % 17
La 218 | 09 07 | 344 | 357 | 288 | 137 | 284 | 198 | 273 | 353 | 279 | 170
5D B23] 002] Q08| 1002 Q18| TS| 628 REI| T2 206 1215 | 62| X2
cv 28 2 Rl Xl 2 27 22 pa) a5 23 = bl 22
Ce AS3%] 203 | 1S | A0 | 6RS1| S752| 2790 | ool | 4019 5440 | 6862 | 5632 | 3413
sD IR12) 012} 04| 16,1021 2031 | 1712 | 1134 | 1623 | 1828 | 1432 | 1977 | 1288 | 17.08
oV 21 2 2 2 6 2 I8 2 0 21 a2 9 23
Pr 52 02 0l 83 21 66 11 67 66 6.3 80 6.5 39
s 188] 0 0 212 16Y| 193] Kea| LTS LER| O LTA| K69 | 1AM 142
cv 17 2 2 0 £ 8 v 1) 10 18 16 1% 20
Nd 20.1 0% 06 | IRT F3LT | 287 | 120 | 260 | 177 | 240 | 310 | 252 | 14X
sSD R82| DOR| 006G 781 102 | 1056 943 1152 | K20 1077 | 1123 | 916 | 756
(84 p 2 2 0 26 2”7 23 2 1% 2 25 20 16
Sm 40 02 ol $7 | 62 52 24 sa 3s 4.9 6.2 5.0 34
SD L2 o 0 LOS | L) 132 19 133 023 123 | 160 125 054
oy n 2 1 4 1l 12 4 I8 -; 7 21 R 4
Eu n9 0os | 00| 12 L3 L1 4.3 1.1 0.8 L 13 1.1 o
s (PR ) n B39 032| O8R| 04| 083 | 025 | OB%| 131| 0w | LIE
cv E ] 2 2 2 4 1 12 9 3 7 21 10 1"
it 4 o6 | 006 | 47 53 44 n 44 340 41 53 42 15
D 26 0 0 237 | 244 | 242| 189 | 205 | 227 233 | 265 | 211|184
cv 21 2 2 21 2 L] 16 17 pot] 21 b is \7
Th oS | 003 | 003 | 05 07 0.6 03 04 a4 0s o? 06 03
sD 0 a a 003§ 005| 005 @ 04| 002 0OS | 006 | 004 ) DO2
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Sample
REY

AP | ws | su | ne | arao | apso | apeo | ws2o [ wssa | wseo | sHzo | sid0 | sweo

cv 2 2 2 4 o T g (1w | | |2 |n
Dy 26 | voa| oo3| a0 | a0 | 33| 16| 34| 23| 20| 39| 32| 20
sD el o | o | asa| am| osg| 1e3]| ase| ar]| ook tn| 1os| e
cv |16 | t s | | [ | |2 | |2 |5 |16
Ho | 05 |oos |oos | ok |07 | o6 | 0r | o6 | os | 06| 07| a6 | 04
sp o | o | o | ook | 0w | 006 | oo | oos | 005 | 006 | 006 | 606 | a3
cv 4 o 0 I " p A R} 7 | a 6 6 o
Er 13 |oos|oos | 21 |20 |17 |os | 17| 12] 15|20 16| 10
sp |lom | o | o [oss|ox [ost o056 [oss |07 |os2 |09 | o7 | ass
ev |2 |z | w | 2|0 |20 | e |2 [ 20| ] 22]|w6]|w
T |02 |oos oo | o3 |03 | oz [or [e2 o2 ]| ez | o3 |02 | o
s |os| o 0 | orr | o027 |ard | on | a2 |an | o o2 | ais | 0
cv. |2 | ¢ 4 s | 22 | 22| 20 | 27 | | 28 | 33| 25|
vo | Ly Jooe |em | 22 |07 |1 |07 |14 | 1o | 3| 12| e | ns
sp |oss| o | o |o62 |04 | 046 |04 [ 058 | 036 | os | oS | o | 033
ov || 2 2 |20 | w6 |8 |8 |n |n|2z2]|E]|n
te |02 ood |oo3 | 03 |02 |02 [oo3 |02 [o1 | oz [ ez [ 02 | m
sD oS { 1 a4 049 | 008 a Q08 006 | D9 019 ni6s | W
cv a | 4 s | & ¥ ¥ 4 |2 |2 | 22|26 ]| 20 |
U ax oy o1 [ 60 | 6o |48 | 22 | s0 |34 | a6 | 29 | 4 | 29
™ |88 | o3 | a2 |sa0 | a8 [ g | s7 |2 | &3 |aes |47 | e |
REY | 1208 | 493 | 355 | 1750 | 1573 | esay | vass [ sas | 1094 | 1482 | 1m0 | 1508 | 910
LREE | 965 | 41 | 30 1400 [1392 [ 1238 | s92 1228 | s7% | 072 | 1490 [ 1209 | 728
MREE | 207 | o6 | o4 | 292 | 322 | 268 | 124 [ 269 [ 187 | 242 | 320 | 259 | 158
AREE | 33 Jo23 [ was | 57 [iso [ 40 [ae3 [ a0 [ 29 | 3x | a0 | 49 | 24
Coml | 082 |06s6 |0679 | 059 | oks [ 084 |os02 (052 | 03 | oo | ox3 |0s32 | 082
faxvon)| 14 | oo [ 20 | o0 [ 16 | es [ ro | us | 1s s s s | s
anoyeN| 1 | 30 |20 |2 [ as [ e [ 2 | es | rs | x| 1w | 17 | ax
LaN/GdN] A% 14 14 09 09 0T ne (1] 0 0% 0.5 ([} 3 LA

S - standard devintion: CV - coefficient of varaation.
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(Figure 1). The HREE content in the tested samples 1s low. amounting to 5.7 mg/kg in the
HC ash sample and 3.3 mg/kg in the AP ash sample.

The samples of WS (50.5%) ashes were found to have higher excessive valucs compared
10 the remaining ashes from the biomass AP and SH (Figure 2), In the samples of WS20 and
WS60 ashes, the average content of critical REE was 498 mg/kg and 45,5 mg/kg. respec-
tively, and non-critical was 44.6 mg/kg and 42.6 mg/kg, respectively, which is at a similar
level (Figure 2). A lower content of these elements was determined in the WS40 ash sample
{entical 34.2 me/ke and non-critical 32.9 mg/kg) (Figure 2). Higher excessive REE values
were found in the samples of WS20, WS40 and WS60 ashes compared to the remaining
ashes from the co-combustion of HC with AP and HC with SH. The share of critical REE
{Nd, Eu, Th, Dy, Y. and Er) in the hard-coal ash samples is 25 9%, In the samples of ashes
from biomass and hard coal co-combustion, the content of critical REE is on the average
level of approx. 31%. In the samples of ashes from biomass, the content of critical REE is
on the average level of approx. 28.8%. According to Rybak and Rybak (Rybak and Rybak
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2021), fiy ash from hard-coal combustion contains a higher fraction of critical REE (= 30%)
in comparison 1o the total concentration of REE,

Hard coals are characterized by a high variability in the concentration of rare earth ¢l-
ements, because REE i bound 1o both the organic and mineral matter of coal. The REY
content determuned in the tested hard coal 1s 1750 mg/ke. Ennchment of ashes from the
co-combustion of biomass with REY may result from the presence of glass aluminosil-
icate and the organic substances in them (Fu ot al 2022). Its content in ashes can vary
from 0.01 to 35.6% (Mattigod 2003: Eskenazy and Stefanova 2007; Anshis et al. 2010). An
important roke may be plaved by gas reactions on the surfiace of ash particles. The current
state of research does not allow for an unequivocal solution 10 this problem.

The concentration of U and Th in the samples of ashes from the co-combustion of HC
and AP as well as HC and SH decreases with the greater share of bsomass in the combustion
process, except for WS20 and WS60 ashes (Table 2),

The calculated values of the prospective factor for REY for the ash from firing walout
shells (Coutl = 0.66) and sunflower husks (Coutl = 0.69) are similar. A higher Coutl coeffi-
cicnt (0,82) was calculated in apple pomace ash (Table 2). In the samples of ashes from the
co-combustion of hard coal and biomass, the calculated values of Coutl do not vary much
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Fig 2. Content of (mg kg) REY m the testod avh samples doe to the perspective enterion

Rys. 2. Zavwartode (mg kg) REY w badamveh prabkach poprolive ze wgledu na keyterinm penpektywiczme
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and are within the range of 0.80-0.85 (Table 2). Ashes from AP biomass and ashes from the
co-combustion of biomass and lard coal should be considered as potentially promising REY
raw matenials,

Table 3 presents Pearson's coefficients (r = 0.00-0.10 imsigmficant correlation: = 0.10-
~0.39 weak correlation; r= 0.40-0.69 moderate correlation; r= 0.70-0.89 strong correlation,
r = 0.90-1.00 very strong correlation) (Schober et al. 2018) determining the lincar correla-
tion between YU + Th and the content of LREE, HREE. In addition, Table 3 comains the
calculated Pearson coefMicients between the Y content and the concentration of MREE and
cniical REE,

Tahle 3, Pearson's correlation coelficients detenmine the Linear correlations between the concentration
of XU + Th and REE (n ~ &), and between the content of ¥ and REE (n ~ 8)

Tabhela 3. Wypokezyomiki korelacgi Pearsona okredlajace limiowe znleznodci pomsedey boncemtracjy
S0 Th a REE (m o+ 6) arax pommigdzy zawartoscdy Y 1 REE (n - §)

YU+ Y
Sample
LREE HREE Critical REE LREE MREE HREE Critical REE

AY 068 (.85 o9 094 (.89 " 0.93%
Ws 096 0975 095 0.69 .62 097 078
SH 093 033 074 a7 0.51 R 0n9s
AP 097 098 09 0.94 0.99 074 0.9%
APM 096 095 0.9 0.86 0.87 073 9%
APt 04l .83 nes 097 185 "7 1.5
WS20 094 0.94 097 096 0.73 069 093
WS4 098 085 94 a9 094 07?7 057
Wied 0% Q.51 037 (.83 0,85 .50 079
SH20 069 0.87 n9s 094 0.9% n.s7? ne3
SH40 054 .74 9% as? 0.9% 09 .94
SHe 035 0.96 ne7 089 .95 062 0.93

The tested ash samples from WS biomass combustion are characterized by a very strong
and strong lincar correlation between YU + Th and the content of LREE, HREE. and cnit-
ical REE. In the case of ash from AP biomass. a moderate correlation was found between
YU = Thund LREE content. A sample of SH biomass ash is chamctenized by a poor lincar
correlation between YU + Th and the HREE content (Tabie 3), In all samples of biomass
ashes, a strong and very strong correlation was found between Y and the content of HREE
and critical REE,
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A weik correlation between U + Th and the content of critical REE was found in the
ashes of the WS60 sample (r=0.37), whike between 3 U + Thand the content of HREE, the
Pearson’s coefficient 15 ¢ = 0.51 (Table 3). In the remaining samples of ashes from biomass
and hard-coal co-firing, the lingar correlation between YU + Th and the HREE contemt is
strong and very strong. The strong correlstion between Y and MREE concentrution suggests
that it is primarily the dysprosium and gadolimum content that influences the value of the
“r" cocfficient.

The concentration of REE in the samples of ashes from biomass and hard-coal com-
bustion/co-combustion was normalized 10 the content of REE in the upper continen-
1al crust (UCC) in order to show the distribution pattern of individual REE in the tested
ashes (Figure 3 and 4). Normalization and comparative parameters facilitate the graphi-
cal comparison of REE patterns between different tvpes of ashes, To evaluate the suita-
bility of the tested ashes as a potential REY raw matenal, three distribution schemes were
adopted: LREY-L type (light type Lay/Luy > 1), ennched with MREY-M type (medi-
um type Lay/Smy < 1 and Gdy/Luy, > 1). and ennched with HREY-H type (heavy type
Lay/Luy, < 1} (Seredin and Dai 2017), The calculated miios of Lay/Yby, Lan/Gdy, and
Gdy/Yby, arc represented as functions of LREE to HREE, LREE 10 MREE and MREE to
HREE, respectively. Ce and Eu anomalies were defined as Ce/Ce* = CenALay = Pry)™5 and
Eu/Eu* = Euy(Smy, = Gdy )"~

Significant depletion or enrichment in LREE compared 10 HREE (Lay/Yby = 10-2.0)
was found in all samples of ashes from biomass finng Samples of these ashes are also
charactenized by a moderaie MREE enrichment (Gdy, Yby, = 1.8-3.0: Lay/Gdy, = 0.8-0.10).
Samples of biomass ash from WS and SH should be classified as tvpe H. and biomass ash

L5
T S

Sample/UCC

i Ce br Ne  Sm Eu Gd ™o Dy o £r m Yo w

Fig. 3. Normalized concentrations of REE agamss UCC (upper comimenal crust) foe samples of ashes
from biomass and bard-coal combustion (UOC daga 15 from Tavlor amd Molenman 1985)

Rys. X Zaormalizowane stg2zenia REE wzgledem UCC (gorna shocupa kesdynemalna) dla peobel popiokaw
2w spalani baomasy «wggla kamiennego (UCC znoemalizowame w Tavlor £ Molenman 1985)
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samples from AP should be classified as mixed type L-M. [n the biomass ash sample from
AP. a positive Eu anomaly (Eu/En®* = 1.02) and a clearly negative Tb anomaly were found
{Figure 3). Positive anomalics of Pr. Sm. Gd. Dy. and Yb were found in hard-coal ashes,

On the basis of the curves of normalized REE concentrutions in ashes from biomass and
hard-coal co-firing, three groups of ashes can be conventionally distinguished (Figure 4):

& Group I: AP20 and SH20;

& Group 2: AP40O, SHA0, WS20 and WS60;

* Group 3: APGD, WS40, and SH60.

All samples of ashes from biomass and hard-coal co-combustion are classified as tvpe
L-M. with the exception of WS20 ash samples (type L). The curves of normalized REE con-
centrations in the ashes of the first group (AP20 and SH20) are very similar to ¢ach other
Cleardy positive Ce, Pr. Nd, Sm. Gd. Tb and Dy, Eu and Dy anomahies were found (Figure 4).
In the second group of ashes. positive Sm and Gd anomalies and Nd were found m the WS20
ash sample (Figure 4). In the third group of ashes, positive anomalies were found for Pr
{WS40) and Eu (SH60), and a strong negative one for Lu (APGD),

Ash from the combustion of biomass of agricultural and food origin (AP and SH) has
good parameters regarding REY concentrations and the calculated prospective Coutl coefi-
cient. However, the optimal share of these types of co-fired biomass should be a maximum
of 40%. The strong relatsonship between HREE and Y in WS and SH biomass ashes suggests
thiat heavy mare canths are also bound by a small amount of unburnt organic matter. It is also
found that the relationship between the concentration of HREE and Y may affect the content
of terbium. which i1s more strongly associated with coal organsc matter (Eskenazy nud Ste-
fanova 2007). The strong relationship between LREE and U and Th in ashes from biomass

] '."-~. - e AP0 sesieens APAD === == APED
‘,‘ \ oo WSID ssstssse WD e e WD
> ei® g N TSI e SO — = $HGO
‘G " ‘ﬂt_ ) ‘e m:
o o, N
gy .‘,&‘9 \--o.-" X
= %'ﬂ ~‘t._ \ .A‘r .-'-.—'\'
i . / N, - ‘m\at-‘- .
S sl N S R e
—— — —— —— St 1 R s
b O S, TR < T
\
.
o
La Ca Pr No S Fu Ga T Dy Ho £ Tm L] Wy

Fig. 4 Normalized concentrations of REE in relatson to LOC (upper continental crust) for ashes
From hiomass and hard-coal co-combastion (LUOC data are from Tavioe and Mol enan 1959)

Rys, 4 Zoormalizowane stgzeria REE wzplydem UCC (gorma skorupa Koetynentalna) dla pogioliw
z¢ wypodspalania biamasy | wegls kamsennego (LCC znormalizowane wagledem Ty bor | Melennan 1985)
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co-firing (20% and 40% share) can be explained by the higher concentration of thorium,
which is a component of monazite [Ce(CePO ).

The results of REY concentrations presented in the study constitute the basis for further
research. especially research based on fly ashes from fluidized bed furmaces. The appropri-
ate selection of biomass from the agricultural and food industry and its share in the co-com-
bustion process can significantly affect the REY content in ashes and the potentsal for their
recycling,

2.2, Results of XRD and SEM-EDS analysis

The main mincrals in ashes from the combustion of sunflower husks (SH) are arcanite
(58.2%) and periclases (18.1%). the rest are pyroxencs. dolomite and cakate, and the amor-
phous substance. Quartz was determined in apple pomace ashes (AP). and dolomite and
cakeite were found in walnut shell ashes (WS). Inall samples of ashes from biomass combus-
tion. the amorphous vitrcous phase was determined.

In the mineral composition of ashes from the co-combustion of biomass and hard coal,
the main components determined are quartz, hematite, anhydrite, and calcite (Table 4). The
vitreous and porous aluminosilicate phase occurs i a variable amount. depending on the
1ype of biomass.

Auxiliary components in the tested ashes included periclase (MgO). dolomite
[CaMg(CO;5)). ilmenite (FeTi0,). magnetite (FeyOy, diopside (CaMgSi,0y). akermanite
[Ca;Mg(Si;05)]. gehlenite  [Ca;ANALISIO;)]. magnesioferrite  (MgFe,O4,  muscovite
[KAL(AISI ;O OH ), |, and quandilite j(MgFe) (TiFe. ADO,J

Table 4. Mam mimernls (") im ash from beomuss and hand-coal cocombustion
Tabela 4, Mmaraly gl (%) w popsolach 2¢ wepdlspalamiy bicenasy 1 Wyels Kiniamgo

\i | Sample sviwbal
\oro e AP20 | arso | apso | ws2e | wseo | wseo | sman | snao | sue
Quartz ($702) 252 | 276 | 304 | 209 | 318 | 304 | 32 | w9 | w20
Hematite (FesO3) = . 43 192 | 128 | 174 | 6 | Bs
Protohwasatie
n3 | s 186
[Fea (0F),04.,]
Anbydrite
5 23 | 25 | 236 | 200 | 270 | 258 | 20 | 204 | 229
(CaSOy)
Cakiite (CaC0y) | 103 & | ns 1140 g6 | 122 | 129 &7 | 1o
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The SEM-EDS studies show that ashes from biomass firing contain virinm (Y,0,
{Figure 5 A-B) and thorium (ThO,) (Figure 3C). Yitrium coexists with calcinm oxides o

A
Themeut | Atomsic | Waght | Oide Stoich
Symbaol | Cone Cone. | Symbal | wi Cone.
(5] 710 23.36| Cald 9339
Q 24492 1166
St 1.73 14| Saly T4
K 082 o] KO 0.9)
Y on 2001 Y, 204
S 0.65 06l | SOy 123
B
Element | Atomie | Waght | Oxxde Stoich
Symbal | Cong Cong Symbol | wi Come
O 8.40 36,49
o 15,78 SS9 Cod 43 56
St 3400 3351 Sy T3
My 1.17 1.11] MO 201
N 097 1441 KO L4
Y 0.38 1.231 V.0, 1.7
S 0.28 (L.351 SO, 0.5
T
Flement | Atomae Weight Toside [ Stowh
Symbal | Cone Cong Symbal | vt Cone
5t 30,60 $274] Sy TOR2
C A3 18451 ¢ 1305
O 2645 20,04
N 0.79| 1451 K0 128
s 0.67]  7321] THO, S50

Fig, & Sample imapes from the seanming electron microscope (SEM) snd the chemaal compasition of ash
particles from blomass combustion (A, C - apple pomace, B - sunflower husk)

Rys. 5. Pravkindy zdjed ze skaningowego mikroskopu elektromowego (SEM i sklad chemicany cxastek
popioliw zo spalanta beomasy (A, C - wyttoki 2 jableh; B - lusks shoneczniks)
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vanous worphological forms. Calersm oxides contain admixtures of 8i, K, Mg, and 8, and
their amount 18 varable and small (Figure SA, B) Calctum oxides often fill the pores in
the unfired remuant of the tissue that makes up the blomass. In the chemical compesition
ol ashes from bromass combastion, the content of Y504 18 n the range of 1.71-5%. The
yttnum-contining ash particles are small, most of them are about | um and less. Thornum
( ThOy, below 6%), which ocours in association with quartz in the pores of unfired tissue, was
also determined m the partickes of ash from biomass combustion. Thorum was determined
only m the AP ash samples (Figure 5C),

Yttrum coexists with calcium oxides of varsous morphological forms. Calcium oxides
contain admixtures of Si, K, Mg and S, and their amount 1s vanable and small (Figure 5A, B)
Caleium oxides often fill the pores in the unfired remnant of the tissue that makes up the bi-
omass. In the chemical composition of ashes from biomass combustion, the content of Y04
15 m the ringe of 1. 71-5%. The vitrium-contamng ash particles are small, most of them are
around | pm and less. Thortum (ThO, below 6%), which occurs mn association with quartz
m the pores of unfired tissue, was afso determined in the particles of ashes from biomass
combustion. Thorium was determined only in the AP ash sampkes (Figure 5C)

In the particles of ashes from the co-combustion of biomass and hard coal. xenotime-Y
(YPOy) and zircon (ZrSi04) (Figure 6A), and monazite-Ce (CePO,) (Figure 6B) were
observed

Xenotime and zircon grans were mamly observed m samples of WS20, WS40, and
WS60 ashes. Xenotime is present i the form of single grams and in aggregates with sizes
runging from a few o several dozen pm, Monazite grains ore sharp-edged, crscked and
often show traces of dissolving. Monazite sizes range from 5 pm to 20 pm. Most of them

Fig. 6. Samplo images from the scanning clectron micrascopy {SEM) of ash particles from bsomass and hard.
coal co-comshustion: A (WS20) - senotime (posnt 1) and 2ereon (point 23, B (AP2D) - monazite

Rys. 6. Preyklady zdjpé 2o shaningowego mikraskopu clektronowegn (SEND) czgstek popwolow 2¢ wipibspalamia
biomasy | wepla kamicancpo: A (WS20) - ksenotym ¢pkt. 1)1 cyekon (pkt. 25 B {APX)) - moascvt
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were determined in samples of AP20, APH) and AP6O ashes, and in their composition La.
Nd, and Sm, rarely found next 10 Ce were Prand Gd. Almost half of the determined mona-
zite grains contained ThO; in amounts from 4.91% to 12.45%. UO, was rarcly determined
in them (max. up 1o 4.73%). In the samples of SH20. SH40 and SH60 ashes. monazite was
present in a smaller amount than in the other tested samples of ashes from co-combustion.
In all samples of ashes from biomass and hard coal combustion/co-combustion, vitreous
aluminosilicate and carbonic substance was determined,

The presence of monazite in ashes from the co-combustion of biomass and hard coal
should be associated with the presence of this mineral in hard coal, in which REE are bound
by detritic minerals « monazite and xeénotime, and appear in the form of admixtures in iapa-
tite and zircon (Pindel 2002). In mineral intergrowths of hard coal from USCB. the sources
of uranmm and thorinm arc detritic monazite and aggregates of secondary rare carth phos-
phates with a chemical composition similar to rhabdophane — (Ce.La Y PO, - H,0)] (Pindel
2002}, According to Dai et al. (Dal ¢f al. 20044, 2016) and Zhao et al, (Zhao ¢ ol 2007), the
presence of REE in hard coal may be associated with rhabdophane and carbonates contain-
ing Ce and Nd. According to Hower et al. (Hower et al. 20201, the presence of REE in hard
coal is also associated with florencite (CeAl (PO ). (OH),)

Generally, REE i hard coal can be associated with cliay minerals. silicates. feldspars,
hydroxides, phosphates. carbon and sulphide minerals (Ramuakrishog et al 2018),

According 1o Franus et al. (Franus ¢t ol. 2015) in ashes from Polish power plants, a cor-
relation was found between REE and the content of Al and Si, which indicates vitreous
aluminosilicate as a source of REE. Dai ctal. ( Dai et al 2014) also assoctate the presence of
La, Ce, Pr, and Nd with some vitreous minerals in ashes. Pyrgaki et al (Pyrgaki et al 2021)
claim that in hard-coal ashes, a higher concentration of REE was observed in aluminosili-
cates than in monazite, Panet al. (Pan ¢t al 201%) found in ashes from a Chinese power plant
that the presence of REY should be associated with silicate and aluminosilicate fractions
(65.22%). Howeretal (Hower et al. 2017), and Smolka-Danielowska (Smolka-Daniclow ska
2007y determined xenotime comtaining La. Ce, and Nd i ashes from hard-coal combustion.

Scanning clectron microscopy analyses may not be precise for such small ash particles.
but they have the advantage of allowing their morphology and chemical composition to be
determined on the basis of a farge number of determinations,

The tests made il possible 1o determine the crystalline composition of ashes from bi-
omass combustion. which varies depending on the tyvpe of biomass. Based on the pliase
compositon, 1t was found that ashes from biomass combustion are very diverse and occur in
the form of very small particles that are difficult to identify. An important aspect of analy ses
of biomass ashes is the hentification of the aluminosilicate glass phase, which may be the
carrier of LREE. In samples from the co-combustion of biomass and hard coal. the source
of LREE. apart from monazite. will probably be REE oxides. which may be present in the
aluminosilicate glass substance, Further research is needed to confirm this hy pothesis,
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Conclusions

The type of biomass and its share in the process of co-combustion with hard coal influ-
ence the REY content in ashes: however. the REE content 15 determuned. first of all. by the
concentration in hard coal.

The course of the curves of normalized REE concentrations in ashes from the co-com-
bustion of apple pomace (20% and 40% share) and walnut shells (20% and 60% share) with
hard coal indicates a certain similarity of these ashes in the distribution of REE

The ashes from the combustion of apple pomace can be described as (vpe L-M. while the
remaining ashes represent type H. The share of critical REE (Nd. Eu, Tb, Dy, Y, and Er) in
the samples of ashes from biomass combustion (from 27.7% to 32.1%) is slightly ligher than
thit in hard-coal ash {25.9%). In samples of ashes from biomass and hard-coal co-combus-
tion, the share of critical REE is approx, 31%, regardless of the ty pe of biomass and its share
in the combustion process. [nthese samples of ashes, the values of the prospective coefficicnt
are at a ssmilar level (0.80-0.85), which can be assumed to be a potential material for REE
IECOVery,

Monazite 1s not the only carner of REE inashes from biomass and hard-coal co-combus-
tion. as these clements are probably also present in vitreons aluminosilicate matenial. The
strong correlation between the content of REE and the concentration of YU = Th. ambigu-
ously indicates their ongin in the ashes.

Ashes from the co-combustion of apple pomace and hard coal should be considered as
potentially the most promising in terms of REY content. Further research should be per-
formed in this direction to broaden the knowledge of the presence of REE in various biomass
waste materials. It is also necessary 10 look for new technological processes for REE recov-
erv from ashes in order for this process to become economically viable.

The Doctoral School partially financed the work at the University of Sitesia (Poland) and the
Sands for statutory researvch of the Faculty of Naninal Sciences.
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RARE EARTH ELEMENTS, URANIUAL AND THORITUM IN ASHES FROM
HIOMASS AND HARD-COAL COMBUSYIONCO - COMUIUSTION

Keywords
beomass, hard coal, ash, REY, mineral composition
Abstract

This stisdy presents the results of concentrations of rare earth elements and vt (REY L urs-
e (U and thorm (Th) 10 eshes from combustion/co-combustion of beomass (2006, 0%, and
60% share) trom the agr-toad sndustry (pomace from spples, walnut shells. and sunflower husks)and
hard coal. The study pramuanly {ocuses on adbes Crom e coscombustion of bomiess aml Jised coal, i
terms of their potential use for e recovery of rare earth glements {REE L and the identification ol the
sourves of these elements i the ashes. Research methods such as JCPMS (inductively coupled plasama
mass spectrometry ), XRD (Xerny diffrsction), snd SEM-EDS (scanmng electron microscopy with
quamititative Xeray muicroanalysis) wese used. The total averge content of REY 1 asly from Momiess
combustion is 3.55-120.5 mg/kg, and 1n ash (rom co-combustion, it 1% fem 1873 10 735 mpikg The
concentration of eritical REE in biomass combustion ash 15 i the runge 10387 mp/ky, and i co-
combustion ush 11 iy 23 3-60.7 mg/kg. In hard-conl nsh, the uverage concentration of REY mnd eriticnl
REY was determined af the level of 175 and 4573 mg/kg, respectively. In all samples of the tested
ashes, a Wgher concentration of Th (0.2-14 8 wmig/&g) was found in comparison to U (U 16 mg/kg).
In nshes from bromass und hord-coal combustionfco-combustion, the range of the prospective coelli-
cient (Coutl) 1x 0.06-0.82 and (.8-0.85, respectively, which may suggest o potential source for REE
recovery. On the basts of SEM-EDS studies, ytrium was formd m particles of sshes from biomess
combustion, which is mainly bound to corbonates. The curriers of REY, 1, and Th in ashes from bio-
muss and hard-coal co-combustion are phasphates (monnzite and xenatime), und probubly the vitreoos
alumimaoslicate substance.

FIERWIASTRIZIEM RZADKICIL URAN T TOR W 'oMoLACH
ZESPALANIAW SPOLSPALANIA BIOMASY | WEGLA KAMIENNEGO

Slowa Kluczowe
bromasa, weinel Kammenny, popol, REY, skiad mnezulny
Streszezenle
W peacy przedstawione wyniki siezen prerwiastkow ziem rzadkich @ atru (REY ), wranu (17), oraz
wru (Thy w popiolach 2e spabanio/wspolspelanis bomasy (udzial 20, 40§ 60%) 2 przemyshe liv-
-spazywezego (wytloki 2 jablek, Tupiny orzecha wioskicgo 1 luski slonccrmik )y 1 weglo kamiennego.

W pracy zwrocono uwage przede wszystkim na popioly ze wspolspalamn biomisy 1 wegla kamien-
nego, pod Kgtan ch potencialnego wykorzystanin do edzysku pierwiasthow siem rzadkich (REE),
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oz dentyfikacit Zrodel tyeh pierwiastkéw w popiolach. Zastosowano metody badaweze tukic juk
1CP-MS (spektrometriamasze webudzenem w plazmic indakey nie sprzgzoned ), XR D {(dy frakeja ren-
1genowska) 1 SEM-EDS (skumingown mikroskopis elektronowa 2 iloseiowy mikroanslizg rentgenaw-
ska). Calkowita sredni zawartosé REY w popiolach 2e spalumia biomasy wynosi 3.55-120,5 me/ke,
o w popioluch z¢ wspdlspalanin od 73.5 do 1873 me/kg Sradnie stezenie krytycamyeh REE w po-
prolach z¢ spalunin biomasy micser sie w eakresie 1L0-387 mg/ke, o w popiolach ze wspblspalunia
233007 mefke. W papicle 2 wea ln komiennego srednie stezenie REY tknviveznyeh REY oznacan-
10 edpowiediio ma pozsomie 173 1453 me/ke, W peobkach hadanych popiolow ozmaczano wyzsse
stezenic Th (0.2-14.8 mefka ) w pordwnuniu do 17 (0,1-6 mefkg). W popiolach ze spaluniafwspol-
spalonia womasy 1 wezla kamennego 2akres wartosed wapolezynmika perspekty wicznege (Coutl)
wynosi odpewsednio (.66-0.82 § O 8-0.85. co moze sugerowad potecialne 21ddlo do odzysku REE.
Analiza cegstek popsolow 2e spalania bionasy wykaks iy, Ktory 2wagzany jest ghownise 2 weglana-
ek, Nesdsnakammd REY, U3 Thw popsolach 2¢ wapolspaluia beomasy t wegls Kamiennego sq fosformy
mwonacyt § Ksenotvm, orz prawdopodobeie szklista substancia glinokrzemunowa.
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Abstract

The study aimed at conducting a detailed analysis of apple pomace (AP), walnut shells (WS), and sunflower husks (SH) ashes
as potential raw materials for combaustion at i temperature of 400+ 15 "C (udividual home furnace), Research methods such
as ICP-OES/MS (atomic emission spectrometry with excitation in induced plissmn and mass spectrometry ), XRD (X-ray
diffraction), and SEM-EDS (scanning electron microscopy with quantitative X-ray microanalysis) were utilized, Elemental
CHNSO FlashSmart series analyser (Thermo Scientific) was employed for the analysis of oxygen (0). An automatic IR
analyser was used to determine the carbon (C), total sulphur (S), and hydrogen (H) content. Total sulphur (S) and chlorine
(Cl) were measuresd by the PN-EN 1SO 16994:2016 standard. The nitrogen (N) content was determined by the catharometric
method of chlorine by ion chromatography (IC). Higher concentrations of potentially toxic elements (PTE) such as As, Cr, Zn,
Cd, Cu, N1, Pb, T1, U, and Th were detected in apple pomace ashes. The minerul composition of biomass ashes was found 10
be highly diverse, with suntiower husk ashes containing the highest smount of minerals, including quartz, dolomite, calcite,
magnesite, sylvite, arcanite, fairchiidite, and archerite, Quartz was identified in apple pomace ash, while in sunflower husk
ash, it was determined to be present only as an amorphous substance. The estimated total dust emission to the atmosphere
from biomass combustion was found to be at a similar value (1.23 to 1.35 kg/Mg).

Keywords Biomass - Ash - Trace elements « Mineral phases + Emissions tactor

Introduction

Renewable energy sources played a key role in reducing
greenhouse gas emissions and were expected to displace
fossil fuels from the energy sector (Burg et al, 2016). The
climate and energy policy in the European Union countries
aimed to achieve at least 27% of renewable energy in final
energy consumption by 2030 (Mirowski et al. 2018), This
policy encompassed the use of varions biomass raw materi-
als and their processed substances. In the Europesn Union,
the energy demand primarily stemmed from heating and
cooling buildings, with over 75% of the energy used being
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derived from fossil fuels and around 18% from renewable
sources (Perea-Moreno et al. 2018). In Poland, approxi-
mately 12 million tonnes of hard coal were utilized annu-
ally for heating individual households furnace (GUS 2021),
alongside the use of wood biomass for stoves and fireplaces,

Biomass, including agri-food biomass ashes, has emerged
as a rencwable alternative 1o conventional fossil fuels. This
transition is also evident in diesel engines, where there is an
increasing shift towards biofuels is observed. The environ-
mental impaortance of utilizing biomass-hased fuels, such as
DMC, a5 substitutes for traditional oil-based fuels in diesel
engines cannot be overstated, These fuels have the potential
to address environmental cancerns associated with energy
consumption and emissions in diesel engines, contributing 10
environmental mitigation (Wei et al, 2020), The utilization
of biomass-based fuels in diesel engines effectively reduces
emissions, especially of particulate matter like such as soot
particles. Special attention is given (o the high reactivity
of oxidation during combustion processes (Wei and Wang
2021) (Wei et al, 2020), as well as the formation of som
depending which depends on temperature (Llamas et al,

¥ 2 springer
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2022). Biomass fuels offer significant compatibility with
established large-scale energy conversion technologies,
notahly in processes like pulverized suspension firing. Fur-
thermore, the utitization of biomass fuels extends to hiofuel
production methods like enrained fow gasification, us well
45 to technologies aimed at mitigatng CO, emissions, such
as oxy-fuel combustion (Liamas et al. 2022),

The utilization of hiomass involved a wide range of

physicochemical and biochemical processes (Tamelowd
et al, 2021), Depending on the type of hiomass used, the
resulting ash exhibited varkations in chemical and mineral
composition (Vassilev e1 al. 20131, Biomass ashes could
contain harmful substances that may impact their use, but
they also comained valuable nutrients like calcivm (Ca),
magnesium (Mg), potassium (K), and phosphorus (P), which
could qualify them for agricultural use as fertilizers or raw
materigls for fertilizer production (Wang et al. 2021; Zajac
etal, 2018),

In 2020, glohal sunflower production exceeded 50 mil-
lion tonnes, with around 9.2 million tonnes produced in the
European Union (US Department of Agriculiure 2021}, Sun-
flower husks were mainly used lor pelleis, granules, ind lig-
nocellulosic compaosites, which burned with minimal emis-
sion of organic compounds into the atmosphere (Sharapoy
201 3; Sprichez eral. 2019). The sunflower husk constituted
approximately 20% 10 60% of the seed weight, depending on
1he variety, and i1s utilization in energy production remained
limited (Maj e al, 2017; Perea-Moreno er al. 2018). The
sunflower husk typically contained around 3% ash content
{Grompone 2005), Notubly, sunflower husks possessed Jow
moisture content (less than 10%), leading o reduced pre-
drying time and increased pre-firing energy (Zajemska et al.
201 7). Due 1o their high calorific value (21 MJ/kg), rela-
tively low chlorine content, and resistance Lo biodegradation
(attributed o high lignin content—34.17 wi.%), sunflower
husk pellets were (requently employed in coal-fired power
plants (Chiyanzu 2014; Kahuzyniski et al. 2017),

Walnut shells presented a potential source of hiomass.
According to various studies, global walnut shell produc-
tion ranged from 2 million to 3.7 million tonnes annually
{Queirds el al. 2020; Mitadinovi€ et al. 2020). Walnut shells
contained cellutose (17.74%), hemicellulose {36.06% ), and
lignin {36.90%), constituting nearly 40% of the teal weight
of walnuts (Jahanban-Esfuhlan et al. 2020).

Apple pomace waste sccounted for 1010 25% of the
processed raw material weight, It constituted an imper-
manent and unstable material, characterized hy high water
content (up to 73% in apple pomace) that could lead to
rapid growth of microbiological contamination, World-
wide, e¢florts were made to transform as much waste as
possible into useful products, including energy produc-
tion through microhial processes (Tarko et al, 2012;
Nwaosu et al. 2014). In Poland, pomace was predominantly

' £ Springer

processed into cuttle feed or used for spirit production. It
also found application in the proeduction of diet drinks,
wines, fruit teas, ice cream, lozenges, snacks, dietary sup-
plenents, mest products, nstant products, and contection-
ery, increasing their content of polyphenolic compounds
and fibre (Masiarz et al. 2019),

The diverse range of biomass available 10 individual cos-
tomers necessitated comprehensive knowledge of its prop-
crties, impact on the firing process and heating system, and
cnvironmental implications,

The study presented results from clemental analysis of
biomass, as well a5 the analysis of clemental and mineral
composition of biomass ashes {apple pomace, walnut shell,
and sunflower husk), The objective was o determine the
suitahility of these raw materials for combustion at tem-
peratures up to a maximum of 400£ 15 “C in individual
household furnaces, particularly stoker-fired boilers. The
ash analysis provided insights into the suitability of biomass
for peliet production and firing in individual households,
Additionatly, attempts were made 10 assess the indicalors ol
PM IO and PM2.5 dust emissions into the aimesphere resalt-
ing from the combustion of 1he ested hiomass raw materials,
aiming 1o determine their potential environmental impact.
Given the energy crisis and the himieed alternative fuels apart
from wood in relation to hard coal, the search lor new pos-
sibilities of firing varicus biomass in individual household
lurnaces was of utmost importance.

Materials and methods

Sample preparation

Wiaste from the food industry of Polish producers of sun-
flower hosks (SH), walnut shells (WS) and apple pomace
(AP} was used in the tests. Biomass samples were taken
tollowing the PN-EN [SO 18135:2017-06 (2017) standard:
Solid biofuels-Sampling.

Three types of raw biomass were selected for analysis,
and their elementul composition was examined through
clemental anatysis with each analysis repeated three times,
Subsequently, 18 ashes resulting from combustion at
400415 "C were studied, The fresh biomass samples were
dricd at room temperature and ground using a SM 300 cut-
ting mill (Retsch).

The biomass firing process took place at a temperature
of 40+ 15 °C, The firing temperature was adopted in such
A way as to best reflect the firing 1echnology in individual
beating systems, Then, the ash samples were ground and
prepared for further analyses. Samples for analysis in scin-
ning electron microscopy were prepared in the form of pol-
ished sections.
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Sample analysis

Biomass samples were subjected to elemental analysis in
which total moisture, heat of firing, ash content, total sul-
phur, ¢carbon, hydrogen, nitrogen and chlorine were deser-
mined. The analyses were performed at the Cenwral Labors-
tory "ENERGOPOMIAR™ inn Gliwice (Poland). Analyses
for curbon, hydrogen, and nitrogen content were performed
by the PN-EN 1SO 16948:2015-07 (2015) stundard. An
automatic IR analyser was used to determine the carbon,
totul sulphur, and hydrogen content. Total salphur and chio-
rine were measured following the PN-EN ISO 16994:2016
{2016) standard, The nitrogen content was determined using
the catharometric method of chlorine by 1on chromatography
{1C), The nes calorific value was determined through caloula-
tion from the results of elemental and proximate analysis of
individuul samples. Elementary CHNSO FlashSmurt serics
anglyser (Thermo Scientific) was used for analyses of oxy-
gen (O}, Weight method in accordance with PN-EN 150
IN122:2016-06 (2016) was used to determined ash content
{A). Total moisture content (W) in selected wood species
wiis determined using the oven-drying method in accordance
with PN-EN ISO 18134-2:2017-03 (2017). The content of
volatile parts (V') was determined using the weight method
in accordance with PN-EN 150 18,123:2016-01 (2016), and
the calorific value (@) was ¢alculated in accordance with
PN-EN1SO 18125:2017-07 (2017).

Main elements (Si, Al, Ca, Mg, K, Na, Fe, P, Tiand S)
and PTEs (As, Cr, Zn, Cd, Cu, Ni, Pb, Tl, U and Th) in ashes
from combustion of hiomass were determined by atomic
emission spectirometry with excitation in induced plasma
and mass spectrometry (ICP-OES/MS ) (Bureau Veritas
Labocatory, Canada ). Biomass ash was analysed using STD
CDV-1, STD VI6, STD OREAS 45H, and STD OREAS
S01D eference materials,

The mineral composition of ashes from hiomass was
derermined by X-ray diftraction ai the Institute of Earth Sci-
ences {Fuculty of Natural Sciences), The ash mineral compo-
sition was determined by X-ray diffraction using an X' Pert
Pro MPD {mulu-purpose diffractometes ) PW30460 Xoray
difiractometer [rom the PANalytical company, Almelo, Hol-
lund. Measurement conditions were lamp power of 40 kV
voltage and 40 mA current, analysis range from 3 1o 75" 26,
metre stroke of 0017 @ and pulse count time of 100 s. The
werght fraction of minerals was estimated using the Riet-
seld Method modude in the HighScore +soltware (version
4.9} coupled with the ICSD 2015 and ICDD PDF 4+ 2018
database.

The Quanty 250 scanning electron micrascope with the
EDS UltraDry X-ray microanalyser (Thermo Fisher Scien-
tific} was used to observe the morphology and determine the
phase compaosition of ash particles from biomass, Analyses
were performed in a high vacuum using & voitage of 15 keV

to accelerate ashes. BSE images were recorded, in which,
apart from the habit and grain size, the chemical composi-
tion varianon was visihle both between and within the sam-
ple grains. EDS microanalysis was performed at selected
sample points to defermine the chemical composition of the
grains present in the samples. Analyses were underiaken at
the Laboratory of Scanning Microscopy at the Faculty of
Natural Sciences of the University of Silesis,

Results and discussion
Elemental analysis of biomass

The resulis of the elemental analysis of biomass are pre-
sented in Fig, 1. In walnut shells, lower moisture content
19.4%) was determined as compared to the remaining
biomass samples, Walnut shells are also characterized by
the lowest ash content (1L76%) and higher calorific vilue
{169 Ml/kg) compared to other biomass samples, Apple
pomae is characierized by a higher content of volatile party
(80.6%) and nitrogen (1.44%) (Fig. 1), and lower ¢hloripe
coment (0.026%) (Fig, 1) compared to other hiomass sam-
ples tested. Sunflower husk ash his an average chloring con-
tent of L0515, which is higher than other biofuels such as
apple pomace and walvut shells,

In the apple pomace biomass, the calorific value is
16.1 MJfkg and 58 lower compared to the deteeminations
made by other authors. Alves et al. (2020 determined ash
and calorific value in apple pomace at the level of 1.73% and
18.72 MJ/kg, respectively, moisture content—7.88 + 1185,
and nitrogen content—1.56 £ 0.05%. Ozyuguran and Yaman
{2017) determined ash m the amoum of 2.31% and a high
calorific value of 19.85 MJ/Kg in the ressdue after processing
apples. Guardia et al. (2019) determined ash at 2.3% in apple
waste, while nitrogen content was (.5%.

[ walnut shells, the average calorific value 15 16.9 MJ/
kg and the ash content is 0.76%. The ash content i wal-
nut shells ranges from 0.7 10 3.765% and was determined by
varions authors (OzyuBuran and Yaman 2017; Savage 2001,
Zajac eral. 2018; Queirds et al. 2020), determined the calo-
rific value as 20,03 MI/kg. The ash content is mfluenced by
organic and miseral matter 48 well &s pollutants, which are
most often related 1o the cultivation srea and the quality of
the environment. European walnuts contain 51.2% C, S.8%
H, 0.10% N and 0.14% S on average (Wolfova et al. 2013),

The analysed sunflower husks contain a ligher ash con-
tent (2.95%) compared 1o the other wested biomass samples.
Authors from various research centres determined the ash
content in sunfower husks in the range of 2.1-11.2% (Perea-
Moreno et al. 2018; Zajye et al. 2009; Isemin et al. 2020;
Kicnzl et al. 2021),

' € Springer
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Fig. 1 Average values (dry mater) of hasic parameters of hiomass

The chemical composition of biomass used for energy
purpeses 15 qualitatively the same as that of hard coal. The
differences that occur between the tested samples are based
on the different proportions of individual clements and
chemical compounds they consist of. The reason for such
hiomass compesition 15 the bigh content of volatile matter,
and thus high reactivity. In the elemental chemical composi-
tion of biomass, C, O, H, N, S and CI appear in descending
order. The presence of sulphur, piteogen, wid chlorine in
hiomass is undesirable due 1o their harmful effects on the
natural environment, Additionally, chlorine and sulphur cor-
rode the furnaces in which they are burned.

Chemical composition of ashes
The chemicul oxide composition of ashes from combustion
of hiomass differs depending on its type. Ash samples from

combustion of AP biomass are characterized by a higher
concentration of main clements compared o WS and HS
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biomass (Fig. 2), which can be ranked as follows: Si0.>
A|203 > K30> Cal > Fegoj > P:Os > SO, > Mg()) N
250> Ti0.,

Low concentrations of Ca0, K,0 and P,Oq in relation
10 AP and SH biomass ash were determined in WS bio-
mass ash. In this ash sample, the lowest ash content was also
determined-0.76% (Fig. | ). Zage ¢t al. (2018) derermined
very low concentrations of Ca, Fe, K and P in samples of
apple pomace, walnut shell and sunflower husk ash samples.
Vassilev et al, (2014) and Hills et al. (2020) determined a
high concentration of potassiun in ashes from walnut shells
and sunflower husks, which proves the different compesition
of the same type of biomass. Vassilev et al. (2014) found
the highest concentration of K,O in ashes from firing of
sunflower hosks and walnut shells, 49.84% and 49.33%,
respectively. The high aluminium content in AP and WS
biomass ash samples is probably due to environmental
conditions, mainly soil and atmosphiere pollution. In urban
agglomerations, it was found that the chemical composition
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of Justs includes, among others, aluminium and iron which
come from firing fossil fuels and from rail transport. The
very high conent of S10; in biomass ash is partly related 1o
contamination of the biomass via soif and enissions (rom
combuston,

The chemical composition of biomass ashes is influeaced
by factors, such as the type of biomass, the use of arificial
fertilizers for cultivation, the growing process amd conds-
fions, moisture content, land contamination, soil type, pH,
peographical location—e.g. proxinnty to the sea or distance
from the source of pollution (highways, industry, fuel com-
bustion), biomass combustion (fuel preparation, firng tech-

nigue and conditions), collection, transport and storage of

hinmass, and inorganic components present in fired biomass
(Vassilev 1 al. 2013; 2014; Gianoncelli et al. 2013). An
important factor influencing the composition of biomass
ashes is the relatively low melting point {Gianoncelli el al.

2013). Despite variations in the chemical composition of

hromass ashes, the fuel type remains the most eritical fac-
tor for a specific combustion technigue. Depending on the
temperature and heating rate that the west material reaches,

significant differences can be observed in the chemical com-
position of ashes from the agricultural and food wdustry
{Gawidicki et al. 2018).

Ashes from biomass combustion may contain various
concentratons of PTEs, e.g. As, Cd, Cr, Cu, Hg, Ni, Pb and
Zn (Mirowski et al. 2018; Berra et al, 2019; Cuenca et al.
2013, depending on s Kind. Figure 3 presents the resalis
of analyses of PTE concentrations in ashes from combastion
of biomass,

AP and SH biomass ashes are enriched with poten-
tially toxic elements compared (o the WS biomass ash
samples, Ash from AP biomass contains higher concen-
trations of Zn, Cu, Ni, U and Th, while ash from SH bio-
mass—of As, Cr, Pband T1 (Fig. 3). Higher concentrations
of As (28.7-55.7 mg/kg), Ni (63.8-241 mgfkg) and Pb
(186-328 my/kg) were determined in samples of ashes from
AP, WS and SH biomass, compared to the data available in
the literature (Table 1) (Vassiley et al. 2010, 2012, 2013;
Zajgc et al. 2018, 2019; Queirds et al. 20200, The T1 content
cannot be compared with the literature data due o the lack of
such data. I we compare the mean values of Zn, Pb, Ni, and
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Fig.3 Averuge concentration of PTEs (imefkg) in asties from combusiion of blomass

Table 1 PTE value io ashes

, . Sample As Cr Zn Cé Cu Ni h T U Th

from biomass cambustion,

meonding 10 varmus authors Liermore data'™ AP 1,72 106-509 89-492.3 Nd 582 42-761  65-138 nd 0d od
Literaure data'™ WS (0,12 501167 8$9.2-110 Nd 22477  £-60 65 nd 0d o
Likramre data' SH 013 37.6-167 18.1-338 Nd 62465 557-76.1 T01-75 od nd od

nd No dats

| Zaine et al. (2018); *Queirds et al. (2019): *Vassilev ot al. (2013); *Zajuc et al, (2019)

Cu concentrations in samples of biomass ashes, we find thai
their order is as follows—AP and WS: Zn>Pb > Ni>Cu,
SH: Zn>Ph>Cu>Cr. In the case of biomass cultivated on
poliuted sites, the concentration of various ¢lements in ash
{temperature of experimental ashing: 475 °C) could be very
high, e.g. Zn above | wi%, Pb up 1o 2800 ppm (Michalik
et al, 2013), Data regarding the chemical composition of
the ashes obtained from the Heerature sources should be
approached with caution since the chemical composition of
the ashes from biomass combustion may significantly ditter,
even when plants of the same species are burned,

Biomass ash toxicity indicator

In the ashes of some PTEs (Cd, Cr, Cu, Pb, Ni, and Za),
toxicity indices were calculated using the modified forninta
of Croz eral, (2009) (1)

BATImax - PTE

L BATInax

{n
where BATI,, —hmit value for potentally toxic elements:

Cd (0.7 me/kg), Cr and Cu (70 mg/kg), Pb (45 mp/kg), Ni
(25 mg/kgl, Zn 1200 mp/ke) (Cruz et al, 2019 PTE-amount

¥ & springer

of the potentially toxic element in the sample; Higher BATI
indices were determined in the WS (= 1) ash sample, excepl
tor Cu (0.87) (Fig. 4). In the ash samples from the SH hio-
mass, lower indicators of the toxi¢ elements, mainty Co, Cd
and Ni, were determined, and in the AP ash sample-arsenic.
Negative values of the toxicity index indicate that it is not
possible to deposit such ash in the environment,

Emission of pollutants to the atmosphere

In the National Centre for Baluncing and Management of
Emissions (KOBiZE) (Poland), predect indicators are devel-
oped for the emission of individual pollutanis per unit of
electricity production. The indicators can be used, among
others, o calculate the achieved reduction of pollutant emis-
S1008 Or 10 assess the ennssion intensity of an installaton
agansi the average national indicator.

The wotal amount of emissions includes emissions
reported 1o the National Database on emissions ol green-
house gases and other substances from fuel firing insial-
lations that1in 2021 produced only electricity, or electric-
ity and heat. All fuels, mcluding renewable ones, reported
to the National Database as vsed in firing processes and

79

79:1999147277



Intemationa Journal of Enviranmental Sclence and Technology

Fig-4 Values of the oxieity
indicator (BATT} in ashes from Y2 r
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responsible for the emissions of the pollutants under con-
sideration, were taken into account,

Estimated emission values (£) of total dust, PM10 and
PM2.5 were calcalated for the tested samples. These esti-
mations were calcnlated 1o determine the emissions of total
dust, PM10, and PM2.5, with the goal of indicating the type
of hiomass with the best parameters for the combustion pro-
cess, The formula (2) provided by the National Centre for
Atmospheric Balancing and Pollution (KOBiZE), Poland,
(2021) was used. The amount of emissions was calcu-
lated per unit of energy (1GI) on the basis of the following
relationship;

E=R: W, W|ke| 2

where E—emission of substances [kg |, B—tuel consump-
tion |Mg), Wy—fuel calorific value [MJ/kg), W—emission
factor [@/GJ) according to the report by KOBiZE (2021), for
small furnaces with & nominal heat output £0.5 MW (tradi-
tional furnaces with manual fuel feed)

Emission fuctors given by KOBIZE miclude parameters,
such as toeal dust, PM10, PM2.5, CQ,, CO, NO/NO,, SO/
SO, and henza(u)pyrene, and relate to traditional furnaces
with manual fuel feed with nominal heat output 0.5 MW,

Total dust, PM10 and PM2.5 emissions from firing of AP,
WS and SH hiomass are at & similar value level (Table 2).
The primary emission standard for domestic boilers is the
PN-EN 303-3;20,121-09 (2021) standard. This standard
establishes emission classes, with Class § being the most
stringent, Carbon monoxide, tar, dust emissions, and the
minimum required efficiency are standardized. When solid
hiomass combustion contributes to the PM already present
in the ambicnt air from other sources, 1T can kead 10 adverse
health effects. Inhalable PM smialler than 10 gm (PM () is a
crucial indicaor of the health impacts of air pollution, There
is strong evidence indicating that exposure 1o PMI10 and
PM2.5 can cause cardiopulmonary and cardiovascular

mAP WS mSH

3

3
O

Table2 Estimated emission of dust pollutants (kg) to the stmosphere
from combustion of bomass at o temperatuse of 400413 °C

Contamineion W' [giGI) F [kgyiMg

AP WS SH
Total dus S0 1.23 1.38 1.31
PM 10 6 122 128 1.25
PM235 76 1.2 128 1.23
W M) 16.1 169 16.4

| KOBIZE 2021)

diseases, ulmately resuling in lugher monality rates (Nuss-
baamer 201 7).

Mineral and phase composition of ashes
from combustion of biomass

The identification of minerals by X-ray diffraction in the
tested ash samples from combustion of biomass was made
dithcalt by the high content of unburned organic mateer and
avery large number of peaks on diffractograms that overlap
cach other.

The most diverse in terms of mineruls is the ash from
cambustion of sunflower husks (SH), in which quartz [Si0, ],
dolomite [MgCatCO), |, calcite [CaCOy| containing Mg, syl-
vite |[KCH), arcanite |K,80,], fairchildite [(K,CaiCO,). | und
archerite [(K,NH,H,PO, | were determined. Amorphous
substance (unburned carbonaceous and glassy substance)
and quartz (sample AP) were determined in WS and AP
ashes samples (Fig. 5), Minerals such as quartz, calcite,
arcanite, fairchildyte, s archerite are commaon in the min-
eral composition of biomass ashes, The only diffierence is
the amount of hiomass ash present in individual samples,
Differences in the mineral composition of ashes primarily
oceur due to the type of biomass. The inorganic amorphous

¥ 2 Springer
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phase in the ashes can lead (o their greater leachability, thus
linsiting their economic use

The differences in the phase composition result mainly
from the type of fired hiomass, which is also confirmed
by the morphology of the analysed ash particles and their
dgeregates, Porous and fibrous forms were rarely observed,
#s presented in their research by Gowman et al, (2019),

Figures 6, 7 and 8 show examples of the morphology
of the determined solid ash particles from combustion of

hinmass

FHg. 6 SEM image showing
phase in ash from hiomass
aople pomace combusiion: A
quarty, B a mixture of archeride
and tron oxtdes, C K and Mg

phosphate (spherical form): D

a spherical shape of iron oxides

{bragiy ball) &ad aluminogtli-

<

” &) Sp

inger

) -
[A
L C

Angle of reflection [*28]

In the sample of ashes from the combustion of apple
pomace (AP), quartz grains, the size of which did not
exceed 50 pm (Fig. 6A), aggregates consisting of archersite
and iron oxides (Fig, 6B) (the percentages of potassium,
phosphorus, and oxygen indicate the presence of archer
ite, The rest of the substance is hydrogen and nitrogen)
and spherical forms of iron oxides with aluminosilicates
(Fig, 6D) were observed. The K and Mg phosphiie grains
also exist in stngle forms (Fig, 6C), and their size dogs not
exceed 50 pm

B

D
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Fg.7 SEM Images of perticles
in ash from combustion walnut
shell Diomass a1 A4 15 C

Fig.8 SEM image showing
phase 10 ash from HNoasass
sunllower husk combusixn A
a spherical form of iron oxxle
B tissue sireciure with sylvite.
C magnesium silicate; D tissue

structure with Lime

Figure 7 shows grains of quartz (Fig, TA) and magnesium
caleite (Fig. TB) which were most commaonly obsesved in the
witlnut shell (WS) ash, The sample was ditficult 10 analyse in
scanning electron microscopy, becanse moss of the analysed
ash particles are very small (up to 1 pm).

Figure 8 presents exemplary images of mineral phases
observed in ash from the combustion of sunflower husks
(SH). This sample is the most diverse 1 terms of the mor-
phology and phase composition of ash particles. Tissue
structures were more freguently observed in this ash sample.

Figure 8A shows a spherical form of iron oxide with
a diameter of about 12 pm; mainly iron oxides with sizes

up to § pm were observed, Sylviie (Fig, §B) has a form of

crust and fills the edges of the lssuc structure. Magnesium

silicate (Fig, 8C) observed in the ashes from combustion of

SH biomass 15 most often crusbed and has irr¢gulur forms.
There is a large amount of unburned tssue in the SH ash
sample with CaO (lime) (Fig. 8D) and K,0.

Conclusion

Ashes from the combustion of biomass differ in their
chemical and mineral composition. Apple pomace ash
(AP} contains higher nitrogen content {1.58% ). The pres-
ence of significant amounts of elements (chlorine, sulphur
and alkali ¢lements—Ng, K, Mg) in biomass raw materials
may posc a threat 1o the heating system {ohservations dur-
ing the expeniment),

)
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The type of anulysed hiomass influences the content of
PTEs in ash, Higher concentrations of Zn, Cu, Ni, U and
Th were determined in ash from AP biomass, and As, Cr,
Pb and T1 in ash from SH biomass. The analysis of PTE
congentrations in ashes from agricultural and food biomass
indicates that the use of such biomass may he challenging
in individual home furnaces due to elevated concentra-
tions of certain elements. These results are obtained from
the lahoratory production of ashes and may show some
differences from those produced in home furnaces. It is
recommended to include a larger sample size and survey
data on exposure to ashes from agri-food biomass,

The calculated values of total dust emissions, PM1{) and
PMZ.5, are very similar for ashes from agri-food hiomass. A
characteristic feature of biomass is its high content of vola-
tiles {68.3-80.6%) and high reactivity, As 4 consequence,
there is & higher proportion of emitted PM 10 and PM2.5
dust particles. An unfavourable teature of biomass is its vari-
able moisture content, which depends on the type of hio-
mass {from 9.4 to 11,6%), which also affects the combustion
processes,

Minerals such as quartz, calcite, arcanite, fairchildite, and
archerite are commion in the mineral composition of biomass
ashes, The only difference is the amount of biomass ash
present in individoal samples. Scanning electron microscopy
analyses showed differentiation of morphological forms of
hiomass ash particles (the largest in AP and WS biomass
ash),

The variability i the chemical and mineral composition
of ushes from the combustion of biomass indicates the need
1o continue research becavse the presence of some mineral
phases and the content of PTEs will not always lead 10 a
reduction fn environmental burden, ¢,2. s a result of storing
the produced ash.

It is probably possible 1o increase the share of biomass in
the combustion process but under the condition ol constant
momitoring of the chemical and mineral composition of the
proxiuced ash. Low calorific value cannot determine the fir-
iig of the tested biomass raw matenals in the torm of pellets
or granules in households, similar 10 the concentration of
some PTES, Further research in this area should be carried
out and the passibility of oblaining biomass from ecologi-
cally clean regions should be sought in order to compare the
research results. New technological solutions for the firing
of such biomass in individual honscholds should also be
taken into account in order o redwee the amount of poliut-
ants emitted,
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Abstract: The article discusses the influence of temperature on the quality of ash produced from the combustion of
biomass from the agri-food industry. as well as its content of potentially toxic elements (PTE) such ¢ as Pb, Cd, As.
Cr, Cu, Ni, Se, and Zn. Geochemical indicators, including E (Emission factor of metals into the atmosphere), Cf
(Contamination factor for individual toxicity metals), PLI (Pollution load index), and DC (Degree contamination),
were calculated in relation to the potentially adverse environmental impact of biomass fuels.

Introduction

Bio—waste and its utilization have been increasing enormously
due to the generation and management practices aimed at
creating a cleaner environment (Piechota et al. 2023). The
rising energy demand, dwindling reserves of non-renewable
fuels, and emissions from combustion have promoted the
consideration of agri-food biomass as a viable energy source,
Biomass, due to its availability and potential environmental
benefits, plays a key role in the energy balance, particularly
owing 1o its positive impacts on the natural environment
and local economies. Various agricultural and forest-derived
products, as well as residues from the timber industry, are
suitable for highly efTicient combustion in specially adapted
boilers. Other biomass sources include straw, paper waste,
cyanobacteria, industrial waste, detergents. houschold waste,
aquatic plants and microalgae. So-called edible biomass
sources include peanuts, sugar cane, soybeans, wheat, rapeseed
and corn, while non-edible biomass sources include cooking
oil, agricultural waste, industrial waste and microalgae (Gani
etal, 2022).

In response to the energy crisis. there is s high demand
for alternative — e.g. fuel sources to coal, particularly in
individual houscholds. The adoption of green technologies
can significantly mitigate greenhouse gas emissions compared
to conventional, non-environmental technologies (Hayford et
al. 2023). Despite Poland’s substantial reserves of hard coal,
alternative heating methods have been increasingly adopted in
recent years,

Biomass-fired boilers, in particular, have gained significant
popularity among individual consumers. As large quantities
of firewood are consumed in households, there is a growing

need for a gradual transition from wood-based biomass to
agricultural waste biomass.

However, the rational utilization of non-forest biomass
requires a prior assessment of its fuel properties, including the
determination of potential emissions of toxic elements into the
atmosphere. Emissions are heavily dependent on the type of
biomass burned, the combustion technology used, and boiler
operation (EMEP/EEA 2019), Open biomass burning could
pose a significant risk to human health by negatively impacting
air quality (Mehmood et al., 2022).

It should be noted that the burning of biomass also causes
the cmission of pollutants into the cnvironment (Uliasz-
Bochenczyk et al., 2021). Partial combustion co-combustion
with coal and waste are sources of emissions, including
particulate matter (PM), carbon monoxide (CO), nitrogen
oxides (NOx) and volatile organic compounds (VOCs) such as
polycyclic aromatic hydrocarbons (PAHs) (Klyta et al., 2023),

Pellets derived from plant-based waste are known for
emitting the least amount of pollutants. In 2018, nearly half
of domestic houscholds in the country (45.4%) used solid fuel
heating devices, primarily coal (GUS 2019).

The most common form of non-wood biomass used in
houscholds was processed wood (e.g., briquettes, pellets),
accounting for 0.9%. Less commeonly utilized were crops from
energy plantations and straw, with agricultural waste fuels
accounting for just 0.09% (GUS 2019). Global energy use
from biomass sources is approximately 10-14%, reaching 90%
in rural areas. while in urban areas, biomass energy is used in
about 40% of cases (Gani et al., 2022).

The use of natural resources is closely aligned with both
European Union and national legal regulations, which play
a significant role in the supply of resources for renewable
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energy production (Molo 2016). It is estimated that biomass
combustion worldwide may generate approximately 476
million tons of ash annually (Odzijewicz et al. 2022).

Worldwide production of walnuts in shells ranges from
2 million to 3.7 million tons per year, depending on various
sources (Miladinovi¢ et al. 2020: Queirés et al. 2020). In
Poland, walnut harvests amount to approximately 1,000 tons
(GUS 2023). -

The demand for fruit and processed products continues to
grow each year. During the production cycle, vast amounts of
fruit waste are generated due to their inedibility and perishable
nature, which significantly burdens the environment (Leong
and Chang 2022). In Poland, apple pomace is primarily
processed into cattle feed or used in spirit production. It is
also used in the production of diet drinks, wines, fruit teas, ice
cream, lozenges, snacks, dietary supplements, meat products,
and instant products, as well as in confectionery production,
where it increases the content of polyphenolic compounds and
fiber. (Masiarz et al. 2019).

Pelicts made from sunflower husks are ofien used in coal-
fired power plants due to its high calorific value (21 MJ/kg),
relatively low chlorine content, and resistance to biodegradation
(Chiyanzu 2014; Kaluzynski et al. 2018; Zajemska et al. 2017).
In Poland, depending on the apple variety and the processing
method employed, the mass of discarded apple pomace ranges
from 20% 1o 25% of the processed raw material, amounting
o 0.22 - 0.35 million tons. Cherry pellets, composed of
compressed wood and cherry pits (industrial waste), were
produced in Poland at a rate of approximately 166 thousand
tons in 2021 (GUS 2023). Although cherry pits are not yet a
widely used fuel; however, they may potentially become a
heating resource in the future,

In Poland’s National Plan for Energy and Climate for
the years 2021-2030 (Ministry of Energy, Poland 2019), it
is projected that the share of energy from renewable sources
(OZE) in the power industry will reach 31.8%, with solid
biomass contributing 11.5% of this total. So far, biomass
combustion methods in Poland have mainly imvolved co-
firing mixtures of forest biomass with coal in grate boilers
and fluidized bed boilers, as well as co-firing dust mixtures in
pulverized coal boilers.

The study aimed to assess the impact of agri-food biomass
type and combustion temperature on the content of potentially
toxic elements in the resulting ashes, specifically considering
the potential use of biomass in individual home Furnaces
that lack flue gas dedusting devices. Commercial power
plants co-burn biomass, mainly apple pomace and sunflower
husks, with hard coal. However, the smallest ash particles can
migrate through the chimney and enter the environment, while
the stored ashes can affect soil and water quality. From an
ecological perspective, it is crucial to understand the content
of toxic metals in biomass ash to minimize their release into
the environment. The accumulation of toxic metals in biomass
ashes reflects their environmental concentration. Therefore,
geochemical indicators such as Emission (E), Contamination
factor for individual toxicity metals (Cf), Degree of
Contamination (CD) and Pollution Load Index (PLI) were also
calculated. Biomass (apple pomace. sunflower husks, walnut
shells, and pellets from cherry pits and branches) was burned
under laboratory conditions at temperatures of 400=15°C

and 850£15°C. The basic biomass parameters (ash content,
humidity, heat of combustion), granulometric composition,
and the concentrations of potentially toxic elements (Cd. Cr,
Cu, Ni, Cu, Pb, Zn, and Se) were determined. The research
results are intended to help identify the most suitable biomass
types for combustion at various temperatures without causing
significant environmental risks.

Material and methods

Four types of agri-food industry biomass were analyzed: apple
pomace (AP), cherry pellets (branches and pits) (CH), walnut
shells (WS), and sunflower husks (SH). The biomass samples
were desiccated at 100°C and subsequently pulverized using
a cutting mill (SM 100) and an agate mortar. They were then
ashed in a sylite furnace at temperatures of 400=15°C and
850=15°C.

The fundamental elements in the biomass samples were
determined; carbon (C), hydrogen (H), nitrogen (N), total
sulfur (S). chlorine (Cl), and oxygen (O). These analyses were
conducted at the Measurement and Research Laboratories for
Energy (ENERGOPOMIAR) in Gliwice. The content of C, H,
and S was determined using an automatic IR analyzer (PN-EN
ISO 16948:2015-07; PN-EN ISO 16994:2016-10). Nitrogen
concentration was measured using the calorimetric method
(PN-EN ISO 16948:2015-07). chlorine content through ion
chromatography (PN-EN ISO 16994:2016-10), and oxygen
content was calculated based on material balance (O = 100 -
(C+H+N+Ash)). Ash content (PN-EN ISO 18122:2023-05)
and total moisture content (PN-EN ISO 18134-2:2017-03)
were determined using the gravimetric method. The calorific
value of biomass was calculated computationally (PN-EN ISO
18125:2017-07).

The content of potentially toxic elements (PTE), including
Pb, Cd. As, Cr, Cu, Ni, Se, and Zn, was determined using
inductively coupled plasma mass spectrometry and inductively
coupled plasma atomic emission spectrometry (ICP-MS/OES).
These analyses were carried out in Canada by Bureau Veritas,
The accuracy of analytical results was verified using standard
certified reference materials.

The emission of PTE from biomass combustion was
assessed based on emission factors for Pb, Cd, As, Cr, Cu, Ni,
Se, and Zn released into the atmosphere in 2021, in accordance
with data from the EMEP (European Environment Agency)
Treport.

Particle size distribution analysis of the ashes was
conducted using an Analysette 22 MicroTec analyzer, capable
of measuring particle sizes ranging from 0,01 - 2000 pm, at
the Faculty of Natural Sciences in Sosnowiec, Poland).

An attempt was made to evaluate toxic metal
contamination in ashes derived from agro-food biomass using
statistical methods applicable to environmental geochemistry.
Calculations included emission factors (E), contamination
factors for individual toxicity metals (Cf), Pollution Load Index
(PLI) and the degree of contamination (CD) were calculated.

In this study, toxic metal emission factors (PTE) were
calculated for | ton of bumed biomass, considering its calorific
value and the emission factors for the analyzed toxic metals
reported in the European Environment Agency (EEA) report
(2019). The general formula used to calculate emission levels,
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based on the emission factor per unit of chemical energy
introduced into the fuel (KOBIiZE - The National Centre for
Emissions Management, 2023) is as follows (1):

E=B W, W[mg (1)

Where:

E — emission of substances [mg], B — biomass consumption

[Mg]. W, — biomass calorific value [MI/kg], W — cmission

factor [g/GJ| as defined in the KOBIZE report (2023).
Contamination indices (Cf) for metals in the biomass ash

were calculated using the formula (2) (Tomlinson et al. 1980;

Gope et al. 2017):

C metal
C background value

Gf= (2)
Where:
Cf - contamination factor for individual toxic metals
C metal — concentration of the metal in ash sample
C background value - background concentration of that metal

The Cf values are interpreted as follows:
Cf<= 1 low contamination factor (low contamination); 1 <Cf <
3 moderate contamination factor (moderate contamination); 3 <
Cf < 6 considerable contamination factor (high contamination):
Cf =6 very high contamination factor.

The world average concentrations of Cu (45 pg/g), Ni
(68 pg/g). Pb (20 pg/g), Cd (0.3 pg/e), As (13 ng/g). Cr (90
pg/g), Zn (90 pg/g), and Se (0.6 pg/g), as reported for shale by
Turckian and Wedephol (1961), were used as the background
values.

The Pollution Load Index (PLI) for biomass ash was
calculated based on the Cf values using the following formula
(3) (Gope et al. 2017):

PLI = "Jcn x Cf2 % Cf3 x ... Cfn (3)

It is defined as the n-th root of the product of the Cf values
for individual metals (Kebonye et al. 2017),
where:
PLI - Poilution Load Index
Cr1 CF2, ... Cfn - contamination factors for individual metals
The interpretation of PLIis as follows:
PLI = 0 indicates excellence,
PLI= I indicates bascline pollutant levels,
PLI =1 indicates pollution.

Hikanson (1980) introduced a rescarch tool to simplify
pollution control through the calculation of contamination

degrees (CD). To determine the contamination degrees ol
biomass ashes in terms of potentially toxic clements (PTE),
the sum of contamination factors (Cf) for toxic metals was
calculated using the following formula (4):

CD = Y21 Cfpb.cd,AsCrcuNiznse 4)
Where:
CD — contamination degree.
Cf - contamination factor for individual toxicity metals.
Hikanson (1980) proposed the following classification for
contamination degrees (CD):
CD < 8 low degree of contamination,
8 < CD < 16 moderate degree of contamination,
16 < CD < 32 considerable degree of contamination,
CD > 32 very high degree of contamination, indicating serious
anthropogenic pollution.

Basic statistical tests were performed using Microsoft
Office Excel 2016. The parameters determining measurement
uncertainty included the arithmetic mean (n=7) and the standard
deviation of the mean. Statistical parameters were calculated
for all biomass samples from the agri-food industry. For PTE
contents below the detection limit of the method, a value equal
to half the detection limit of the respective analytical method
was assumed for statistical calculations.

Results and discussion

Elemental analysis of biomass

The average values of essential biomass parameters obtained
from the elemental analysis are presented in Table 1. The
content of major elements in the ashes exhibits significant
variation, with biomass CH containing the highest amount of
ash (6.92%). Vamvuka et al, (2020) reported ash content in
agri-food biomass to range from 1.4% to 7.3%.

The higher ash content in cherry pit and branch pellets
(6.92%) (Table 1) is probably due to the mixture of these raw
materials. Previous research on this type of biomass focused
on cherry pit pellets or waste in the form of cherry twigs, This
ash content of this biomass is higher than that reported in the
studies by Rzeznik et al. (2016) and Zajac et. al. (2018).

The calorific value of fuel primarily depends on its
moisture content and chemical composition, which mainly
results from the diverse composition of organic substances
extracted from biomass (Postrzednik 2014). The calorific
values of the investigated biomass samples fall within a similar
range (Table 1).

Table 1. Physical and chemical parameters of agri-food biomass and standard deviation (SD)

Sample / Parameter AP Ws SH

Moisture content (%) 116+0.21 94+0.08 94+013 108+0.25
Ash (%) 1.87 £0.04 6.92+0.21 0.76 £ 0.03 295+013
Calorific value (MJ/kg) 16.06 £ 0.15 16.91+0.29 16.86 £ 0.17 16.35 £ 0.34

AP - appie pomace; CH — cherry pellet; WS — wainut shells; SH — sunflower husks,

Data are presented average value = standard deviation (n =6, p = 85%)
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Table 2. The average values of the elemental analysis parameters of agri-food biomass and standard deviation (SD)

Sample
AP CH ws SH
Parameter (%)
C 4910+ 014 46.19+0.17 5043+0.14 50.39+0.15
H 6.54 + 0.21 578+0.18 599+013 593+0.16
N 144+023 1.00+023 040012 083+0.03
S 0.10£0.11 0.11+0.11 0.01+0.02 0.15+£0.15
Cl 0.026 + 0.02 0481 +028 0.042+0.15 0.051+0.11
(o} 42.79+0.14 46.44 +0.16 43.13+0.16 4319+0.14

AP — apple pomace; CH ~ cherry pellet; WS ~ wainut shells; SH — sunflower husks;

Data are presented average value + standard deviation (n =6, p = 95%)

The calorific value of walnut shells is lower than the
values reported by Kazimierski et al. (2022) and Zajemska
and Musiat (2013). In contrast, the calorific value of sunflower
husks is similar to the results found in their studies, Rzeznik
et al. (2016) determined a higher calorific value for crushed
cherry pits.

Moisture content in biomass can vary due to several
factors, including harvest period, origin, transport, and storage.
The moisture content in walnut shells and sunflower husks is
slightly higher than that reported by other authors (Gazzali et
al. 2013; Zajemska and Musial 2013; Zajac et al. 2018). The
moisture content in cherry pellets is 9.4%, which is similar to
the results of Jelonek et al, (2021) and Rzeznik (2018).The
average moisture content in apple pomace was 11.6%, which
is higher than the value reported by Techera et al. (2024).

The comparatively low standard deviation (SD) values for
the analyzed parameters indicate limited variability among the
different biomass samples. Table 2 presents the mean values of
the fundamental elements that constitute the biomass.

Chilorine, sulfur, and nitrogen are¢ undesirable fucl
components due to their harmful effects on the natural
environment, Among the main elements, a higher nitrogen
content was observed in biomass AP (1.44%) and chlorine
conient (0.81%) in biomass CH. compared to the other samples
(Table 2). The nitrogen content in the tested biomass samples is
consistent with the findings of several studies (Dolzynska et al.
2019; Vamvuka et al. 2020: Islamova et al. 2021; Kazimierski et
al. 2022), Biomass of agricultural origin often contains higher
chlorine levels, which pose a risk of high-temperature corrosion
to the steel structural components of boilers (Persson et al. 2007).
The use of apple pomace biomass with higher nitrogen content
in combustion may increase NOx emissions into the atmosphere.

Particle size distribution of biomass ashes

The granulometric analysis of the ash was carried out using
the laser method with the ALYSEITE 22 from FRITSCH.
This method is particularly effective for analyzing very fine

particles, as the standard sieve method may introduce greater
error. The particle size of the ash is crucial for atmosphere
protection. Ashes from biomass combustion, regardless of
biomass type and combustion temperature, typically exhibit a
very fine particle size, with particle not exceeding 150 pm.

Figure 1 presents the results of the particle size distribution
of biomass ash (Fig. 1 A-B) and cumulative particle size
distribution curves (Fig. 1 A1-Bl). The largest proportion of
the total ash mass consists of particles in the size range of
>| — 50 um. The percentage of particles within this range in
biomass ashes produced at lower temperatures varies from
65.4% (CH) to 80% (AP) (Fig. 1A). In biomass ashes produced
at a temperature of 850+156°C, the percentage of particles in
the range of =1 — 50 pm is higher, ranging from 78.1% (WS)
to 92.5% (AP) (Fig. 1B). The percentage of ash particles
larger than 100 pm is slightly higher in ashes produced at a
temperature of 400=15°C.

Based on the obtained results, it was found that the ashes
formed at a combustion temperature of 850=15°C contain
higher concentrations of the determined clements (except for
Cd and Se). The very fine grain size of the ashes also contributes
to a higher concentration of potentially toxic elements (PTE),
which is expected given the small particle size.

Comparing the grain size of ashes from burned biomass
is a big problem due to the diversity of presenting research
results. However, various authors report that these ashes
mainly consist of fine particles (Lanzerstorfer 2015; Cruz et al.
2017; Romero et al, 2017), According 1o Uliasz-Bochenczyk
et al. (2016), ashes from forest biomass and agricultural waste
are primarily composed of particles smaller than 50 ym, The
granulometric composition of ash from agri-food biomass
further confirms the dominance of fine ash particles.

The results confirmed that laser granulometric analysis
provides precise information on the size distribution of the
finest particles. The accuracy of this method varies depending
on the grain size range of the measured particles, with materials
in narrower grain classes being analyzed most accurately.
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AP — apple pomace (n=7); CH — cherry pellet (n=7); WS — walnut shells (n=7), SH — sunflower husks (n=7),

Figure 1 Granulometric composition of the produced ashes: A - particle size distribution and A1 - cumulative curve of the
percentage of grain size (400£15°C); B - particle size distribution, B1 - cumulative curve of the percentage of grain size (850+15°C)

Content of toxic metals in raw biomass and ashes
from its combustion

Figure 2 illustrates the concentration values of the analyzed
PTE in raw biomass and the combustion products generated
under different temperature conditions.

The analysis of PTE concentrations most often focuses
on ashes from agri-food biomass. However, more data on the
content of toxic metals in raw biomass is needed. Generally,
these concentrations are low, as shown by the results for
individual elements. Among the analyzed toxic metals,
higher concentrations were found only in raw biomass from
apple pomace (AP), with Zn (18.5 mg/kg), Cu (13.1 mg/kg),
Cr (11,2 mg/kg), and Pb (5.8 mg/kg), being notably higher
(Fig.2).

Ashes produced from biomass combustion exhibit greater
diversity in toxic metal content. In all high-temperature biomass
ashes, regardless of the biomass type, higher concentrations
of As, Pb. Ni, Zn, Cu. and Cr were noted (Fig. 2). These
elevated concentrations were particularly notable in ashes from
AP biomass, with the content of Zn and Cu showing greater
variability. In ashes generated from biomass combustion at
400=15°C, higher concentrations of Cd (3.8 mg/kg) and Se

(0.8 mg/kg) were detected. Selenium values could not be
compared due to the lack of data, while cadmium is typically
determined only in whole fruits. The higher Cd concentration
in ashes produced at 400£15°C from AP biomass increases
as the temperature decreases, corroborating the findings of
Odenberger et al. (1997).

In cherry pits pellet ashes, the average concentrations of
Ni (29.8 mg/kg) and Zn (84.7 mg/kg) remained consistent
regardless of the combustion temperature.

In sunflower husk biomass combusted at 850=15°C, the
following concentrations were determined: Zn— 103.3 mg/kg,
Cu — 72 mg/kg, Cr — 70 mg/kg. Ni — 36.7 mg/kg, and Pb -
7.01 mg/kg. Higher concentrations of Ni, Pb, Cr, and Cu were
observed in the ash compared to the findings of Zajge et al.
(2019). However, when compared to the studies of Isemin et
al. (2022), the concentrations of these toxic metals in the tested
samples are lower.

In high-temperature ashes from walnut shell biomass,
higher concentrations were recorded for Cr (48 mg/kg), Zn (29
mg/kg). Ni (20.9 mg/kg), Cu (13.8 mg/kg). and Pb (3.2 mg/
kg) (Fig. 2).These values are lower than those reported in other
studies (Pastricakova 2004; Zajac et al. 2019).
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Figure 2. Average values of PTE concentrations in raw biomass and ashes formed under various temperature conditions
(400+15°C and 850+15°C). The resuits are the average value of seven samples for each biomass. The average values of PTE
concentrations were supplemented with error bars with the mean’s standard deviation value.
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The diverse chemical composition of biomass ashes is plant depend on the species and stage of plant development,
influenced by the type of biomass and the conditions under Morcover, environmental factors such as humidity and the
which it is combusted (Vassilev et al. 2013). The accumulation availability of minerals in the soil significantly influence the
of elements in biomass and their distribution within the accumulation process (Gworek et.al., 2003),
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Figure 3. Average emission values (E) from the combustion of agri-food biomass at temperatures of 400+15°C (A) and 850+£15°C
(B) were calculated based on seven measurement results for each sample
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Table 3. Contamination factors (Cf), degree of contamination (CD), and pollution load indices (PLI) for ashes from biomass
combustion at different temperatures

Ccf
s::":“;';‘ Pb Cd As Cr Cu Ni Zn Se o 0
400£15°C
AP 03 02 03 0.04 06 0.02 0.4 1.3 0 26
CH 0.2 04 0.1 0.1 02 04 0.9 1.0 0 24
Ws 0.02 0 0 0 02 0.01 01 1.2 0 1.5
SH 0.1 1.0 0.1 0.1 09 01 0.6 0.8 0 3.7
850£15°C
AP 34 22 0.8 15 3.2 11 26 0 12 14.8
CH 03 1.8 0.1 0.9 0.5 04 0.9 1.0 0 5.9
WS 0.2 0.2 0 05 0.3 0.3 03 0 0 1.5
SH 0.2 13 0.04 08 16 0.5 11 0 0 59
AP — apple pomace ; CH — cherry pellet; WS —walnut shells, SH — sunfiower husks;
As ~ arsenic; Cd - cadmium; Pb ~ lead; Ni - nickel; Zn - zinc, Cu - copper; Cr - chrome; Se — selenium:

Assessment of biomass ash contamination
Emission levels depend on the type of fuel, fuel consumption,
and the efficiency of the combustion equipment, The issue
of harmful emissions from the combustion of raw and
torrefied biomass primarily concerns wood and focuses on the
measurement of CO, NO, CO,, CH,, and particulate matter
(Béhler et al. 2019; Krumal et al. 2019; Maxwell et al. 2020).
Figure 3 shows the emission values (E) for the analyzed
toxic metals, considering the temperature of biomass
combustion. Ashes [rom agri-food biomass. irrespective of
combustion temperature, exhibit higher zinc (Zn) emissions,
Notably, Zn emissions are higher from ashes produced at lower
combustion temperatures compared to those obtained from
biomass burned at higher temperatures (Fig. 3B). Conversely,
the calculated emissions of other toxic metals, such as Pb, As,
Cu, and Ni, are higher for ashes generated from biomass burned
at higher temperatures. For chromium, emissions remain
consistent regardless of the biomass combustion temperature.
On average, approximately 6 tons of this resource
are burned annually in biomass boilers used in individual
houschold heating systems. The two most prevalent solid fuels
are bituminous coal (36.5%) and firewood (28.8%), while
other fuels, including various types of biomass (e.g., seeds,
cereal grains, and energy plants), are less frequently used.
Bituminous coal and firewood are ofien used concurrently or
interchangeably in the same stoves. Among non-wood biomass
options, formed wood products such as briquettes and pellets
are the most commonly used in households, though they
account for only 0.9% (GUS, 2019). The examined biomass
raw materials, due to their low emission of toxic metals, present
a viable alternative fuel source compared to wood, which is
typically fired or co-fired with bituminous coal in individual
household heating systems. However, zinc (Zn) emissions may
pose a challenge, as they could exceed the levels indicated in
this study. In Poland, many older, simple combustion stoves

remain in use and are only gradually being replaced by modern
installations with better combustion efficiency.

Emissions into the atmosphere strongly depend on the
type of biomass burned, the combustion technology employed.
and the operational efficiency of the boiler, Small-scale
boilers often use grate combustion systems, which affect the
emission levels of various elements, including zinc (Zn). The
combustion of agri-food biomass in individual houschold
heating systems remains primarily a theoretical possibility; in
practice, such biomass types are rarely used or subjected to
combustion processes. Additionally, ashes from these biomass
types, like those from firewood combustion, are not typically
registered or monitored.

Table 3 presents the contamination factor (Cf) values,
pollution load index (PLI), and degree of contamination (CD)
for the determined potentially toxic elements (PTEs) in ashes
from biomass combustion under different temperature regimes.

The contamination factor (Cf) values for all PTEs in the
ash samples from biomass combustion at the temperature
of 400+15°C ranged from 0.02 to 1.3 and decreased i the

following order:

AP: Se > Cu > Zn > Pb, As > Cd > Cr > Ni
CH: Se > Zn > Ni, Cd > Pb, Cu > As, Cr
WS: S¢e > Cu > Zn > Pb > Ni > Cd, As, Cr

SH: Cd > Cu > Se > Zn > Pb. As, Cr, Ni

In samples AP (Cf= 1.3) and WS (Cf= 1.2) combusted at
400=15°C, the highest Cf values were calculated for selenium
(Se). indicating significant ash contamination with this element
(Table 3), This is likely due to selenium forming complexes
with toxic metals, including cadmium, which is present al
higher concentrations in ashes produced at lower combustion
temperatures (400=15°C) (Figure 2). The contamination factor
for cadmium (Cf = 1) suggests a potential environmental
mmpact, particularly with slight reduction in combustion
temperature. It is evident that both the combustion temperature

92

92:7692153850



www. czasopisma.pan.pl l !,A N www Journaks, pan.pl

72 Joanna Adamczyk, Danuta Smolka-Danielowska

and the type of biomass are key factors influencing the presence
of Se in ashes. Reducing conditions may also contribute to the
concentration of Se by promoting the formation of compounds
such as clausthalite (PbSe) and other selenides, including those
of nickel (Ni) and copper (Cu) (Cappelletti et al. 2021).

The ashes from apple pomace (AP) produced at a
temperature of 850+15°C are significantly enriched in Pb (Cf=
3.4),Cu(Cr=3.2), Zn (Cf=2.6), and Cd (Cf= 2.2), compared
to other toxic metals (Table 3).

Cadmium in ash from cherry pellets (Cf = 1.8) and
sunflower husks (Cf = 1.3) has a modcrate environmental
impact. The average values of the contamination factor (Cf)
for ashes from biomass are presented in descending order of
PTE values:

AP: Pb > Cu > Zn > Cd > Cr > Ni > As > Se
CH: Cd > Se > Zn, Cr > Cu > Ni > Pb > As
WS: Cr > Cu, Ni, Zn > Cd, Pb > As, Se
SH: Cu=Cd>Zn> Cr>Ni>Pb > As, Se

The highest pollution load index (PLI) values for potentially
toxic elements (PTEs) were recorded in the AP sample (PLI =
12) at 850:£15°C, indicating significant contamination of the
ash with PTEs, For other biomass ash samples, PLI values
were close 10 zero. Given these results, this type of biomass
should be excluded as an altemnative co-firing fuel with
bituminous coal in industrial power plants. However, it may
still be suitable for use individual household furnaces (e.g..
briquettes or co-firing with coal and wood).

Considering the degree of contamination (CD) values for
PTEs in biomass, the highest moderate value was determined in
the APsample (CD = 14.8) produced at a combustion temperature
of 850=15°C (Table 3). For the other samples, regardless of the
combustion temperature, the CD values were low.

The CD and PLI values in the AP ash sample can be attributed
to the particle size of the ashes. Specifically, a higher proportion
of particles in the range of 0.1 — 50 um increases the surface area
of the ashes, leading to a higher concentration of PTE on them.
Such indicators are taken into account in studies of various
environmental samples. Unfortunately, no literature would
discuss these indicators in ashes from biomass combustion.
However, ashes from the combustion of hard coal are taken into
account, e.g. when using these ashes for recultivation or as an
addition to the production of agricultural fertilizers.

Using geochemical criteria to assess the degree of ash
contamination from agri-food biomass in PTEs allowed for
an evaluation of their potential environmental impact. Most
of the geochemical indices calculated for PTEs in biomass
ashes formed at 400£15°C indicated low ecological risk.
However, the contamination factor (Cf) and pollution load
index (PLI) results showed moderate to significant toxic metal
contamination in ashes formed at 8504£15°C. This suggests
that when co-burned with hard coal in the commercial power
plants, this biomass could potentially contribute to increased
pollutant levels in the ashes.

Due to the lack of available data in the literature, the
calculated Cf, PLI, and CD indicators in biomass ashes
cannot be directly compared. Therefore, further research is
needed on ashes from agro-food biomass, with a focus on
these geochemical indicators. This will provide insights into
potential use of these ashes as a source of energy or for use in
agriculture,

Conclusions

The findings of this investigation highlight the importance of
both biomass type and combustion temperature as key factors
influencing the variability in potentially toxic clement (PTE)
concentrations within ash residues. The analyzed raw biomass
samples from the agri-food industry exhibited relatively low
concentrations of PTEs compared to the ashes produced under
different temperature conditions. Higher levels of elements
such as As, Pb, Ni, Zn, Cu, and Cr were observed in the high-
temperature ashes from apple pomace (AP), while clevated
Cd and Se concentrations were observed in low-temperature
biomass ash from AP, Additionally, PTE concentrations were
higher in ash samples from cherry (CH), walnut shell (WS),
and sunflower husk (SH) biomass ashes produced at 850415°C.
This can largely be attributed to the particle size distribution of
the ashes, with particles within the size range of 0.1 — 50 pm
constituting over 80% of the total mass.

The use of contamination factor (Cf), contamination
degree (CD), and pollution load index (PLI) reveals that
most ash samples were classified as having a low potential
for PTE contamination. Exceptions include low-temperature
AP and WS ash samples, in which Cf values for Se and Cd
were moderately elevated. Moreover, the high-temperature
AP ash sample exhibited a moderate CD value. The calculated
atmospheric emission of Zn was relatively similar across the
different biomass types, though it was slightly higher for ashes
produced during low-temperature combustion processes.

The environmental risk associated with the combustion or
co-combustion of agri-food industry biomass containing PTEs
in the ashes must be effectively monitored. This is particularly
imporiant to ensure that its utilization, including storage. does
not pose a threat to soils and water resources. As the research
results demonstrate, only the combustion of apple pomace
biomass may present a potential environmental hazard due toits
higher concentration of PTEs. Providing detailed information
on the origin of apple pomace biomass and conducting further
research on PTE concentrations, particularly in different ash
fractions, will be vital for its safe utilization.
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Abstract (in English)

Experimental studies were conducted in laboratory conditions to assess the suitability of alder and
birch for use in individual home furnaces and the potential storage of ashes in the environment. Raw
biomass samples were combusted at 450-500+£15°C. The tree species (alder and birch) originated
from Poland (Matopolskie Voivodeship) and the "Bory Tucholskie" National Park (Pomorskie
Voivodeship). This study aimed to determine the content of toxic metals (As, Cd, Cr, Cu, Hg. Ni, Pb,
TI) in raw biomass and its ashes, ions eluted from water eluates of ash, and to analyze the thermal
degradation process of wood. In addition to the analysis, the study used inductively coupled plasma
optical emission spectroscopy (ICP-OES) and ion chromatography (IC), and thermogravimetric
analysis analyses (TG/DSC) and powder X-ray diffraction. The content of volatile parts in wood
biomass ranges between 67.2-82.5%, ash content 2.9-19.1% and calorific value 14.8-17.1 MJ/kg.
Moisture content in the wood biomass ranges from 14.6-18.7% (birch) and 17-19.2% (alder). The
content of toxic metals was generally low in raw biomass, except for Co, Zn and Ni, and higher in
ashes, varying depending on the origin of the biomass. TG/DSC curves allowed for the identification of
the main stages of wood biomass degradation, corresponding to moisture content in the range of
2.73-5.83% (wi.%), ash (0.58-3.68% wt.%), volatile matter (59.63-76.46% wt.%), and fixed carbon
(20.23-32.3% wt.%). Higher sulfate and potassium ions concentrations were detected in water eluates
of ashes from the "Bory Tucholskie" National Park. The research results do not indicate that alder and
birch may can be used for low-temperature combustion, however, it is advisable to conduct
comprehensive studies research in this area.

Abstract (in Polish)

Przeprowadzono badania eksperymentalne w warunkach laboratoryjnych w celu oceny przydatnosci
olchy i brzozy do wykorzystania w indywidualnych piecach domowych oraz potencjalnego sktadowania
popiofow w Srodowisku, Probki biomasy surowej spalano w temperaturze 450-500£15°C. Gatunki
drzew pochodzg z Polski (wojewbddztwo matopolskie) oraz z Parku Narodowego Bory Tucholskie"
(wojewodztwo pomorskie). Celem badania byto okreslenie zawartosci metali toksycznych (As, Cd, Cr,
Cu, Hg, Ni, Pb, Tl) w biomasie surowej i jej popiotach, wymywanych jonéw z eluatéw wodnych
popiotow i analiza procesu termicznej degradacji drewna. W badaniach wykorzystano metode
spektroskopii emisyjnej ze wzbudzeniem w plazmie indukcyjnie sprzezonej (ICP-OES), chromatografie
jonowa (IC), analizy termograwimetryczne (TG/DSC) i dyfrakcje rentgenowskg metodg proszkowq
(XRD), Zawartos¢ czesci lotnych w biomasie drzewnej wyniosta 67,2-82,5%, popiotu 2,9-19,1%,
wartosc¢ kaloryczna 14,8-17,1 MJ/kg, a wilgoci 14,6-18,7% (brzoza) i 17-19,2% (olcha). Skiad
mineralny badanych prébek jest mato zroznicowany. Zawartos¢ metali toksycznych jest na ogot niska
w biomasie surowej, z wyjatkiem Cu, Zn i Ni, oraz wyzsza w popiotach, zréznicowana w zaleznosci od
pochodzenia biomasy. Krzywe TG/DSC pozwolity zidentyfikowac gtoéwne etapy degradacji biomasy
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drzewnej, ktére odpowiadaja zawartosci wilgoci w zakresie 2,73-5,83% (wag.), popiotu 0,58-3,68%
(wag.), materiatow lotnych 59,63-76 46% (wag.) i wegla statego 20,23-32,3% (wag.). Wyzsze
stezenia jonow siarczanowych i potasowych oznaczono w eluatach wodnych popiotéw z Parku
Narodowego ,Bory Tucholskie". Wyniki badan niejednoznacznie wskazuja, ze olcha i brzoza moga by¢

wykorzystane w spalaniu niskotemperaturowym; jednak wskazane jest prowadzenie kompleksowych
badan w tym zakresie.
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3 Toxic elements, leachability and the results of thermal analysis of woody biomass from
environment with varying degrees of pollution
(Pierwiastki toksyczne, wymywalnos$¢ i wyniki analizy termicznej biomasy drzewnej ze
$rodowiska o réznym stopniu jego zanieczyszczenia)

Keywords: Biomass. Ash. Leachability. Toxic elements. Thermal analysis
Sowa kluczowe: Biomasa, popiol. wymywalnos¢. pierwiastki toksyczne, analiza termiczna
Introduction

Wood fuel (including wood for charcoal) includes coniferous and non-coniferous
species. Roundwood is used as fuel for cooking, heating, or energy production. It provides
wood obtained from the central trunks, branches and other parts of trees (if harvested for fuel),
whether round or split and wood that will be used to make charcoal (e.g in the pit and portable
kilns), wood pellets and other agglomerates. It also includes wood chips intended for use as
fuel produced directly (i.e. in the forest) from roundwood. It does not include charcoal, pellets
or other agglomerates ((Eurostat & UNECE, 2021). The share of households in national wood
consumption was 65.1% (GUS — Gléwny Urzad Statystyczny 2021). The share of households
in national energy consumption in 15 European Union countries in 2021 ranged from 11.4%
(Luxembourg) to 28.1% (Croatia) (EUROSTAT 2023a).

Most residents in Poland burn coal alternately in the same furnace or separately in
furnaces adapted to burn wood. Modern boiler design reduces the emission of harmful
substances, meeting the required 5th class and ecodesign (PN-EN 303-5+A1:2023-05). In
individual households in Poland and worldwide, hardwoods (horbeam, birch, oak, and alder)
are most commonly used. European Union (EU) countries used 25% of wood for heating
purposes in 2022 (EUROSTAT 2023b). It is expected that wood consumption will further
increase in the future due to rapidly rising fossil fuel prices and increased demand by individual
households. The agreement of the European Commission (EU), Council, and Parliament on
March 30, 2023, regarding the Renewable Energy Directive, known as RED III, maintained
the status of firewood as an important renewable fuel. The Renewable Energy Directive, which
entered into force in November 2023, increases the 2030 renewable energy target to 42,5% by
2030, with EU countries aiming to achieve 45% (Dziennik Urzedowy UE 2023).

Biomass consumption also varies significantly among EU countries: from one ton per

person in Malta to 8 tons per person in Denmark and Ireland, with Poland consuming
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approximately 3 tons per person. Effective use of wood for energy purposes is not an easy
process despite appearances. Quality requirements for wood biofuels are regulated by
international regulations that define the quality of solid biomass as fuel, its sources. and the size
of biomass particles (Wieruszewski et al. 2022a). The properties of wood vary depending on
the tree species, age, and habitat (soil and climatic conditions) (Wieruszewski et al. 2022b).
Wood burning can be potentially harmful because wood smoke consists of a complex mixture
of gases and fine solid particles, as well as suspended particulate matter (EPA, n.d.). In Poland,
annual PM2.5 emissions from non-industrial combustion sources, including the municipal and
residential sectors, constitute 52% of the yearly national emission of this pollutant (Kubica et
al. 2022). Wood smoke particles are not just soot, as the most toxic known chemical compounds
- dioxins, furans, formaldehyde, toxic metals, and polycyclic aromatic hydrocarbons - can
deposit on their surface (Bari et al_, 2010; Lhotka et al., 2019; Madruga et al., 2019). Poland is
one of the countries where the residential sector is the primary source of dust, benzo(a)pyrene
and other polycyclic aromatic hydrocarbons (PAH) emissions. The leading cause of this
situation is the use of commonly available solid fuels, coal and wood, for space heating, as well
as for preparing hot utility water and cooking (Kubica et al. 2022).

Concentrations of some toxic elements, including Cd, Cr, Cu, Ni, and Zn in biomass
ash, can be very high (Pastircakova 2004). The diverse properties of woody biomass make wood
a complex and challenging fuel to exploit (Zajac et al. 2019). This mainly concerns old stoves,
which are not covered by any standards regarding the amount of harmful substances emitted.
The minimum requirements for wood-burning households are regulated by European
Commission Regulation 2015/1185, which has been in force since |1 January 2022. It contains
requirements for the seasonal energy efficiency of space heating and, in terms of pollutant
emissions, introduces new requirements that tighten CO, PM, OGC and NOx emissions (Kubica
et al. 2022). The solubility of inorganic components is strongly influenced by pH and redox
potential, while the solubility of organic components is influenced by polarity and partitioning
effects. Furthermore, the presence of other components may affect the solubility of inorganic
components (Makowska et al. 2018). The leaching of various components from biomass ashes
can be significant due to the presence of the soluble fraction, which can be up to 61% (Vassilev
etal. 2014).

Biomass consists of three main components: cellulose, hemicellulose, and lignin (Chen et
al., 2014). Pyrolysis conversion processes are important technological processes in biofuel

production and energy recovery from biomass (Allouch et al. 2016). Carbon. hydrogen, oxygen,
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and nitrogen are primarily responsible for the formation of fuel from biomass, oxidizing during
combustion to produce CO, CO2, and H20 through exothermic reactions (Cruz et al. 2020).

The main goal of this work was to assess the impact of the origin of woody biomass
(anthropogenic environment and so-called ecologically clean) on the content of toxic metals
(Cd. Pb. As, Cr, Zn, Cu, Hg, Sb, Ni, and TI) in raw biomass and its ashes. The combustion of
alder and birch was conducted under laboratory conditions at temperatures of 450-500 + 15°C
The leaching of contaminants, which may occur as a result of exposure to natural infiltration or
atmospheric precipitation during storage, was discussed. The research allowed for the
assessment of the chemical composition of raw biomass alder and birch) and its ashes primarily
for use in individual households and from an environmental safety standpoint during disposal.
The thermographic analysis allowed us to determine the behaviour of wood at wide combustion
temperatures, how resistant it is to temperature changes, and at what point chemical and
physical changes occur.

A novelty in the research is comparing wood taken from a polluted area and the so-called
clean in terms of its use in low-temperature energy processes. The European Union Directive
(RED I1I 2023) on promoting the use of energy from renewable sources recognizes forest
biomass as a zero-emission fuel. Therefore, only forest biomass can be used as a renewable raw

material.

1. Sampling procedures and analytical method

Two wood species were selected for the study - alder and birch, which are most commonly
used in individual household hearths. The wood for the study was obtained in Poland. in the
Malopolskie Voivodeship (heavily polluted area), and in the "Bory Tucholskie" National Park
(Pomorskie Voivodeship). Wood samples were taken from the area belonging to the
Andrychow Forest District (Targanice and Rzyki forestry), which operates within the structures
of the Regional Directorate of State Forests in Katowice, It is located in two voivodeships:
Slaskie and Matopolskie

Simultaneous thermal analysis involved the coupling of two research methods:
thermogravimetry (TG) and scanning differential calorimetry (DSC) on the same sample. The
thermogravimeter (NETZSCH model STA 449 F3 Jupiter) was used for the incineration.
Approximately 10 mg of biomass was weighed into a ceramic crucible (Al203) and the samples
were heated in the temperature range of 35-1030°C, at a rate of 10°C/min. in a neutral
atmosphere (nitrogen) up to 600°C and in synthetic air for temperatures 600-1030°C. The

dynamic gas flow throughout the temperature range was 70 ml/min. Simultaneously, gas
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emissions were analyzed using the FTIR method. FTIR spectroscopy coupled with
thermogravimetric analysis (TG-FTIR) was performed using a Bruker Alfa Il FT-IR
spectrometer directly coupled to the STA F3 system. Spectra were recorded every 16 s from
400 to 4000 cm-1, with a resolution of 4 cm-1. The gas cell was maintained at a constant
temperature of 200°C to prevent gas condensation. The results were analyzed using dedicated
OPUS software. FT-IR absorption bands were identified as characteristic for certain gases and
functional groups in gas products (Smith, 1979; Stuart, 2004; Brebu et al., 2013; Chen et al ,
2014; Allouch et al., 2016). The analyses were carried out at the Silesian University of
Technology in Gliwice.

Weight method in accordance with EN-ISO18122:2023-10 (2023) was used to determine
ash content (A). Total moisture content (W) in selected wood species was determined using the
oven-drying method in accordance with PN-EN ISO 18134-2:2017-03 (2017). The content of
volatile parts (V') was determined using the weight method in accordance with PN-EN ISO
18123:2015-01 (2015) and the calorific value (Q) was calculated in accordance with PN-EN
ISO 18125:2017-07 (2017). The concentration of potentially toxic elements (As, Cd. Pb, Cu,
Zn, Ni, Cr, Tl, and Hg) was determined using the ICP-MS technique (mass spectrometry
coupled with inductively coupled plasma - Perkin Elmer Sciex Elan 9000, Bureau Veritas
Canada). The quality of analytical results was verified by using standard certified reference
materials (STD CDV-1, STD V16, STD OREAS45H, and STD OREASS01D).

The PN-EN 12457-1 (2006) standard prepared samples of water extracts of ash for analysis
in deionized water (pH=7). The method of preparing water extracts of ash from burnt biomass
consisted of extracting the sample with water, added in a proportion of 10 parts by weight of
water per | part by weight of the sample - the extraction was carried out for 24 hours at room
temperature, under periodic stirring conditions. After shaking and allowing the liquid to settle
with the material, the resulting extract is filtered through filters (membrane filter with a pore
diameter of 0.45 um), and then the content of the respective component is determined in the
resulting solution.

Analyses of anion leachability were performed according to PN-EN ISO 14911 (2002), PN
ISO 14911 (1999). and PN-EN ISO 10304-1 (2009) standards. Analyses of toxic element
leachability were performed according to PN-ISO 8288:2002 standards.

Nine ions present concentrations, NHy', HCOs™, F*, CI, Br. NOz, NOy, POs*, SO4*, were
determined by ion chromatography. An 850 Professional 1C (Metrohm) ion chromatograph
with a Supp 7-250/4.0 column for anion analysis and Metrosep C-4-150/4.0 for cations was

used. An eluent of 3.6 mmol/L NaxCOs (f = 0.7 mL/min) was used for anions and one of 1.7
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mmol/L HNO; and 0.7 mmol/L of dipicolinic acid (f = 0.9 mL/min) for cations. The limits of
detection (mg/L) were 0.01 for Ca®' and Mgz', 0.02 for Na' and NHy ", 0.03 for K", 0.02 for F,
NO:, CI', and Br" and 0.01 mg/L for NOs", and SO4*. The analyses were conducted at the
Institute of Earth Sciences, University of Silesia.

Toxic metals (Cd, Pb, Cu, Zn, Ni, Cr, and TI) in the aqueous eluates of ashes were
determined using atomic absorption spectroscopy (AAS) with the ICE 3000 spectrometer. The
analyses were conducted at the Institute of Earth Sciences, University of Silesia.

Water pH was measured on an Elmetron CP-315 pH-meter with temperature compensation
equipped with a glass combined electrode. Water conductivity was measured with a CC-401

conductometer with temperature compensation.
2. Results and discussion
2.1. Basic biomass components and calorific value

Wood biomass is characterised by very high volatile parts content (67.2% and 82.3% ), with a
lower value determined for birch (67.2% - Matopolskie Voivodeship and 82.3% - "Bory
Tucholskie" National Park) (Table 1). According to Vassilev et al. (2010), the mean volatile
part content in biomass does not exceed 78%. Samples of alder from the "Bory Tucholskie"
National Park exhibited the highest ash content at 8.6% (Table 1). This is probably because
older wood was obtained from the "Bory Tucholskie" National Park than in the Matopolska
Voivodeship. An additional factor may be the soil type (poor subsoil, pseudo podzolic and
brown soils). The longer the vegetation period of trees than other plants used for energy, the
higher the content of potentially toxic metals in them. The calorific value is an important
parameter in biomass analysis because it depends on the moisture and composition of the
burned wood. The moisture content in wood affects its calorific value. The ash content in
firewood residues usually ranges between 0.1 and 18.3% (Vassilev et al. 2010; Jagustyn et al
2011; Smotka-Danielowska & and Jabtonska 2022), Symbols A (raw alder) and C (raw birch)
refer to biomass obtained from the Matopolskie Voivodeship — Targanice and Rzyki, while B
(raw alder) and D (raw birch) indicate that it originates from the "Bory Tucholskie" National
Park.
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Table 1. Basic parameters of wood biomass (n=3)

Tabela 1. Podstawowe parametry biomasy drzewnej (n=3)
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Parameter Type of wood biomass

A B C D
W (%) 16.8 17.8 14.6 17.7
A (%) 7.7 8.6 29 6.3
Q (M/kg) 15.0 15.5 16.7 15.7
Vit (%) 77.0 79.0 67.2 823

W — moisture; A — ash; Q — calorific value: V*' - volatile matter

The high ash content in samples A (alder — Matopolska Province), B, and D (alder and

birch — “Bory Tucholskie” National Park) may be related to the higher content of mineral

substances in the wood. This may result from biomass contamination, e.g. with soil or sand,

and the relatively thick bark of these trees. Among various raw wood materials, the bark

contains the most ash (5-10.5%) (Chowdhury et al. 2014). The development of individual tree

species is inextricably linked to the inorganic substrate. Various ions (e.g. magnesium,

calcium, potassium, iron) and other elements found in groundwater enter individual parts of

the wood during vegetation, A characteristic feature is that the mineral substance contained

in the contaminated bark of a cut tree consists mainly of silica originating from the substrate.

Naik et al. reported that quartz (Si02) is the dominant phase in the wood waste ash.

2.2. Content of toxic metals in wood biomass

In Fig. 1(a, b), concentrations of potentially toxic elements determined in raw alder and

birch biomass, as well as in the ashes from their combustion, are presented. Symbols A (raw

alder) and A1 (ash) refer to biomass obtained from the Matopolskie Voivodeship, while B (raw

alder) and B1 (ash) indicate that it originates from the "Bory Tucholskie" National Park

(Fig.1a). Symbols C (raw birch) and C1 (ash) pertain to biomass obtained from the Malopolskie

Voivodeship, while D (raw birch) and D1 (ash) denote that it comes from the "Bory Tucholskie"

National Park (Fig. 1b).
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Fig, 1(a, b). The concentration of potentially toxic clements in raw biomass (A, B) and ash from alder A1 and Bl
(a). and from birch C —C1 and D - D1 (b). obtained from urbanized arcas (Malopolskie Voivodeship — Targanice
and Rzyki) and "Bory Tucholskic" National Park in Poland.

Rys. 1(a, b). Stezenie pierwiastkow potencjalnie toksyvcznych w surowej biomasie (A, B) i popiele 7 olchy Al
i Bl (a) oraz zbrzozy C - C11D - D1 (b). pozyskanych z terenéw zurbanizowanych (wojewodztwo malopolskic

~ Targanice and Rzyki) i Parku Narodowego "Bory Tucholskie" w Polsce.

Higher concentrations of Zn (21.6 — 38.6 mg/kg) compared to other toxic elements were
determined in both raw biomass from anthropogenic regions (Matopolskie Voivodeship) and
from the area of the "Bory Tucholskie" National Park. The ash from the combustion of alder
obtained from the "Bory Tucholskie" National Park is characterized by higher concentrations
of Cu (34.3 mg/kg) and Zn (321.1 mg/kg). A high concentration of Ni (121.1 mg/kg) was
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determined in the ash from alder from the Malopolskie Voivodeship. The susceptibility of Ni
to organic substance bonding results in its high mobility in many soils even under neutral or
alkaline conditions (Kabata-Pendias & and Szteke,

2012). In the case of biomass obtained from polluted areas, the concentration of various
elements in biomass ash may be high. Michalik et al. (2013) measured Zn above 1% by weight
and Pb ranging from 2800 mg/kg in ash from biomass from anthropogenic regions. Cruz et al.
(2017) found Cd ranging from 3 to 21 mg/kg, Pb 66-130 mg/kg, Ni 12-47 mg/kg, and Zn 700
794 mg/kg in ash from wood biomass. Tarelho et al. (2015) identified Cd at 3.8 mg/kg, Cu
66.4-82 mg/kg, Pb 31-78.6 mg/kg, Ni 36.7-52 mg/kg, and Zn 55-196 mg/kg in ash from wood
biomass.

Arsenic was not detected in raw alder biomass, while ashes are minimally enriched in
this element regardless of the origin of alder (0.5 ~ 0.6 mg/kg) (Fig. 1a). Trace amounts of Tl
(0.07 - 2.7 mg/kg) were found in alder ashes, with higher concentrations in ash from alder from
the Malopolskie Voivodeship.

In raw birch samples, the predominant element is also Zn, with values significantly
higher than those of alder. Significantly higher concentrations of Zn were measured in raw
birch from the "Bory Tucholskie" National Park (98.2 mg/kg) compared to raw birch from the
Malopolskie Voivodeship (21.6 mg/kg). Zinc in soils is mobile and occurs in cationic, anionic
and organic complexes in soil solutions. Soil organic matter has high Zn sorption and is
concentrated in humus soil horizons and peats. Peat-muck and peat soils occur near lakes. This
is probably the reason for the higher Zn content in raw wood. Birch ash from the "Bory
Tucholskie" National Park shows a high concentration of Zn (1384.5 mg/kg) compared to ash
from birch from anthropogenic regions (338.1 mg/kg). Fuels of biomass origin also contain
specific amounts of mineral substance, which, after combustion, constitute the central part of
the ash. Toxic metals found in wood and tree bark escape or remain in the ash during
combustion. Therefore, ash particles may be enriched in some elements. High zinc
concentration (3910-43 500 mg/kg) Maj (2024) determined, e.g., ash from birch bumning. Birch
ash from the Matopolskie Voivodeship also exhibited high levels of Cu at an average of 293.5
mg/kg Trace amounts of Cd (0.92 - 2.34 mg/kg) and As (1.8 - 0.4 mg/kg) were detected in
birch ashes. The higher concentration of Zn in alder and birch wood from the "Bory
Tucholskie" National Park is primarily attributed to the soil organic matter, which exhibits a
high sorption capacity for this element, thereby concentrating it in the humus layers of the soil
(Kabata-Pendias and Szteke 2012).
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2.3. TG/DSC-FTIR analysis of biomass samples

The essence of thermal analysis was to determine the characteristics of raw alder and
birch biomass as a function of temperature and time, under the assumed temperature program.
All types of biomass contain three main components: cellulose, hemicellulose, and lignin,
which undergo degradation at different temperature ranges (Vassilev et al_, 2012; Szechynska-
Hebda and Hebda 2015) (Table 2). The proportion of individual components in biomass varies,
with hardwood containing 42% cellulose by weight, 25% hemicellulose by weight, and 22%
lignin by weight (Werle, 2021). Each component has a different molecular structure and diverse
pyrolysis properties, resulting in the generation of different gas products. These factors lead to
varying pyrolysis rates (Corma et al, 2007; Burhenne et al;2013). The thermal decomposition
of wood begins at around 220°C, with its individual components decomposing at subsequent

temperatures (Tillman et al. 1981) (Table 2).

Table 2 Temperature ranges at which thermal degradation of biomass components occurs during pyrolysis.

Tabela 2 Zakresy temperatur, w ktorych nastgpuje degradacja termiczna skladnikow biomasy podczas pirolizy.

Temperature range |°C|
offp':)‘f;sm Long, Y. Lin.S, | Szechyfiska-Hebda, | Tillman, D. A., Rossi,
& Wang, Y. (2015) | M.. & Hebda, T. A. ). &Kitto, W. D.
2015) (1981)
Cellulose 290400 (360) 320-370 320-370
Hemicellulose 180-370 (300) 250-310 220-320
Lignin 200-580 (320) 220-500 320-500

The thermograms depict TG and DSC curves (Fig. 2 A-B, Fig. 3 C-D) from which
temperatures corresponding to the maximum gas emission were determined. Analyses revealed
differences in the pyrolysis process conducted for the same wood samples but differing in
origin. For these temperatures, as well as consistently for temperatures of 350°C and 650°C,
FT-IR spectra were shown. In the temperature range of 35-600°C, samples were heated in a
neutral atmosphere (nitrogen). Moisture release from the sample occurs up to a temperature of
200°C, typically resulting in a loss of mass of 3-6%. Pyrolysis of organic matter takes place in

the range of 200-600°C, accompanied by gas release.

7y Editorial
System

106

106:7132806990



3388

&)

Manuscript body (MEROEARAA IFONCAM WHERALI)

Download DOCX (437.79 kB) P
G ™% A DSC AmWVImg)
100 LR {ex0
"
80
a
00 ™A N
-4
40
20 2
2N
- !
0 dig
100 200 300 @0 500 600 700 800 500 1000
R e Termperature °C
ewm B DSC fimwimg)
L T
‘m 402 %
.
80
Mo ‘
&0
4
40
2
m r"/d
SZN
w0
0
100 200 200 200 00 600 700 200 800 1000

Fig. 2 A-B. Thermograms of alder samples (A — Malopolskic Yoivodeship: B — Bory Tucholskie National Park)
obtamed from TGDSC expenment.
Rys. 2 A-B. Termogrmmy probek olchy (A - wojewodztwo malopolskic: B - Park Narodowy Bory Tucholskic)
uzyskane z eksperymentu TG/DSC.

For samples A and B, gas emission occurs in the temperature range of 300-400°C. In the case
of sample A, an endothermic peak is clearly visible on the DSC curve in this range, coupled
with a significant mass loss (76.46% on the TG curve). A smaller mass loss (59.63%) was
determined for sample B. Above 600°C, residual organic matter undergoes further combustion
in an oxidizing atmosphere (synthetic air). The mass loss registered in this range indicates the

amount of char obtained atter pyrolysis. The total mass loss in the entire expenment is close to
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100%, and the calculated difference (complementing to 100%) represents the amount of residue
left after the ashing process. During pyrolysis, typically charcoal (char), gas with high
combustion heat (pyrolytic gas, mainly methane and carbon monoxide), and a water fraction
are formed, which includes methanol. acetic acid, and tar (Szechynska-Hebda & and Hebda
2011). Pyrolysis in samples A and B occurs at similar temperatures and often proceeds in two
stages. The temperatures read from the peaks of the DTG curves (Tmax) are 305(358)°C for
sample A and 306(357)°C for sample B. The decomposition of biomass samples occurs in two
stages, hence the Tmax of the first, smaller peak is also provided in parentheses. The percentage
content of char in the sample affects the thermal effect of its combustion reaction in the second
stage of the experiment (in an oxidizing atmosphere). The measure of this thermal effect is the
enthalpy of combustion, determined based on the DSC curve. The enthalpy of combustion of
pyrolytic carbon (char) for sample A is 2963 J/g, and for sample B, itis 5487 J/g.

In Figure 3 C-D. thermograms of birch samples are presented. In this case, gas emission
also occurs in the temperature range of 300-400°C. Endothermic peaks are visible on the DSC
curves, combined with similar mass losses (C — 64.19% on the TG curve. D — 67.67%).
Pyrolysis in samples C and D occurs at similar temperatures and often proceeds in two stages.
The temperatures read from the peaks of the DTG curves (Tmax) are 305(358)°C for sample
C and 290(359)°C for sample D. The decomposition of biomass samples also occurs in two
stages. The enthalpy of combustion of pyrolytic carbon (char) for sample C is 5154 J/g, and for
sample D, it is 4968 /g )
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Fig. 3 C-D. Thermograms of birch samples (C — Malopolskie Voivodeship: D - “Bory Tucholskie™ National Park)
obtained from TGDSC experiment
Rys 3 C-D. Tenmogramy probek brzozy (C - wojewodzwo malopolskic: D - Park Narodowy "Borny Tucholskic™)
uzyskane z eksperyment TGDSC,

The lower the temperature at which pyrolysis occurs, the easier it is for side chains in
organic compounds to detach, affecting the thermal stability of cell walls (Szechynska-Hebda
& and Hebda 2011). These components undergo degradation in different temperature ranges.
There is also a mineral substance in wood, the content of which may vary depending on the
and mass of wood. Based on the TG/DSC expeniment results, the alder ash content ranges
from 2.24% by weight, (Bory Tucholskie National Park) To 0.58% by weight (Malopolskie
Voivodeship), and birches from 3 68% by weight (“Bory Tucholskie™ National Park) to 3 38%
(Malopolskie Voivodeship). In addition to carbon, hydrogen, oxygen and nitrogen, there are
calcium, potassium, magnesium, sulfur, phosphorus, copper and other elements, as well as
silica and oxalates are often found on the surface of the wood cell wall (Demeyer et al. 2001).

For the examined wood samples, the phenomenon of endothermic bending, indicating
no change in mass, was observed at temperatures of 700 — 750°C, This suggests the melting
effect of the ash of the tested samples at that point in the process. The obtained thermograms
und FT-IR spectra were presented graphically, The results of the analysis of gas products (FT-
IR) are shown in Figure 4 A-B and Figure 5 C-D. FT-IR spectra were presented for
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temperatures of 350°C (pyrolysis process) and 650°C (combustion of the residual char after
pyrolysis).

AL 350°C, mainly carbon monoxide (CO) and carbon dioxide (CO:) are released. The
release of COz is associated with cracking and restructuring of carbonyl and carboxyl groups,
while CO is released due to the breakdown of C-O-C and C=0 bonds. Visible vibrations of O-
H and H-O-H bonds (in the ranges of 4000-3500 and 1900-1300 cm™, respectively) indicate
the breakdown of bonds in the cellulose chain and the decomposittion of other organic
compounds, which is associated with the release of water. Thermal dehydration of cellulose
into gases usually occurs through two competing reactions. depolymenzation and dehydration
(Burhenne et al. 2013).

The spectra obtained at 650°C show gases released during the combustion of char. The
product of char combustion is CO;, and the intensity of its release (expressed in absorbance

units) depends on the amount of pyrolytic carbon remaining after the pyrolysis process.
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Fig. 4 A-B.FTIR spectra Tor semperatieres of 350°C (pyrolysis process) and 650°C (combustion of the rensuning
char after pyrelvsis) for alder samples (A - Malopolskic Vomvodeship; B - Bory Tucholskic Natioral Park).
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Rys 4 A-B. Widma FTIR dia temperatur 350°C (proces pirolizy) 1 650°C (spalanic pozostiego po pirolizic wegla
drzewnego) dla probek olchy (A - wojewodziwo malopolskie; B - Park Narodowy Bory Tucholskee ),

The FT-IR data of sample B provide significant information regarding the formation of
volatile organic compounds from the pyrolysis of components of wood biomass. The
simultaneous evolution of several volatile compounds with similar chemical structures limits
the identification of each individual component through FT-IR spectral analysis.
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Fig. 5 C-D, FTIR spectra for temperstures of 350°C (py rolysis process) and 650°C (combastion of the remsining
char after pyrolysis) for birch sumples (C - Malopolskic Voivedeship: D — "Bory Tucholskic™ National Park).
Rys 5 C-D. Widma FTIR dla temperanur 3530°C (proces pirolizy ) 1 650°C (spilinee pozostalego po pirolizie wegli
draewnego) dla probek brzozy (C - wojewddawo malopolskic: D - Park Narodowy "Bory Tucholskic™).

3. Chemical analysis of aqueous suspensions of biomass ashes

According to Vassileva et al. (2014), the content of soluble fractions (sulfates, chlorides,
nitrates, poorly soluble phosphates) in biomass ashes can reach up to 61%.

The measured values of conductivity (Czs) and pH of agqueous suspensions from ashes,
as well as selected chemical components, are presented in Table 3. Wilczynska-Michalik et al.
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(2018) [43] obtained a pH of 12 and conductivity of 3.86 mS/cm for the aqueous suspension of
wood biomass ash (including birch). A slightly acidic reaction (pH = 6.70) characterizes the
aqueous suspension of birch ash obtained in the Malopolskie Voivodeship, while the remaining
samples of aqueous suspensions have alkaline pH values (pH = 9.98 — 10.52) within a similar
range of values (Table 3). These values exceed the permissible pH level in aqueous suspensions
Al, B1, and D1 required when introducing wastewater into water or soil, as well as regarding
substances particularly harmful to the aquatic environment in Poland.

The results of conductivity of aqueous suspensions of ashes show greater variability,
with higher conductivity values measured in ash samples from alder and birch, which originate
from the "Bory Tucholskie" National Park (B1 — 2.190 mS/cm; D1 - 3.170 mS/cm).

Table 3 The leachability of contaminants from the aqucous suspensions of biomass ash.

Tabela 3 Wymywalnos¢ zanieczyszczen z wodnych zawiesin popiolu z biomasy.

Leachability Al Bl C1 D1 Limit values
(Rozporzadzenie MS,
MGMiZS, 2014, 2019)
pH 998 10.27 6.70 10.52 65-9.0
Cas (mS/em) 0.678 2.190 0.451 3.170 -
[ons (mg/L)
Ca’' 6.86 20.39 13.69 18.73 -
Mg 6.59 60.68 8.74 80.30 -
Na* 6.71 23.51 2.68 40.56 800.0
K’ 208.85 620.85 112.25 943.36 80.0
Cl 2,66 32.79 9.63 47.32 1000.0
SO~ 26.48 1775.77 25.10 305.33 500.0
NOy 336 29.15 148 31.64 30.0
PO+ 5.67 2061 40,24 19.62 -
Toxic elements (ng/l.)
Zn 1.6 1.8 33 25 2000.0
Cu 1.0 08 2.7 22 500.0
Ni 1.0 1.0 1.4 1.1 500.0

During the biomass combustion process, soluble compounds such as K, Na, Ca, and Mg
are formed, resulting in a significant increase in the pH of aqueous suspensions of ashes.
Conductivity measurements confirm that conductivity is a measure of the amount of salts
dissolved in water. Salt emissions at landfills are associated with the leaching process.

Therefore, their quantity will depend on water supply.
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The aqueous eluates of ashes A1 and C1 are characterized by low leachability of SO4*
- ions (Table 3) compared to the aqueous suspension of ash B1, for which the permissible value
of sulfate ions has been exceeded more than 3 times. The conducted research showed very high
leachability of potassium ions (620.854 - 943.369 mg/L) in samples B1 and D1. According to
Dahlin et al. (2016), leaching of potassium from biomass ashes can lead to an increase in
conductivity due to its increased concentration in the ash. Higher concentrations of leached
potassium and sulfate ions likely result from the relatively high solubility of the potassium
cation (Alves et al. 2019). The high leachability of these ions is confirmed by research results
obtained by various authors (Jaworek et al. 2013; Vassilev et al. 2013; Wilczynska-Michalik et
al. 2018). Phosphates (V), NOs" Na' and Ca*' are leached to the least extent in all examined
aqueous suspensions of ashes. The low concentration of chloride ions in aqueous suspensions
of biomass ashes may be related to the organic occurrence of chlorine in woody biofuel
(Vassilev et al. 2013). In aqueous suspensions of biomass ashes, NH4", F~, and Br ions are
present below the detectability limit of the method.

The differences in the occurrence of ions in ash samples determine the following
sequence, from the highest to the lowest value:
sample B1: S04 > K' > Mg? > Cl"> NOy > Na' > POs* > Ca*
sample D1: K' > S04%> Mg® > ClI'>Na' > NOy > Ca® > POs*

Among the toxic metals leached from the aqueous suspensions of ashes, only Zn, Cu,
and Ni were determined. The studies showed that Zn, Cu, and Ni are leached to a lesser extent
from samples Al, Bl, and DI. This is the result of leaching of pollutants under alkaline
conditions. From the slightly acidic aqueous suspension of ash (sample C1), the amounts of
leached Zn and Cu are slightly higher, at 3.3 pg/LL and 2.7 pg/L. respectively (Table 23). In
none of the aqueous suspensions of biomass ash were the permissible values of Zn, Cu, and Ni
exceeded.

Laboratory studies of aqueous suspensions of biomass ashes probably only partially
reflect the simulation that would take place under environmental conditions, and therefore,

according to Li et al. (2012), they should not be considered entirely safe for the environment.

4. The Biomass Ash Toxicity Indicator (BATI)

The Biomass Ash Toxicity Indicator (BATI) is used to assess the toxicity of individual
potentially toxic elements, which are crucial in evaluating the suitability of biomass ash when
used as fertilizer for agricultural purposes (Nahlik et al. 2019, S. Venkata Mohan and Reddy

1996 - modified). Values below 0 indicate exceeding the permissible limit when using a specific
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ash for agricultural purposes, and a negative value represents the magnitude of this exceedance
(Fig.6). The threshold values for ash were established based on the threshold levels obtained

for compost from household waste:

BATl oy — PTE

A= s

where:

BATI .y - limit value for potentially toxic elements:

Cd (0.7 mg/kg), Crand Cu (70 mg/kg), Pb (45 mg/kg). Ni (25 mg/kg), Zn (200 mg/kg) (Rakshit et al 2018; Yang
et al. 2022)

PTE — amount of the potentially toxic element in the sample

Cu Ph ‘

n

i 1§
Ni

C N Cr

BATI
W

Al mBl mCl mD1

Fig.6. Biomass ash toxicity indicator (BATI) for biomass ash samples
Rys.6. Wskaznik toksveznosci popiolu z biomasy (BATI) dla probek popiolu 2 biomasy

In the samples of biomass ashes, negative values were obtained for samples B1, C1, and D1 for

zinc, and for samples C1 and D1, the limit for cadmium was exceeded.

Conclusions

In samples of raw alder and birch biomass, similar concentrations of Zn and Cu were
determined regardless of origin, with higher concentrations found in birch samples from the
"Bory Tucholskie" National Park. All wood biomass ashes are enriched in Zn and Cu. Higher
concentrations of these elements were detected in ashes from burning birch from the "Bory
Tucholskie" National Park. The higher concentration of these elements may be associated with
organic matter in forest soils and their concentration in humus soil layers, A higher content of

Ni was determined in the ash from alder from the Maltopolskie Voivodeship, which may be
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related to anthropogenic processes in the soil due to various sources of this element. Both
biomass ash samples for birch exceeded the acceptable threshold limit for Zn and Cd, beyond
which it may be problematic to use this ash for agricultural purposes. Based on the obtained
research results, it is not possible to definitively determine which biomass and from which area
are suitable for combustion in low-temperature energy combustion processes.

The conductivity values of water suspensions of biomass ashes vary greatly depending
on the origin of the biomass. Potassium and sulfate ions are the dominant components in the
water suspensions of alder and birch ashes from the "Bory Tucholskie" National Park. The
leaching of potassium and sulfate ions does not meet the criteria for neutral waste, and their
leaching should be considered a potentially negative factor in the environment. Due to the
alkaline pH of the water suspensions of biomass ashes, the efficiency of leaching toxic elements
is lower. The chemical composition of water suspensions of wood biomass ashes indicates the
need for further research in this area to determine the leaching of pollutants from them under
natural conditions.

Thermal analysis made it possible to analyze the reactivity of wood and examine the
processes that wood undergoes during temperature changes. DSC/TG analysis showed lower
thermal stability of alder obtained from the Malopolskie Voivodeship than alder from the "Bory
Tucholskie" National Park. Based on the thermograms, hemicelluloses are probably the least
durable component of wood. Further research in this area should be conducted at this stage.
Thermal analysis of alder and birch biomass showed the influence of its composition and origin
on behaviour under high-temperature conditions. It proved effective in observing biomass mass
changes and their reactivity in the energy process, releasing fuel components, and analyzing the

composition of gases emitted during the process.
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Abstract

Experimental studies were conducted in laboratory conditions to assess the suitability of alder
and birch for use in individual home furnaces and the potential storage of ashes in the
environment. Raw biomass samples were combusted at 450-500+15°C. The tree species (alder
and birch) originated from Poland (Malopolskie Voivodeship) and the "Bory Tucholskie"
National Park (Pomorskie Voivodeship). This study aimed to determine the content of toxic
metals (As, Cd, Cr, Cu, Hg, Ni, Pb, Tl) in raw biomass and its ashes, ions eluted from water
eluates of ash, and to analyze the thermal degradation process of wood. In addition to the
analysis, the study used inductively coupled plasma optical emission spectroscopy (ICP-OES)
and ion chromatography (I1C), and thermogravimetric anabysis analyses (TG/DSC) and powder
X-ray diffraction. The content of volatile parts in wood biomass ranges between 67.2-82.5%,
ash content 2.9-19.1% and calorific value 14.8-17.1 MJ/kg. Moisture content in the wood
biomass ranges from 14.6-18.7% (birch) and 17-19.2% (alder). The content of toxic metals was
generally low in raw biomass, except for Co, Zn and Ni, and higher in ashes, varying depending
on the origin of the biomass. TG/DSC curves allowed for the identification of the main stages
of wood biomass degradation, corresponding to moisture content in the range of 2.73-5.83%
(wt.%), ash (0.58-3.68% wt.%), volatile matter (59.63-76.46% wt.%), and fixed carbon
(20.23-32.3% wt %). Higher sulfate and potassium ions concentrations were detected in water
eluates of ashes from the "Bory Tucholskie" National Park. The research results do not indicate
that alder and birch ey can be used for low-temperature combustion, however, it is advisable
to conduct comprehensive stadies-research in this area.

Streszczenie

Przeprowadzono badania ckspervmentalne w warunkach laboratorvinyveh w celu oceny przyvdatnosci
olchy 1 brzozy do wykorzystania w indywidualnyvch piecach domowych oraz potencjalnego
wykorzystania i skladowania popiolow w srodowisku. Probki biomasy surowej spalano w temperaturze
450-500+£15 °C. Gatunki drzew pochodza z Polski (wojewodztwo malopolskie) oraz z Parku
Narodowego .Bory Tucholskie”™ (wojewodztwo pomorskie). Celem niniejszego badania bylo
okreslenie zawartoser metali toksycznych (As, Cd. Cr, Cu, Hg, Ni, Pb, Tl) w biomasic surowej 1 j¢j
popiolach, wymywanych jonow  z cluatow wodnych popiolow i analiza procesu termicznej degradacji
drewna. W badaniach wykorzystano metodg spektroskopii emisvjnej ze wzbudzeniem w plazmie
indukeyvinie  sprzg¢zonej (ICP-OES) 1 chromatografi¢  jonowa (IC). wvykonano analizy
termograwimetrvezne (TG/DSC) oraz dyfrakeje rentgenowska metoda proszkowa (XRD). Zawartosé
czgscl lotnych w biomasie drzewnej waha si¢ migdzy 67.2-82.5%. zawartos¢ popiolu 2.9-19.1%. a
wartos¢ kalorvezna wynosi 14.8-17.1 MJ/kg. Zawartos¢ wilgoci w biomasie drzewnej waha si¢ migdzy
14.6-18.7% (brzoza) 1 17-19.2% (olcha), Sklad mineralny badanych probek jest malo zroznicowany.
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Zawartos¢ metali toksveznych jest na ogol niska w biomasie surowej. z wyjatkiem miedzi. cvnku 1
niklu, oraz wyzsza w popiolach, zréznicowana w zaleznosci od pochodzenia biomasy. Krzywe
TG/DSC pozwolily zidentyfikowac glowne etapy degradacji biomasy drzewnej, ktore
odpowiadaja zawartosci wilgoci w zakresie 2,73-5,83% (wag.), popiotu 0,58-3,68% (wag.),
materialow lotnych 59,63-76,46% (wag.) oraz wegla stalego 20,23-32,3% (wag.). Wyzsze
stgzenia jonow siarczanowych i potasowych oznaczono w eluatach wodnych popiotow z Parku
Narodowego ,,Bory Tucholskie”. Wyniki badan niejednoznacznie wskazuja, ze olcha i brzoza
moga by¢ wykorzystane w spalaniu niskotemperaturowym; jednak wskazane jest prowadzenie

kompleksowych badan w tym zakresie,

Reply:
https://www.editorialsystem.com/gsm/article/488438/view/#messages

Editorial Office of Gospodarka Surowcami Mineralnymi - Mineral Resources Management
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87-108, DOI:10.24425/gsm, 2023, 145882
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koordynacji procesu publikacji.

Adametate Wang

---------------------------------------------------------
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130:5530480400



2atgcznik nr 9
do plsma okéinego nr
Prorektora ds. nauki i

finansow
z dnia 19 lutego 2024,

Sosnowiec, 27.04.2025
Joanna Adamczyk

OSWIADCZENIE OSOBY UBIEGAJACE] SIE O WLASNYM WKLADZIE
W POWSTAWANIE PRACY

Oswiadczam, ze w pracy:

Adamczyk ]., Smotka-Danielowska D. (2025) Assessment of pollution by potentially toxic elements of agri-
food biomass combustion ashes under different temperature regimes, Archives of Environmental

Protection Vol. 50 no. 4, 64-74. doi:10.24425/aep.2025.153750

Moj udziat polegat na opracowaniu koncepcji i zaprojektowaniu badania, opracowaniu metodologii (dobor
i przygotowanie probek), obliczeniu i weryfikacji wskaznikéw geochemicznych (BATI, Cf, PLI, CD),
interpretacii wynikéw stezeri PPT, przygotowaniu wykreséw i tabel, redakqi manuskryptu oraz
koordynacji procesu publikacji.

--------------------------------------------------------
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Zalgcznik nr 10

do pisma okélnego nr 2
Prorektora ds. nauki i finanséw
z dnia 19 lutego 2024 r.

OSWIADCZENIE
WSPOLAUTORA OSOBY UBIEGAJAE! SIE O WEASNYM WKLADZIE W POWSTAWANIE PRACY

Sosnowiec, dnia 24.04.2025

Danuta Smotka-Danielowska
imig | nazwisko wspotautora publikacji

Uniwersytet Siaski, Instytut Nauk o Ziem|
Afiliacja

OSWIADCZENIE

Oswiadczam, ze w pracy:

Adamczyk J., Smolka-Daniclowska D). (2025) Assessment of pollution by potentially toxic elements
of agri-food biomass combustion ashes under different temperature regimes. Archives of
Environmental Protection Vol. 50 no, 4. 64-74. doi:10.24425/acp.2025.153750

(autorzy, rok wydania, tytut, czasopismo lub wydawca, tom, strony)

Mdj udziat polegat na interpretacji wynikow stezen PPT, sprawdzenia poprawnosci obliczen indeksow
geochemicznych i korekcie tekstu przygotowanego do publikacji.

-----------------------

Podpis wspdtautora publikacji

132
132:7670473173



Zafgcanik ne 9
do pisma okélnego nr
Prorektora ds, nauki i

finansdw
7 dnia 19 lutego 2024 r,

Sosnowlec, 27.04.2025
Joanna Adamczyk

OSWIADCZENIE OSOBY UBIEGAJACE] SIE O WEASNYM WKLADZIE
W POWSTAWANIE PRACY

Oswiadczam, Zze w pracy:

Adamezyk |, Labus M., Danuta Smotka_Danielowska D (2025) Toxic elements, leachability and the
results of thermal analysis of woody biomass from environment with varying degrees of pollution.
Artykul po recenzjach, przyjety do publikacii w czasopismie Gospodarka Surowcami Mineralnymi-
Mineral Resources Management (GSM-00529-2024-03) (publikacja zaakceptowana do druku)

Mdj udzial polegal na opracowaniu koncepeji i zaprojektowaniu badania, opracowaniu metodologii (doboér
i przygotowanie probek), interpretacji wynikow stezen PPT, wymywalnodci popiolow, obliczeniu
wskaznika BATI, redakcfi manuskryptu oraz pelnienie funkgji autora korespondencyjnego (prowadzenie
korespondencji z redakcja, nadzorowanie procesu recenzji | wysytki artykutu),

Adlwm e T anag

podpis

133

133:9799851122



Zatgeznik nr 10

do pisma okblnego nr 2
Prorektora ds. nauki i finansdw
z dnia 19 lutego 2024 r.
OSWIADCZENIE
WSPOLAUTORA OSOBY UBIEGAJAE!S SIE O WEASNYM WKLADZIE W POWSTAWANIE PRACY
-
Sosnowiec, dnia 24.04.2025
Danuta Smotka-Danielowska
Imig i nazwisko wspdtautora publikacji
Uniwersytet Staskl, Instytut Nauk o Ziem|
Afiliacja
OSWIADCZENIE

Oswiadczam, ze w pracy:

Adamczyk J., Labus M., Danuta Smolka-Daniclowska D (2025) Toxic clements, leachability and the
results of thermal analysis of woody biomass from environment with varying degrees of pollution.
Artykul po recenzjach, przyjety do publikacji w czasopismie Gospodarka Surowcami Mineralnymi-
Mineral Resources Management (publikacja zaakceptowana do druku)

(autorzy, rok wydania, tytut, czasoplismo lub wydawca, tom, strony)

Mo6j udziat polegat na przygotowaniu wniosku w celu pozyskaniu probek drewna z Parku Narodowego
.Bory Tucholskie” i ostatecznej korekcie tekstu przygotowanego do publikacji.

------------------------------------------------------------

Podpis wspdtautora publikacji
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134:3560207287



Zalgeznik nr 10

do pisma okoinego ne 2
Prorektors ds. nauki | finanséw
z dnda 19 lutego 2024 1.

OSWIADCZENIE
WSPOEAUTORA OSOBY UBIEGAJAE] SIE O WEASNYM WKEADZIE W POWSTAWANIE PRACY

4

Miejsce ...Gliwice........., . dnia ...25.04.25...

Matgorzata Labus
Imig i nazwisko wspolautora publikacji

Politechnika Skgska
Afikacja

OSWIADCZENIE

Oswiadczam, ze w pracy:
Toxic elements, leachability and the results of thermal analysis of woody biomass from environment with
varying degrees of pollution, Gospedarka Surowcami Mineralnymi (w druku)

(auterzy, rok wydania, tytud, czasopismo lub wydawca, tom, strony)

Podpis wspdtautora pubiikac)|

135
135:2456203854



