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Piredmluva a podékovani

Na tomto misté¢ bych rad podékoval svym spolupracovnikiim, rodin¢ a ptitelkyni,
bez nichZ by tato prace nevznikla. Zvlastni dik patii prof. Ing. Ladislavu Koléfovi,
DrSc. za vSechny rady, zkuSenosti a znalosti, jeZ mi predal.

Nasledujici text bych uvedl dvéma nad¢asovymi citaty, které s tématem orga-
nické hmoty a ptidni Grodnosti nepochybné souviseji a vystizné naznacuji charakter

myslenek, jez jsou V praci obsazeny.

It 1s the decay of organic matter, and not the mere presence of it, that gives

"life" to the soil* (Hopkins, 1910).

»Attempting to hoard as much organic matter as possible in the soil, like a miser
hoarding gold, is not the correct answer. Organic matter functions mainly as it is de-

cayed and destroyed. Its value lies in its dynamic nature* (Albrecht, 1938).



Obsah

L VOOt 5
2  Puada, ptidni organickd hmota a jeji VYZnam .........cccccevviiiiiniiiiciice e 9
2.1 Ptda a pidni organicky uhliK........ccoooiiiiiiiiiii 9
2.2 Ukladani versus rozklad ptidniho organického uhliku...........ccccooviiiiiinnn, 11
2.3 Perzistence pidni organick€ hmoty.........ccccoviiiiiiiiiniieccn 13
3 Komentované publikace autora — CASt L........cccvvvveeririrseieeeissesesieesssesesesneenas 17
Publikace 1: Déleni ptidni organické hmoty na labilni a stabilni frakce................ 17

Publikace 2: Vliv vybranych péstebnich technologii kukufice na zmény labilni

frakce piidni organické hmoty v pisc¢ito-hlinité¢ kambizemi...........cccooeriieinrrnnne 35
Publikace 3: Black carbon a jeho vliv na sekvestraci uhliku v padé ..................... 44
4 Biochar jako plidni pomocnd 1atka..........ccccoeiiiiiiiiiiiice 63
41  COJetO DIOCNAI?. ..o 63
4.2  Vyuziti a 0€inky biochart .........ccoceiiiiiiiiiii e 64
4.3  Rizika spojend s aplikaci biocharu ...........cccoceviiiiiiiii 65
5  Komentované publikace autora — CASt 2.........ccocueurrerveeveereeressesssesseseereenssnennes 67

Publikace 4: Vliv pyrolyzni teploty na vlastnosti biocharu a jeho efekt na plidni

hydrologické podminky .........ccccoeiiiiiiiiiii 67

Publikace 5: Metaanalyza dopadti rGznych oxidaénich metod na povrchové

VIASTNOStE DIOCNAIU ... 84

Publikace 6: Srovnani u¢inkt aplikace biocharu a kompostu na vododrznost a vynos

ryze pii vodnim stresu: dvouletd polni studie ..o, 99

Publikace 7: Srovnani vlivu biocharu a zeolitu na pidni hydrologické indexy a

rUstove charakteristiKy IYZe€ .....oocoiiiiiiiiiiiiii 113

Publikace 8: Pfedbézna zjisténi o fotosysntéze a bioakumulaci kadmia v ryzi (Oryza
sativa L.) a kukufici (Zea mays L.) za pouziti biocharu vyrobeného ze slamy

pochdzejici Z C3 a C4 1OStIN ....ooiviiiiiiic e 128

Publikace 9: Podpora udrzitelného zemédélstvi a zmirnéni emisi sklenikovych

plynti pomoci biocharu ziskaného z Cistirenskych kali—review........................ 142



6  ZAVEr ...
Seznam pouzité literatury.

Seznam pouzitych zkratek



1 Uvod

Piida je nezastupitelnym vyrobnim faktorem v zeméd¢€lské produkci napti¢ kontinenty.
Tato dynamicky se vyvijejici ¢ast zemského povrchu obsahujici jak mineralni, tak i
organicky material, je ovlivnéna nespoctem fyzikalnich, chemickych a biologickych
Ciniteli. Odehrava se v ni fada slozitych procesti véetné pfemén organickych latek.
Pravé obsah puidni organické hmoty a jeji kvalita jsou jednim z faktort, které ovliviuji
urodnost pudy. Tedy jeji schopnost zabezpecovat nezbytnymi podminkami existenci a
reprodukci zemédélskych plodin.

Organicka hmota piisobi na fyzikalni i chemické vlastnosti pidy, ovliviiuje 1
slozeni ptidni bioty. Jsou-li piidy dobfe zasobeny organickou hmotou, maji vyssi
schopnost vyrovnavat vykyvy pocasi. Pidni organickd hmota mé vyznam nejen na
urovni lokélni (pidni Grodnost, zachovani ekologickych funkci pidy), ale také glo-
balni (obsah uhliku v atmosféie). Snizovani obsahu pudni organické hmoty je proto
jednim z hlavnich faktorti vedoucich k degradaci ekosystémovych sluzeb a snizeni
odolnosti terestrickych ekosystémd.

Od dob, kdy se védci ptidni organickou hmotou zacali zabyvat, tedy zhruba od
pocatku 19. stoleti, doSlo v této oblasti vyzkumu ke znaénému pokroku. Zpocatku se
Vv pudnich vzorcich stanovoval pouze celkovy ogranicky uhlik v laboratofi (nejdiive
na ,,mokré ceste*, pozdéji i ,,suchou cestou’), dnes je mozné méfit piidni vzorky ptimo
v terénu napiiklad spektroskopickymi metodami NIRS (400-2500 nm) a MIR (2500—
25000 nm), laserem indukovanou spektroskopii LIBS, metodou INS (nepruzny rozptyl
neutrontl), ¢1 dalkovym prizkumem Zemé¢. Pro kvalitativni analyzy pidni organické
hmoty se v soucasnosti vyuzivaji moderni technologie, mezi néz patii naptiklad vyso-
kouc¢inna vylucovaci chromatografie (HPSEC), plynova chromatografie-hmotnostni
spektrometrie (GC-MS), pyrolyzni plynova chromatografie-hmotnostni spektrometrie
(pyr-GC/MS), nuklearni magneticka rezonance (NMR), iontova cyklotronova rezo-
nan¢ni hmotnostni spektrometrie s Fourierovou transformaci (FTICR-MS) nebo elek-
trosprejova ionizacni iontova cyklotronovd rezonan¢ni hmotnostni spektrometrie s
Fourierovou transformaci (ESI-FTICRMS). Presto zlstava mnozstvi mechanismi
transformace ptidni organické hmoty neobjasnéno.

V pribéhu let se objevilo nepfeberné mnozstvi védeckych praci, které popiso-

valy pudni organickou hmotu a jeji slozky odlisné. V dusledku toho vznikla i nejed-



notna terminologie, coZ v praxi miZze vést k fad¢ nedorozuméni. Nékdy muze byt ob-
sah organického uhliku povazovan za celkové mnozstvi organické hmoty, jindy za
mnozstvi humusu a tak podobné. Je tedy tfeba vénovat pozornost tomu, jak dany autor
pudni organickou hmotu déli, jaké latky povazuje za humus a tak dale.

Ackoli je vyznam laboratornich analyz pro pochopeni vyznamu a pfemén pidni
organické hmoty nezpochybnitelny, v praktickém zeméd€lstvi nejsou vystupy nékte-
rych praci fakticky vyuzitelné. Zemédélska praxe vyzaduje jednoduché doporucent,
ktera povedou k udrzeni ¢i zvySeni pudni Grodnosti jak v kratkodobém, tak i dlouho-
dobém horizontu.

Johnston et al. (2009) si polozili tyto otazky: Je ptidni organickd hmota dilezita
pro trodnost plidy? V jakém ¢asovém horizontu a s jakymi zemédé€lskymi postupy se
obsah pludni organické hmoty méni? Lze identifikovat, oddélit a kvantifikovat rizné
pudni faktory, které k ,,efektu organické hmoty* mohou napomoci?

Tato prace hleda na podobné otazky odpovédi. Dava si za cil prispét k prohlou-
beni znalosti o vlivu piidni organické hmoty na vlastnosti pidy a jeji tirodnost. Pied-
stavuje téz fadu poznatkli z oblasti vyroby a vyuziti biocharu. V neposledni fadé je
V praci srozumitelné vysvétleno ndzvoslovi pouzivané v souvislosti s vyzkumem
pudni organické hmoty, které je v disledku desitky let trvajiciho badani velmi nejed-

notné, nékdy az zavadejici.



Introduction

Soil is a non-renewable factor in agricultural production across continents. It is
a dynamically evolving part of the earth's surface, containing mineral and organic ma-
terial influenced by countless physical, chemical and biological factors. Many com-
plex processes take place in it, including transformations of organic substances. It is
the content of soil organic matter and its quality that affect soil fertility, i.e. its ability
to provide the necessary conditions for the existence and reproduction of agricultural
crops.

Organic matter affects the physical and chemical properties of the soil and the
consisting of the soil biota. If soils are well supplied with organic matter, they have a
higher ability to balance weather fluctuations. Soil organic matter is essential not only
at the local scope (soil fertility, preservation of the ecological functions of the soil) but
also at the global scope (carbon content in the atmosphere). Decreasing soil organic
matter content is one of the main factors leading to the degradation of ecosystem ser-
vices and the reduction of the resilience of terrestrial ecosystems.

Since scientists began dealing with soil organic matter (roughly from the be-
ginning of the 19th century), considerable progress has been made in this area of re-
search. Initially, only the total organic carbon was determined in the laboratory (first
in the "wet oxidation", later also in the "dry combustion™). Today it is possible to meas-
ure soil samples directly in the field, for example, using spectroscopic methods NIRS
(400-2500 nm) and MIR (2500-25000 nm), laser-induced breakdown spectroscopy
(LIBS), the INS method (inelastic neutron scattering), or remote sensing. Nowadays,
modern technologies are used for qualitative analyses of soil organic matter. It in-
cludes, for example, high-performance size exclusion chromatography (HPSEC), gas
chromatography-mass spectrometry (GC-MS), pyrolysis gas chromatography-mass
spectrometry (pyr-GC/MS), nuclear magnetic resonance (NMR), Fourier transform
ion cyclotron resonance mass spectrometry (FTICR-MS) or electrospray ionization
Fourier transform ion cyclotron resonance mass spectrometry (ESI-FTICRMS). Nev-
ertheless, the number of mechanisms of transformation of soil organic matter remains
unexplained.

Over the years, many scientific works have described soil organic matter and
its components differently. As a result, different terminology also arose, which can

lead to misunderstandings in practice. Sometimes the content of organic carbon can be



considered the total amount of organic matter. Other times the amount of humus, and
so on. It is, therefore, necessary to pay attention to how the given author divides soil
organic matter, what substances he considers to be humus, and so on.

Although the importance of laboratory analyses for understanding the meaning
and transformations of soil organic matter is indisputable, the results of some works
are not usable in practical agriculture. Agricultural practice requires simple recom-
mendations that will lead to maintaining or increasing soil fertility in both the short
and long term.

Johnston et al. (2009) asked the following questions: Is SOM important in soil
fertility? Over what time scales and with what farming practices do SOM contents
change? Can the various soil factors that might/can contribute to the "organic matter
effect” be identified, separated, and quantified?

This work is looking for answers to similar questions. It aims to contribute to
the deepening of knowledge about the influence of soil organic matter on soil proper-
ties and fertility. It also presents many findings from the production and use of biochar.
Last but not least, the work clearly explains the terminology used in connection with
soil organic matter, which, as a result of decades of research, is very inconsistent, and

sometimes even misleading.



2 Pida, pudni organicka hmota a jeji vyznam

2.1 Pida a pidni organicky uhlik

Pida, nezastupitelna slozka zivotniho prostfedi. Nenahraditelny vyrobni faktor v ze-
meédelské produkei, ale také poskytovatel fady vyznamnych ekosystémovych sluzeb.
Tato dynamicky se vyvijejici ¢ast zemského povrchu umoziuje existenci lidské civi-
lizace napfi¢ kontinenty v podobé, jak ji zname.

Expertni odhady hovoii o tom, zZe se na zemékouli nachazi pfiblizn¢ 48 milionti
km? ptid vyuzivanych pro zemédé&lskou ¢innost (Erenstein et al., 2021). Z toho pfi-
blizn& zhruba 14 milionti km? zaujima orna pada (Korschens, 2002; Pravilie et al.,
2021). Na téchto plochach je vyprodukovana naprosta vétSina vSech potravin. Pouze
1 % pochazi z vodnich zdroja (Pimentel, 2006). Ochrana pud a jejich funkci by tedy
m¢éla byt vefejnym zajmem v globalnim métitku (Clunes et al., 2022).

Ve védecké komunité panuje shoda, ze z hlediska délky lidského Zivota je ptida
pfirodnim zdrojem neobnovitelnym (napt. Gobin et al., 2004; Stefanidis et al., 2021,
Brady a Weil, 2017). I piesto jsou celosvétoveé obrovské plochy zemédé€lské pudy vy-
staveny fad¢é zdvaznych degradacnich procest, které snizuji jejich bonitu (Ferreira et
al., 2022). Jen ariditou je postizeno 40 % ornych pud (Pravilie et al., 2021). Mezi dalsi
iniciatory degradac¢nich procesi se fadi napiiklad vysoka mira eroze pudy (Sanderman
a Berhe, 2017) spojena se ztratou zivin (Visser et al., 2005), zne€isténi t€zkymi kovy
(Vacha, 2021) ¢i pokles obsahu organického uhliku v pudach (Berhe et al., 2007;
Smith et al., 2016).

Z hlediska zemé&d¢€lstvi je dulezitou vlastnosti pidy jeji tirodnost (Anghinoni a
Vezzani, 2021; Nord et al., 2022). Definic ptdni Grodnosti existuje v pudnich a agro-
nomickych védach nespocet (Patzel et al., 2000). Zjednodusené feceno se jedna o
schopnost pudy poskytovat péstovanym rostlinam ziviny, vodu a ostatni nezbytné pod-
minky zivota po celou dobu vegetace. Je mozné rozliSovat mezi urodnosti potencialni
a skutec¢nou. Potencialni trodnost je dana pfirozenym vyvojem a vlastnostmi pid. Za-
visi na zrnitostnim slozeni, genetickém vyvoji, celkové zasobé zivin v pudé¢ atd. Z hle-
diska zeméd€lského je ovSem vyznamnéjsi irodnost skute¢na (efektivni). Pro ni jsou
zasadni zasahy ¢lovéka do plidniho ekosystému. Na trodnost zemédélskych piid maji
vliv naptiklad fyzikalni (zrnitostni sloZeni, mnozstvi a pomér kapilarnich a gravitac-
nich port apod.) a chemické (hodnota pH, pufra¢ni schopnost ptd atd.) vlastnosti, dru-

hové sloZeni a pocetnost pudniho edafonu (Moral a Rebollo, 2017), ale také mnozstvi



a kvalita pidni organické hmoty (POH) (Balik et al., 2020; Cotrufo a Lavalle, 2022;
Hoffland et al., 2020; Oldfield et al., 2019).

Mnozstvi organického uhliku v piid¢€ je jiz mnoho let velkym tématem nejen
v souvislosti s ptidni Grodnosti, ale téz kvuli spojitosti se zménami klimatu. I piesto,
ze v dusledku historickych zmén vyuzivani ptidy a zemského pokryvu zasoba uhliku
v pude¢ klesla (Sanderman et al., 2017), plati, ze po oceanech je pedosféra druhou nej-
vét§i zasobarnou uhliku (Borrelli et al., 2018; Lugato et al., 2014). Jak uvadgji Simek
et al. (2019), vzhledem Kk riznému ptivodu, form¢ a neustalé dynamice, neni piesny
obsah uhliku v pid¢ znam. To potvrzuji rozdilna data publikovand riznymi autory.
Brady a Weil (2017) odhaduji obsah ptidniho organického uhliku na 2400 Pg, Horwath
(2015) dokonce na 3051 Pg. Lal (2008) se domniva, Ze zasoba organického uhliku
Vv pudé je 1550 Pg, dalSich 950 Pg je ve formé¢ uhli¢itanli. Autor také zmifuje, ze cel-
kova suchozemska biota obsahuje asi 560 Pg uhliku a je tak hlavnim zdrojem vstupti
organické hmoty do piidy. Rozhodujici mnozstvi ptidniho organického uhliku se vy-
skytuje v hloubce do jednoho metru (Minasny et al., 2017; Scharlemann et al., 2014;
Stockmann et al., 2013). Nejvyznamné&jSich je prvnich 30 cm pudy (Plaza et al., 2018).
V této hloubce se nachéazi zhruba 700 Pg organického uhliku (Batjes, 1996).

V udrzitelném zeméd¢lstvi je mozné dosahovat vysokych vynost, ovsem vzdy
s ohledem na zachovéni dobrého stavu Zivotniho prostiedi a blahobytu mistnich oby-
vatel (Godfray a Garnett, 2014; Pretty a Bharucha, 2014). Pro pidni urodnost, ale i
poskytovani ekosystémovych sluzeb ptid, je nezbytna ptitomnost POH, jez se sklada
z organickych slou€enin obsahujicich uhlik, vodik, kyslik, dusik, siru a fosfor (John-
ston et al., 2009). Je vSak neobycejné slozita. Jedna se o heterogenni smés organického
materidlu skladajici se pfevazné z rostlinnych, Zivoc¢isnych i mikrobidlnich zbytk,
vcetné ligninid, proteind, polysacharidli (celul6za, hemiceluldza, chitin, peptidogly-
keny), lipidd, voski, dalSiho alifatického materidlu (mastné kyseliny, kutin, suberin,
terpenoidy) a jinych minoritnich organickych latek. Zahrnuje tedy celé spektrum latek
— od nerozloZenych rostlinnych a Zivoc¢isnych tkani ptres efemérni produkty rozkladu
az po relativné stabilni a slozité produkty jejich pfemén (Kolaf et al., 2009).

Pudni organicka hmota je esencialni soucasti terestrickych ekosystému. Hraje
klicovou roli v udrzeni produktivity pudy a také v ochrané zivotniho prostiedi. Velmi
obecné 1ze roli POH shrnout nasledovné. M pozitivni vliv na ptidni strukturu (zvySuje
se poérovitost, objemova a specifickd hmotnost klesaji), kapacitu zadrzovani vody (Sar-

ker et al., 2022), poskytuje rostlinam ziviny (N, P a S a nékteré mikroelementy v dobé
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vegetace a v mistech ptidniho profilu, kde je obtizné aplikovat je hnojivy), tim Ze je
soucasti organo-mineralniho koloidniho komplexu pudy, zaroven podporuje i poutani
zivin v pudé (Gerke, 2022).

Obecné plati, ze vyCerpani organického uhliku v ptidé miize dramaticky ovliv-
nit kvalitu a zdravi piidy a nasledné zeméd¢lskou produktivitu. Ztraty ptidniho orga-
nického uhliku maji za nasledek pokles urodnosti ptdy, a proto patii mezi formy de-
gradace pudy v globalnim méftitku (Dregne, 2002; Lal, 2015; Zomer et al., 2017).

Pidy s nedostate¢nym mnozstvim (Ci Spatnou kvalitou) POH, se vyznacuji
horsi pidni strukturou a niz§i stabilitou pudnich agregati (Darwish et al., 1995), s ¢imz
souvisi 1 v&tsi ohrozenost erozi (Zhang et al., 2019). Maji mensi hydraulickou vodi-
vost, snizenou schopnost zadrzovat vodu (Leroy et al., 2008), jejich schopnost poutat
Ziviny je rovnéz narusena (Lal, 2015). Déle se jedna o sniZeni pufracni schopnosti pad
a zvyseni rizika mobility kontaminantt (Ukalska-Jaruga a Smreczak, 2020). Biolo-
gicka rozmanitost ptidniho edafonu klesa, spole¢né s ni i celkova aktivita ptdy, ¢imz

je negativné ovlivnén i kolobéh Zivin (Banwart et al., 2014; Pamminger et al., 2022).

2.2 Ukladani versus rozklad pidniho organického uhliku

Mezi odborniky, ale i laickou vefejnosti, je dlouhodobé piedmétem diskuse globalni
zména klimatu (Abbass et al., 2022; Simpson et al., 2021). | proto je v soucasnosti
velkym tématem ukladani organického uhliku do pudy (Basile-Doelsch et al., 2020;
Buckeridge et al., 2022; Whitmore et al., 2015). Pravé v ulozeni atmosférického oxidu
uhli¢itého do pidy spocivd, podle fady védct (napiiklad Lassaletta a Aguilera, 2015;
Hutchinson et al., 2007; Lal et al., 2021; Naorem, 2022; Smith, 2012), zastaveni Kli-
matickych zmén nebo alespon jejich zmirnéni.

V tivodu do této problematiky je tieba zdiraznit, ze Casto dochazi k zdméné ¢i
sméSovani pojmi ,,sekvestrace® a ,,ukladani* organického uhliku do pidy. Ukladani
organického uhliku znamena zvyseni jeho zasob v pudé v pribéhu ¢asu na dané po-
zemni jednotce. Nemusi byt nutné spojeno s ¢istym odstranénim CO z atmosféry.
Ptikladem muiZe byt aplikace hnoje na konkrétni pole namisto jeho homogenniho roz-
metani po krajiné. Muze tak dojit k mistnimu zvySeni zasob organického uhliku v
padg, ale k odstranéni CO2 z atmosféry v méfitku krajiny dojit nemusi (Chenu et al.,

2019). Sekvestrace organického uhliku v pudé naopak predpoklada Cisté odstranéni
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atmosférického CO». Olson et al. (2014) definuji sekvestraci uhliku jako proces pte-
nosu CO> z atmosféry do pudy prostiednictvim rostlin, rostlinnych zbytka a dalSich
organickych latek, které jsou v ptid¢ zadrzovany jako soucast organické hmoty. Doba
zdrzeni sekvestrované¢ho uhliku v pidé se mize pohybovat od kratkodobého az po
dlouhodobé skladovani (tisicileti). Sekvestraci lze tedy kvantifikovat pro konkrétni
dobu trvani. Za potencial ukladani uhliku dané ptidni jednotky je mozné oznacit ma-
ximalni pfirastek zasob pudniho organického uhliku dosazitelny v uréitém klimatu v
ohrani¢eném ¢asovém obdobi. Potencial sekvestrace uhliku dané pudy je definovan
maximalnim odstranénim CO> z atmosféry v ur¢itém klimatu béhem stanoveného ca-
sového useku.

Jakakoli podoba akumulace uhliku v pidé ma vsak své limity. Obsah a forma
POH totiz Gizce koreluji s témet vSemi fyzikalnimi, chemickymi a biologickymi vlast-
nostmi pady (Korschens, 2002). V zadné ptude se proto hladina POH nemtze zvySovat
donekonecna. Pro kazdy zemed€lsky systém a jeho fizeni, véetné managementu orga-
nickych 1 mineralnich hnojiv, existuje rovnovazna troven POH. Pro stanoveni vhodné
urovné rovnovahy jsou nutné dlouhodobé experimenty s nezménénou plodinou a ma-
nagementem. Dosazeni vyznamného zvyseni rovnovazné irovné¢ POH ve vétsiné ze-
meédelskych systému vyZzaduje velmi velké vstupy organické hmoty. Pokud nema ob-
sah POH klesat, museji byt zachovany. V jakémkoli systému hospodatfeni bude rov-
novazna Groven V jilovité ptidé vzdy vétsi nez v piide piscCité a v kterémkoli typu pidy
bude vyssi u trvalych travnich porost nez u dlouhodobého péstovani plodin na orné
pudé. Mnozstvi organické hmoty v ptidé zavisi na vstupech organického materialu,
rychlosti mineralizace POH, pudni struktufe a klimatu. Tyto faktory se vzajemné
ovliviyji tak, Ze se mnozstvi POH méni, ¢asto pomalu, smérem k rovnovazné hodnoté
specifické pro dany typ pudy a systém hospodateni (Johnston et al., 2009). V posled-
nich staletich obsah uhliku v pidach ¢asto klesal, a to zejména v ptidach obdélavanych.
Proto Wander a Nissen (2004) uvadéji, Ze by sekvestrace uhliku neméla byt chapana
jako uloZeni nového uhliku do ptdy, ale jako znovuobnoveni plivodnich zésob.

Nelze opomenout, Ze jednim z obecn¢ uzndvanych indikatori ,,ptidniho zdravi*
je pudni respirace (Bongiorno et al., 2019; Cardoso et al., 2013; Nunes et al., 2020).
Cim je ptdni edafon aktivngjsi, tim vétsi ptinosy POH jsou. Z hlediska zemédélské
produkce tedy vyhody organické hmoty nevyplyvaji z jeji akumulace, ale z jejiho roz-
kladu (Janzen, 2006). Relativné labilni frakce POH (mineralizuji v ramci mésict az

let) jsou proto zdsadni z hlediska Grodnosti pidy. Nejen Ze jsou zdrojem energie pro
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pudni organismy, ale po svém rozkladu poskytuji potifebné ziviny také rostlinam (Bon-
giorno et al., 2019; Korschens, 2002). Pro zemédélskou produkei na orné pudée tedy
neni stéZejni absolutni hodnota mnozstvi organického uhliku v pudé, ale naopak in-
tenzita rozkladu organické hmoty.

Z vyse uvedeného je tedy jasné, ze organicka hmota v piid¢ je mnohem vice
nez jen potencialni nadrz pro zadrzovani piebyte¢ného CO». Popisovanou problema-
tiku je tedy mozné shrnout slovy Janzen (2006). Autor jednoznacné uznava, ze
sekvestrace uhliku je chvalyhodny a rozumny cil. Zminuje, ze fada autort sekvestraci
vnima jako ,,win-win“ feSeni. Nejenze odstranuje nadbytecny CO. z atmosféry, ale
zaroven zlepsuje pudu tim, ze ptfidava do pudy organickou hmotu, coz je zdroj energie
a zivin pro biotu. Soucasné¢ vSak dlirazné upozoriiuje na €asto piehlizeny rozpor, ktery
s ukladanim uhliku do pidy nepochybné souvisi, a to, jak zvysit zasobu organického
uhliku v ptid¢ a soucasné zachovat jeji biologickou aktivitu? S konstantnimi vstupy
uhliku totiz neni mozné soucasné podpofit mikrobialni aktivitu a zaroven zvysit obsah
ptdniho organického uhliku. Snizeni biodiverzity pid a utlumeni aktivity edafonu by
vedlo k potlaceni mnoha ekosystémovych funkci (Dominati et al., 2010; Hooper et al.,
2012; Lori et al., 2017; Philippot et al., 2013; Schmidt et al., 2011). V zasad¢ je tedy
mozné bud’ podporovat mikrobialni aktivitu a ,,obétovat* padni uhlik, nebo ulozit do
pudy vice uhliku na ukor mikrobidlni aktivity. Z uvedeného textu tedy vyplyva, ze pii
prosazovani sekvestrace C v ornych pudach se sleduji dva protichiidné cile: ukladani
organické hmoty a zaroven jeji rozklad. Vyzkumnici by tedy neméli pouze hledat
cesty, jak do pudy ulozit co nejvice uhliku. Skute¢nou metou védeckého badani by
mélo byt nalezeni optimalni rovnovahy mezi zdsobami a spotfebou organického uh-

v

liku, které jsou v daném obdobi pro vybrany ekosystém a jeho sluzby nejptiznivejsi.

2.3 Perzistence pidni organické hmoty

Pldni organickd hmota neni v zadném piipadé soubor biochemicky nebo kineticky
jednotnych molekul (Guigue et al., 2022). Pravé kvili vysoké heterogenité této sku-
piny latek bylo zavedeno hodnoceni POH prostiednictvim celkového obsahu organic-
kého uhliku. Nékteti autofi uvadeji, ze vynasobi-li se obsah C (%) koeficientem 1,724,
vysledkem je procentudlni mnozstvi organické hmoty v ptdé (napt. Johnston et al.,
2009). Rada autorti dokonce vysledny souéin nepovazuje za obsah organické hmoty,

ale oznacuje ho pfimo za mnozstvi humusu. Napiiklad Korschens (2021) uvadi tuto
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rovnici: humus = ptdni organicka hmota = Zivé a mrtvé organické substance v ptidé =
organicky uhlik-1,724 (a to i pfesto, Ze ve své praci z roku 2002 na nespravnost naso-
biciho koeficientu 1,724 upozornuje).

Pouh¢ stanoveni celkového organického uhliku v ptidé totiz nevypovida nic o
kvalit¢ POH, ani jejim charakteru (Kolar a Losak, 2023). Pouzivani nasobiciho faktoru
1,724 (které se dodnes ve vyzkumnych pracich objevuje) je také naprosto chybné (na-
ptiklad Bierer et al., 2021; Minasny et al., 2020, Pribyl, 2010). Jak bylo jiz n¢kolikrat
zminéno, POH je velice heterogenni smé¢s, jejiz slozky maji rozli¢né vlastnosti. Proto
fada autortt POH déli do rtiznych skupin.

I Korschens (2021), ktery stale vyuziva koeficientu 1,724 a nerozliSuje mezi
humusem a POH, nabada ke striktnimu rozdéleni organické hmoty do dvou skupin.
Odd¢luje humus trvaly, ktery se neti€astni mineralizacnich procesii, a humus Zivny,
jez je vice méné¢ rozlozitelny. Podobné, ovsem piesnéji, rozliSuje Stevenson (1994)
zvlast' lehkou frakci a frakci oznacenou jako humus. Za humus povazuje huminové
latky a produkty syntetizované mikroorganismy, které se stabilizovaly jako nedilna
soucast pudy. Johnston et al. (2009) uvadéji, ze humus neobsahuje Zadnou stopu po
anatomické struktufe materialu, ze kterého byl odvozen.

Hayes a Swift (1978) popisuji POH jako heterogenni smés vSech organickych
slozek nachazejicich se v ptidé. Rozd¢€luji ji do dvou skupin s riznymi morfologickymi
a chemickymi vlastnostmi. Do prvni skupiny patii ¢erstvé organické zbytky a netrans-
formované soucasti starSich rozkladajicich se latek. Druhd skupina zahrnuje transfor-
mované produkty (nazyvané humus), které nemaji zadnou morfologickou podobnost
se strukturami, ze kterych byly odvozeny. Tyto transformované komponenty oznacuji
jako humifikované produkty. Skladaji se ze zhumifikovanych i nezhumifikovanych
substanci a Ize je proto dale délit. Jednou podskupinou jsou amorfni, hnédé zbarvené
huminové slozky (huminové kyseliny, fulvokyseliny, huminy). Do druhé podskupiny
se fadi dalsi latky pattici do rozpoznatelnych tfid, jako jsou napiiklad polysacharidy,
polypeptidy, pozménéné ligniny atd.

Kolar et al. (2005) navrhuji POH rozdélovat také na dvé skupiny. Prvni z nich
oznacuje jako primarni pidni organickou hmotu (PPOH). Do této kategorie fadi ves-
kerou POH, ktera neprosla celym procesem humifikace. I kdyz ma rtiznou stabilitu
Vv procesech hydrolyzy a oxidace, tedy i riznou rychlost biodegradability, je z hlediska
casového useku jednotek a desitek let rozlozitelna. Mtize mit i zna¢nou sorp¢ni kapa-

citu, ale vzdy nizkou kationtovou vyménnou kapacitu (KVK). Druhou skupinou je ta
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cast POH, ktera prosla celym procesem humifikace. Tuto ¢ast POH Kolaf et al. (2005)
oznacuji jako humus. Na rozdil od PPOH ma vyraznou nejen sorp¢ni kapacitu, ale také
KVK. Humus povazuji za stabilni organickou frakci, ktera je rozlozitelna v ¢asovém
useku stovek az tisict let.

Citovani autofi vychazeji z tradi¢nich frakcionacnich postupt, jimz pfedchazi
alkalickd extrakce humusovych latek. Predpokladaji, ze procesem humifikace vznikaji
polymerni makromolekularni huminové latky, které jsou odolné vici rozkladu diky
své ptirozené chemické stabilit¢. Ta je déna jejich neuspofddanou makromolekularni
strukturou (Almendros a Dorado, 1999) a je ovlivnéna také molekulovou hmotnosti
(Wei et al., 2014). Proto obecné plati, ze fulvokyseliny jsou rychleji mineralizovatelné
nez huminové kyseliny (Qualls, 2004). Humifika¢ni model, ktery uznava piitomnost
a stabilitu huminovych latek v ptidé¢, byl védci uznavan vice nez 200 let (Olk et al.,
2019).

V poslednich letech je ovS§em humifika¢ni model nékterymi autory zpochybiio-
van. Pochyby o spravnosti humifika¢niho modelu publikovali jiz v roce 2010 Kleber
a Johnson (2010). Schmidt et al. (2011) uvedli, Ze stabilita organické hmoty neni ur-
¢ena jeji molekularni strukturou, ale je dana funkci ptidnich vlastnosti a prostiedi. Le-
hmann a Kleber (2015) zazitou koncepci déleni POH zasadn¢ odmitaji. V jejich ¢lanku
dokonce popiraji tvorbu, a snad i existenci, huminovych latek. Domnivaji se, ze humi-
nové latky nejsou v pudé pifitomny (alespon v takové formé jako po jejich izolaci) a
vznikaji béhem alkalické extrakce POH (Kleber a Lehmann, 2019). Lehmann a Kleber
(2015) ptedstavili tzv. model pidniho kontinua. Pidni organickou hmotu tak povazuji
za kontinuum progresivné se rozkladajicich organickych sloucenin (od ptvodnich
vstupll neporusené biomasy po vysoce oxidovany uhlik karboxylovych kyselin). Or-
ganické fragmenty jsou tedy nepfetrzité zpracovavany komunitou rozkladact od vel-
kych rostlinnych a zivo€isnych zbytkli smérem k mensi velikosti molekul. VéEtsi oxi-
dace organickych materialli zvySuje rozpustnost ve vod¢ a zaroven poskytuje prilezi-
tost k ochrané proti dalSimu rozkladu spojenim s mineralnimi povrchy a zabudovanim
do agregatli. Tento model se tedy soustfedi na schopnost rozklada¢t ziskat piistup k
POH a na ochranu, kterou poskytuje mineralni slozka ptidy organické hmoté. Piedpo-
klad vyskytu zhumifikovanych latek a jejich odolnost vii¢i biodegradabilité jsou popi-
rany.

Ackoli je model ptidniho kontinua v soucasnosti velmi diskutovanym tématem

a ¢lanek The contentious nature of soil organic matter, ktery jej popisuje, ma na Web
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of Science pies 1 700 citaci, objevilo se mnozstvi autort, ktefi nejsou piesvédceni o
jeho spravnosti. Naopak patii mezi zastance teorii vychéazejicich z humifika¢niho mo-
delu. Rozséhlou praci poukazujici na slaba mista modelu ptidniho kontinua publikovali
Hayes a Swift (2020). Poukazuji na jejich chybné piedpoklady a dezinterpretace, zau-
jatost, neschopnost citovat ¢lanky, které jsou v rozporu s jejich ndzory. Zaroven jsou
presvédceni, ze model piidniho kontinua neni dostatecné podepien redlnymi experi-
menty, zejména z oblasti pedochemie. DalSimi vyznamnymi kritiky jsou naptiklad De
Nobili et al. (2020) ¢i Olk et al. (2019).
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3 Komentované publikace autora — Cast 1

Tato ¢ast habilitacni prace obsahuje tfi studie, které se pfimo zabyvaji organickou
hmotou v ptadé a jejim hodnocenim. Prvni ¢lanek se tyka déleni pidni organické hmoty
podle jeji stability vii¢i oxidaci a navrhuje novou metodu pro hodnoceni POH. V dru-
hém ¢lanku je pozornost zamétena na labilni frakce plidni organické hmoty. Organicka
hmota a ptdni struktura byla sledovéna pfi péstovani kukuftice seté riznymi technolo-
giemi. Byly hledany optimalni indikatory, které jsou schopny zachytit zmény labilnich
frakci 1 béhem kratké doby. Posledni ¢lanek z této skupiny je zamétfen naopak na sta-
bilni ¢ast POH, konkrétn€ na tzv. black carbon. V literatufe se Casto objevuji zminky
o jeho vysoké stabilité, a tedy 1 schopnosti sekvestrovat uhlik. Bylo zjisténo, ze v pi-
dach se objevuji dva typy této formy POH. Jedna se o black carbon, ktery vznikl
v ddvné historii pfi pozéarech vegetace a o black carbon antropogenni, ktery je spojen
s lidskou ¢innosti (spalovaci procesy). Tento ,,novy* antropogenni black carbon neni
vyznamng stabilizovan koloidni mineralni frakci. Lze se tedy domnivat, Ze jeho odol-

nost vi¢i mineralizaci bude niz$i v porovnani s black carbonem historickym.

Publikace 1: Déleni pudni organické hmoty na labilni a stabilni frakce

Kopecky, M., Kolaf, L., Perna, K., Vachalova, R., Mraz, P., Konvalina, P., ... & Dum-
brovsky, M. (2022). Fractionation of Soil Organic matter into Labile and Stable Fracti-
ons. Agronomy, 12(11), 73. DOI: 10.3390/agronomy12010073.

Z vySe uvedeného textu vyplyva, Ze terminologie v oblasti hodnoceni POH je velmi
nejednotnd. Srovnavani dat publikovanych riznymi autory je proto ¢asto velice ob-
tizné. Zmin€né problematice se ¢astecné vénuje i tento ¢lanek. Pfedevsim je nutné pfi-
jmout fakt, Ze organickd hmota v pideé je velmi pestrou smési latek. Je tedy ziejmé, ze
v riaznych zeméd¢lskych pidach mize mit POH odlisné vlastnosti, a to tfeba i velmi
vyrazn€. Mnozstvi organické hmoty tak nevypovida nic o jeji kvalite. I samotné hod-
noceni obsahu POH je zavadéjici. Napiiklad Korschens (2002) uvadi, ze 0,8 % orga-
nického uhliku v pisc¢ité pudé by mohlo byt povazovano za lepsi vysledek nez 1,5 %

organického uhliku v ¢ernozemi. Je tedy vzdy nutné brat v potaz mistni podminky.
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V kapitole 2.3 je nastinéna aktualni problematika povahy POH. Je feSen rozpor
mezi desetiletimi zavedenym uzusem vysoké stability huminovych latek (pfedevsim
huminovych kyselin) a modelem piidniho kontinua, ktery ptredpoklada, ze veskeré or-
ganické latky se v pade rychleji ¢i pomaleji pfeménuji na mensi a mensi ¢astice a sta-
bilita huminovych kyselin je zpochybiiovana.

Tento Clanek se vénuje overeni nové metody hodnoceni POH, ktera neni v pii-
mém rozporu ani s modelem humifikace, ani modelem ptdniho kontinua. Organicka
hmota je zde dé€lena na tzv. primarni pidni organickou hmotu (PPOH) a stabilni frakce
organické hmoty, a to na zaklad¢ jejich odolnosti vii¢i oxidaci. Pro pidni urodnost jsou
cenné predevsim labilni frakce POH (Bayer et al., 2002; Haynes, 2005), které jsou
reprezentovany PPOH. Hodnota této frakce spociva v jejim relativné rychlém roz-
kladu. Diky sv¢ labilité tedy slouzi jako zdroj energie pro ptidni mikroorganismy. Na-
sledn¢, po procesu mineralizace, uvoliuje ziviny rostlinam. Za druhou skupinu orga-
nické hmoty je povazovana ta, jez za danych podminek (0,4 mol/l roztok K>Cr.O7 v
12M H2SOq4 pti 90 °C po dobu 30 min) nezoxiduje. Je oznacovana jako stabilni orga-
nicka frakce. Protoze tyto relativné stabilni frakce za danych laboratornich podminek
nezoxiduji, je mozné predpokladat, ze jejich stabilita bude oproti stabilit¢ PPOH vyssi
i v realnych padnich podminkach. Avsak i tyto stabilni frakce maji v pudé svou funkci.
Je zfejmé, Ze do stabilni frakce spadaji 1 latky, které diky svym zdporné€ nabitym zbyt-
kim funkénich skupin —COOH a fenolickych —OH skupin s oddisociovatelnym vodi-
kem mohou byt nejen piidnim ionexem, ale spolu s aktivnimi povrchovymi silami i
donorem vazby s koloidni mineralni ptidni frakci. Tim pomahaji tvofit ptidni strukturu
a ovliviyji tak fyzikalni vlastnosti pudy véetné vodniho a vzdusného rezimu (Kolaf et
al., 2017). Dalsim benefitem téchto latek je jejich vysoka schopnost kationtové vy-
mény (Véchalova et al., 2014). Nelze opomenout ani fakt, Ze po Casové omezenou
dobu ziistava uhlik fixovan v plidnim prostiedi.

Metoda umozZziuje nejen stanovit obsahy (vyjadiené organickym uhlikem, ktery
jim ndleZi) obou skupin, ale hodnoti 1 jejich kvalitu. Kationtova vyménna kapacita
vyjadiuje kvalitu stabilni organické frakce. Kvalita PPOH je vyjadiena rychlostni kon-
stantou oxidace PPOH prosttednictvim 0,4 mol/l roztoku K>Cr.O7 v 12M H2SOg4 pti
60 °C béhem 40 minut.
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Tato metoda je urcena pro zemédélskou praxi, nikoli pro hlubsi védecky vy-
zkum. Zemédélciim by méla poskytnout informace o stavu POH, které¢ jim pomohou
piirozhodovani, zda pouzit vice ¢i méné rychle mineralizujici hnojiva (naptiklad kejda
nebo zelené hnojeni) nebo hnojiva se stabilizovangjsi organickou hmotou, jako je hntj,
kompost, nebo dokonce digestat z bioplynové stanice. Zeméde¢lci, ktefi maji podrobné
informace o kvalité POH, se tak mohou spravné rozhodnout o vyuziti riznych agro-
technickych opatieni ke zvysSeni mikrobidlni aktivity pady, ktera je pro zlepSeni urod-
nosti pudy zasadni.

Prace si kladla za cil porovnat klasické metody (stanoveni obsahu huminovych
kyselin a fulvokyselin, jejich pomér Chk:Crk a barevny kvocient E4/e) S touto novou
metodu pii hodnoceni POH. Byla zkoumana hypotéza, Ze klasické postupy lze nahradit
novou metodou, ktera je relativné levna, jednoducha a piistrojové nenaro¢na.

Klasické metody, které jsou zalozené na izolaci huminovych latek alkalickou
extrakci ptidniho vzorku a vysrdzenim huminovych kyselin z extraktu v kyselém pro-
stiedi jsou autory Lehmann a Kleber (2015) kritizovany. Ackoli nova metoda nepra-
cuje s extrahovanymi huminovymi kyselinami, ma také sva ,,slaba mista®. Jde napfi-
klad o to, ze chemickd oxidace je pouze simulaci procesu biodegradace v prirodnich
podminkach. Stejné tak ne vSechny latky, které spadaji do stabilni organické frakce,
maji pozitivni vliv na pidni strukturu ¢i zvySovani kationtové vyménné kapacity.

V pokusu bylo analyzovano Sest ptidnich vzorkd. Vysledky ukézaly, Ze to, co
bylo bézné povazovano za obsah humusu — soucet uhliku huminovych kyselin a ful-
vokyselin, je mozné nahradit stanovenim obsahu stabilnich organickych frakci. Nao-
pak bylo zjisténo, ze vysledky stanoveni kationtové vyménné kapacity nelze podle
statistického vyhodnoceni povaZzovat za rovnocennou ndhradu zavedené¢ho hodnocenti,
kdy je pocitan pomér Chk:Crk. Pfesto je kationtova vyménna kapacita dobrym indika-
torem kvality pudy (Khaledian et al., 2017; Taghizadeh-Mehrjardi, 2016).

Nové ovéfovana metoda vSak oproti klasickym postupiim umoziuje hodnoceni
kvality PPOH prostiednictvim rychlostni konstanty jeji oxidace. Ziskané vysledky po-
skytuji jasnou informaci o stavu POH. Dimyslnym pouzivanim vhodnych organic-

kych hnojiv mohou zemédé€lci zlepsit podstatné vlastnosti pidy, veetné jeji trodnosti.
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Abstrack The present study aims to test and evaluate the effidency of a new modified method of
organic matter evaluation, It allows the assessment of the quality and quantity of the primary soil
organic matter and the stable organic fractions separately. The new method was tested in six soil
samples of different localities in the Czech Republic. This method is based on observing reaction
kinetics during the oxidation of sofl organic matter and measuring the cation-exchange capacity
of stable organic fractions. The results were compared with classical methods, which rely on the
isolation of huimic substances, determination of the content of hiimic acids and fulvic acids and
their ratio: Cppa:Cra, quotient Ey g, and fractionation of scil organic matter according to resistance to
oxidation. It turned out that the results of the new modified methed are mome sensitive in comparison
with the results obtained by classical procedures. The linear regression demonstrated the dependence
between the amounts of soil crganic matter determined by the classical method compared with the
maodified method. Moreover, the new modified method was found to be faster and not demanding
an laboratory equipment. The new method has been improved to be easily repeatable, and some
shortcomings of the previous method were eliminated. Based on our mesults and other recent
studies, the modified method may be recommended for the practical evaluation of seil organic matter
conditions.

Keywords: analytical methods; fractionation; lability; medified method; soil organic matter; stability

1. Introduction

Soil terrestrial ecosystems are a significant producer of food for humans, livestock
feed, as well as a source of phytomass for energy purposes [1,2]. In recent years, many
studies have pointed to the deteriorating quality of agricultural soils. Due to the growing
worldwide population and deteriorating environment, an ever-increasing pressure is ex-
erted on the production properties of the soils. Thus, the quality of agricultural soils is an
increasingly achual topic [3-6].

Soil organic matter (SOM) is one of the most important factors determining soil fertility.
Many previous studies have repeatedly shown the irreplaceable role of SOM. Soils with
insufficient SOM are characterized by poor structure and low stability of aggregates [7,8];
they have low hydraulic conductivity and water-holding capacity [9], and generally low
nutrient-binding capacity [4]. Moreover, the important roles of SOM in acid buffering
were found [10]. The amount of organic carbon in the soil is also important in terms of its
temporary storage in the soil. Small changes in the soil organic carbon stock could result in
significant impacts on the atmospheric carbon concentration [11].
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The adequate use of organic fertilizers is one measure leading to an increase in the
amount of the SOM in the agricultural soils [12], which can increase microbial activity [13]
High microbial activity is one of the foundations of potential soil fertility [14]. However,
the effect of organic fertilization depends not only on the quantity but also on the quality
of the fertilizer used and the enwironmental conditions [15]. Moreover, farming methods
(fertilization, tillage, irrigation, ete.) can affect the decompesition of organic matter [15,17].
For example, Li et al. [18] found that N fertilization decreases SOM decomposition and
increases the efficiency of C sequestration in the soil through a higher portion of un-
decomposed crop residues.

The high content of total organic carbon (TOC) is often highlighted in the literature
as a sign of soil quality [19]. However, the amount of TOC is unequal to the SOM quality.
Thus, it is evident that the amount of TOC in the soil cannot indicate the quality of SOM.
Moreover, the farmers usually do not even distinguish between labile and stable forms of
organic fertilizers and other sources of SOM.

In general, the less stable the organic matter, the more it contributes to soil fertility.
Therefore, many authors consider the content of the labile fraction of SOM as a sign
of potential soil fertility [16,20-22]. However, not only the labile fractions of SOM are
important. The stable fractions, mainly due to their cation-exchange capacity (CEC) and
the positive effect on soil structure (especially humic acid), are also essential [23,24]. Cation-
exchange capacity is one of the most critical soil properties to measure soil ability to bind
and hold positively charged ions [2526].

However, the boundary between labile and stable organic matter is ambiguous. Many
authors fractionate organic matter differently [20-24,27,28]. However, undoubtedly hot
water extractable carbon can be considered labile [29]. From the point of view of stability,
the opposite side is represented by black carbon [30]. The boundary between labile and
stable SOM is given by resisting oxidation in the present study. The part of SOM which
resists oxidation in a 0.4 mol/ L solution of KoCroOy in 12 M of Ha50y at 90 °C for 30 min
is considered stable.

Marousek et al [31] published a new analytical method that is relatively not demand-
ing on laboratory equipment. In our work, we used the principle of this method to evaluate
the quality and quantity of organic matter in soil samples. However, we proceeded to a
slight modification. We used this method to evaluate three forest soil samples and three
arable land samples. We also evaluated these samples by classical methods (determination
of the content of humic acids and fulvic acids, their ratio Cyy :Cpa and the quotient Ey;g).

The work aimed to compare classical and modified methods in terms of their e ffective-
ness of sample evaluations according to the quality and quantity of SOM. The hypothesis
that classical procedures could be replaced by the modified method was examined, which is
undemanding in terms of instrumentation and brings results useful in agricultural practice.

2. Materials and Methods
21, Samples Lsed

Six soil samples from forest and agricultural land of the Czech Republic were tested
using both the classical method (CM) and the newly modified method (MM), described by
Marousek et al. [31].

Soil samples were as follows (soil taxonomy according to the World reference base for
soll resources 2014 [32])

A: Borova Lada locality at an altitude of 895 m, GPS coordinates: 48.986409, 13.671749;
forest soil sample (O-horizon) of medium-heavy cambisols (forest compesition: spruce

65%, pine 21%, birch 10%);

B: Zahradky near Borova Lada locality atan altitude of 880 m, GPS coordinates: 48.977437,

13.689511; forest soil sample (O-horizon) of medium-heavy gleysols (forest composi-

tion: spruce 81%, beech 11%, pine 4%);

21



Agronomy 2022, 12,73

Jofls

C:  Plavsko near StraZ and NeZarkou locality at an altitude of 464 m, GFS coordinates:
49088498, 14.894712; forest soil sample (O-horizon) of medium-heavy stagnosols
(forest composition: pine 79%, spruce 13%, oak 4%});

D:  Opafany locality at an altitude of 465 m, GPS coordinates: 49.405163, 14.478683;
agricultural soil sample (A-horizon) of medium-heavy cambisols;

E:  Ttebofi locality at an altitude of 434 m, GPS coordinates: 49.023263, 14.647633; agricul-
tural soil sample (A-horizon) of medium-heavy hivisols;

F:  Modfice u Brna locality at an altitude of 204 m, GPS coordinates: 49.115030, 16.614573;
agricultural soil sample (A-horizon) of medium-heavy chermozems.

COmne composited soil sample was taken from each locality. The first group of samples
(A, B, C) includes typical forest soils of the Czech Republic. Forest soils were chosen because
significant differences in the quantity and quality of their organic matter could be expected.
There was a presumption that these differences should be measurable by all methods and
therefore clearly evaluable. This is important for illustration of the obtained results. The
second group of samples (D, E, F) includes arable lands, represented by typical soil types
of the Czech Republic. Sampling was performed using a pedological sampling rod in May
2020.

Twenty subsamples (diagonally across the forest/ field) were taken from each locality
and composited. Material from the composited samples was used for subsequent processes.
The depth of sampling depended on the thickness of the soil horizon in the forest. The
depth of sampling was 0-0.2 m on the arable lands. Samples were dried at 60 °C to constant
weight. Particles larger than 2 mm were removed from the samples. The remaining soil
was homogenized and sieved through a 0.25 mm sieve. The analysis was made using the
resulting fine-grained soil.

The total organic carbon content of the samples was determined using the equipment
Primacs SLC Analyzer (SKALAR, Netherlands) with a dual-oven design, allowing separate
analysis of total carbon (TC) and inoragnic carbon (IC). Total carbon is determined by
catalytic oxidation of the sample at 1100 °C, converting the carbon present in the sample
to COy, which is detected by the nondispersive infrared detector. Inorganic carbon is
determined by acidification of the sample in the IC reactor, which converts the inorganic
carbon to CO;. TC—IC = TOC.

The procedure for performing other analyses is described below. Each analysis was
repeated six times for each individual sample.

2.2, Classical Method (CM)

The amount of carbon that belongs to humic acids (Cpy ) and the amount of carbon that
belongs to fulvic acids (Cga ) can be determined by the classical method. The sum of these
values (Cpyp g ) indicates the amount of humic substances. The quality of humic substances
isiderived from the Cya:Cpy or the quotient Eysg. Itis also possible to determine the amount
of non-humidified SOM which has been designated as primary soil organic matter (PSOM).
The carbon belonging to this fraction {Cpson) can be determined by subtracting Chga and
Cpa from the TOC value. The degree of stability of the SOM is determined by fractionation
according to resistance to exidizing [25].

The humic substance content and the Cpya :Crs, were determined as follows: The soil
samples were extracted in a Soxhlet extractor with a mixture of ethanol and benzene to re-
move soil bitumens (5 h). After drying, five grams of treated soil were used for the analysis.
This was poured over with 100 mL of a 0.1 mol/L mixture of sodium pyrophosphate and
sodium hydroxide (44.6 g NagP207-10 HzO + 4 g NaOH was dissolved in distilled water
made up to 1000 mL}). After 12 h of extraction in a rotary shaker, the mixture was filtered.
In addition, 200 mL of the extract was pipetted and precipitated with concentrated Hp504
(98.08 g/ mol) until turbidity appeared. After mixing, the precipitated extract was placed
in a thermostat at 65 “C for 30 min. It was subsequently stored at 20 °C for 12 h. After
filtering the humic acids and washing them with 0.1 mol/ L H,50, the coagulated humic
acid was dissolved with 0.05 mol,/L NaOH. The Cya content was determined in dissolved
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Cra gel The Cpy carbon was determined in the filtrate after filtration of the humic acids.
Subtraction of these two values from the TOC in the sample revealed the Cpsom content.

The determination of the color quotient Ey ;; was performed after the decalcination
of the samples with 0.2 mol/L H,50,. In addition, 30 mL of 0.1 mol/L NaOH was added
to 2 g of the decalcinated sample and allowed to stand for 24 h. Then, 5 mL of saturated
Na; 50y solution was added and immediately centrifuged. The soil was washed with a
0.01 mol/L NaOH until the supernatant was clear. The solution was made up to 500 mL
with distilled water. Humic acids were precipitated from a total volume of 0.1 mol/L
H250)y, centrifuged, and washed with distilled water. The humic acid precipitate was then
dissolved in 50 mL of 0.02 mol/L NaHCO;. The solution was adjusted to contain 13.6 mg
of Cin 100 mL with distilled water. Solution extinction measurement (Spectrophotometer
Perkin Elmer model Lambda 15 UV-Vis) was then carried out at two wavelengths, and the
color quotient Eyy; was determined: Eyss/ Egpa.

Determination of the degree of stability of SOM in CM was performed by fractionat-
ing into four groups according to carbeon content after oxidation with K,Cr,O; solution
{Chan et al. method [28]). Only the H;S0y concentration was adjusted. Treated samples
were weighted into three flasks in the amount of 0.25 g. Another three flasks were free
of samples (blank samples). Five mL of K;Cr0y solution was added to these six flasks.
Five mL of concentrated H,50, (98.08 g/mol) diluted in distilled water was added to one
flask with the sample and one without the sample in an acid:water ratio of 0.5:1. Five mL
of concentrated Hz50Y diluted in water was added to the second flask with the sample
and the second one without the sample in a ratio of 1:1. Five mL of concentrated Ha504
diluted in water was added to a third flask with the sample and a third one without the
sample in a ratio of 2:1. All flasks were placed into a thermostat at 125 °C for 5 min.
After cooling, the amount of residual K;Cr;0; was determined in all flasks by titration
with (NHg )z Fe(S04 )z-6H>0O solution (automatic titrator DL 50 Mettler-Toledo, Greifensee,
Switzerland). The oxidized carbon content of the first flask after a subtraction blank test
corresponds to the carbon of the labile organic substances, the oxidized carbon content
of the second flask corresponds to the carbon of the semi-labile organic substances, and
the oxidized carbon content of the third flask corresponds to the carbon of the fraction of
semi-stable substances, The fraction of the stable substances was calculated by subtracting
the carbon of the semi-stable substanoces from the TOC.

2.3, Modified Method (MM)

The PSOM fraction and the stable organic fractions (SOF; the carben belonging to SOF
is indicated as Cgnp) were evaluated separately. This allowed us to determine not only
their quantity but also their quality. The quality of PSOM was evaluated according to its
oxidation speed constant k. The quality of SOF was expressed in terms of their CEC.

The principle of this method is described by Marousek [31]. Therefore, a procedure
will be described below simplified.

2.3.1. Quality of Primary Soil Organic Matter

It was necessary to determine the kinetics of the oxidation of soil carbon. The soil
samples (5 flasks for one soil sample) were dispersed in a solution of 0.4 mol/L of KCroO;
in 12 M of H350y. Their organic substances were oxidized at the temperature of 60 °C in
awater bath. During this time, four partial samples were taken out gradually in 10 min,
20 min, 30 min, and 40 min. Then, the amount of oxidizable carbon (Cox) was defermined
(automatic titrator DL 50 Mettler-Toledo, Greifensee, Switzerland) in the samples. From
the measured values, we calculated the speed constant of oxidation (it was the 1st order
reaction). Then, the temperature was raised to 90 °C and, after 30 min, Coy was determined
in the sample from the last flask and was designated as Cpsong.

Calculation of the speed constantk for exidation of PSOM of a soil sample was the
following: five sub-samples were collected at intervals of 10 to 40 min, and the Coyx, which
may be designated as Cgyy to Cryy, was determined. These samples were determined
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during the oxidation at 60 *C. Cpsopg value was known from the end of the determination
at 90 °C (30 min). It follows the calculation of the differences of the detected values: Cpsom—
Cer, Crsom—Coxz, Crsom—Coxa, Crsom—Coancy- The logarithms of these differences were
determined. These logarithms were recorded in the right coordinate system on the y-axis
versus time in minutes on the x-axis. Because tg o is the ratio between the opposite and
adjacent leg of a right-angled triangle, whose hypotenuse is a recorded trend line, the
calculation of the constant k is 2.303 times that ratio and has the dimension (min). For
clarity, we presented the results in seconds. The higher the value, the more labile PSOM is
and therefore of better quality in terms of its main function in the soil {(energy source for
soil organisms and nutrient source for crops).

2.3.2. Calculation of the Amounts of Cpgopg and Ceop

The value Cpsopyg is a measure of the quantity of the PSOM. In given conditions, stable
organic fractions (especially humic acids) do not take part in the oxidation in a solution
of 0.4 mol/L of KoCrz0y in 12 M of H;50,. If TOC in a soil sample is determined, the
difference between TOC and Cpsopy is the amount of Cgop.

2.3.3. Determination of Quality of Stable Organic Fraction

In the MM, we derive the quality of SOF from their CEC. The PSOM may also have a
quite high sorption capacity, butits CEC compared to HA is negligible. The cation-exchange
capacity of SOF can be determined by conductometric titration with a volumetric solution
of Ba(OH)z. However, the CEC value of the mineral portion of the soil sample must be
subtracted. First, the CEC of the soil sample is determined, then the SOM is oxidized with
hydrogen perexide (15%) in acetic acid. The difference in results after re-determination of
the CEC corresponds to the CEC of the mineral portion of the soil sample.

2.4, Statistical Analysis

The data of tables were statistically evaluated by an analysis of variance (ANOVA),
and the results were subsequently compared by a post-hoc Tukey HSD test (Statistica
14.0 software, TIBCO Software, Inc.,, Palo Alto, CA, USA, 2021). Linear regression was
performed using the QC Expert 3.3 Pro (TriloByte Statistical Software Ltd., Pardubice,
Czech Republic), and the NCSS 2019 Statistical Software (NCS5, LLC., Kaysville, UT, USA).
The graphical cutputs of linear regression were performed using the Statistica 14.0 software.
Linear regression modelling used the regression triplet [33] and consisted of the following
steps: (1) model design, (2) preliminary data analysis (multicollinearity, heteroskedasticity,
autocorrelation and influence points), (3) estimation of parameters using the classical least
squares method (LSM) and subsequent testing of the significance of parameters using the
Shudent’s t-test, mean square error of prediction, and Akaike information criterion (AIC),
(4) regression diagnostice—identification of influence points and verification of the LSM
assumphions, and (5) construction of the refined model [33]. Statistical significance was
tested ata significance level of p = 0.05. The methods of principal component analysis (PCA)
and factor analysis [33] were used for multivariate statistical analysis of the measured data.

3. Results
3.1. Fractionation According to the Carbon Content

It is apparent from Table 1 that the most of the TOC was in sample B (F5 35 = 120,100;
p < 0.00001). Table 1 further shows the Cpgogy and Cya +pa fraction content according to
CM and the Cpsom and Cspr fraction content according to the MM. The amount of Csop
was statistically different in the majority of samples (D equal E} according to the MM
{F(s_ = 3553.6; p< 0.00001). According to CM, Cha4ra was possible to differ for only four
groups (Fg 3y = 1926.9; p < 0.00001). According to both methods, the content of stable
fractions was the lowest in samples D and E. It is evident that the higher Cpson content
was determined with the MM. However, it was found that the order of samples according
to the values corresponded to CM.
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Table 1. Scil carbon fractionation of samples A, B, C, D, E, F according to Classical method (CM) and
Modified method (MM] (£5D).

Agronomy 2022, 12,73
Parameter Method
TOC C-Analyzer
Cpson M
Cpson MM
Cra+ra M
Csop MM

Sample
A B C D E F
13.61 + 0.089 1651 + 0.08° 1482 + 005° 140 + 002° 050 + 0.01* 370 + 0.02°

950 & 0175 1238 £021F 828 £ 0179 102+ 0128 069 + 0072 293 & 0.08S
1067 £ 00FE 1427 £011F 1037 £ 0102 122 + 0.0 079 & 0,028 326 £ 0.04F

41140150 413+ 0205 654 0189 039+ 0147 022 & 0078 057 & o.ug‘é
293 + 0043 224 4 0135 445 £ 0115 018 £ 0,022 011 £ 0.033 (044 & 0.06°

Mote: TOC—total organic carbon (%); Cpspag—the carbon belonging to primary scil organic matter (%); Cia.m—
the carbon belonging to humic acids and fulvic acids (%); Caop—the carbon belonging to stable organic fractions
(%); significant differances betw een samples within parameters are shown in upper case letters (Tukey's honest

igni test; p = 0.05); significant differences between methods within samples are shown in lower case letters

significance
(Tukey's honest significance test; p = 0.05).

A statistically significant linear regression dependence between Cpgogy contents de-
termined by CM and MM was demonstrated (data from all six localities). The equation
of the straight line relating Cpsopg MM and Cpgopg CM is estimated as: Cpsopy MM =
(0.0335) + (1.1612) Cpgopg CM using the 36 observations in this dataset. The statistical
characteristics of the regression are as follows: R = 09974, R? = 0.9948, MEP = 0.1541,
AIC = —66.4542. The model is significant according to the Fisher-Snedecor model sig-
nificance test (F = 6516.7399, quantile F= 4.1300, p= 1.9601 x 10“"0). The model shows
multicollinearity (Mr) according to Scott’s eriterion of multicollinearity (SC = 0.3333, My
is at the lower end of the test Mt < (.33, the model is not significantly affected by mul-
ticollinearity, and therefore there is no need to modify the model [33]). The assumption
of homoscedasticity for residuals was validated (Cook—Weisberg test). Residuals do not
have a normal distribution (Jarque—Bera Test). Residuals are positively autocorrelated
{Durbin-Watson test) (Figure 1). The j-intercept, the estimated value of Cpsop MM when
Cpsom CM iszero, is 0.0335 with a standard error of 11054, The slope, the estimated change
in Cpsop MM per unit change in Cpsong CM, is 1.1612 with a standard error of (.0144. The
estimated slope is 1.1612. The lower limit of the 95% confidence interval for the slope is
1.1320, and the upper limit is 1.1905. The estimated intercept is 0.0335. The lower limit of
the 95% confidence interval for the intercept is —0.1806, and the upper limit is 0.2477.

Cpyzan O {60 G MU [
y = 00038 + 1.1812%

Figure 1. Linear regression dependence between the carbon of primary sofl organic matter contents
determined by classical and modified methods. Note: Cpsgpg CM—the carbon belonging to primary
soil ofganic matter determined with the classical method (3); Cpsgng MM—the carbon belonging to
primary sofl organic matter determined with the modified method (%).
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Other statistically significant linear regression is the dependence between Cpa,pa
and Cgop content (data from all six localities). The equation of the straight line relating
Cosop and Cppa4pa is estimated as: Cgop = (—0.0878) + (0.6732) Cpya4pa using the 36 ob-
servations in this dataset. The statistical characteristics of the regression are as follows:
R=10.9894, R* = 0.9789, MEP = 0.0607, AIC = —100.0999. The model is significant accord-
ing to the Fisher-Snedecor model significance test (F = 1579.8090, quantile F = 4.1300,
p=4.3553 x 10~¥). The model shows multicollinearity (Mr) according to Scott’s criterion
of multicollinearity (SC = 0.3327, My is at the lower end of the test My < 0.33, the model is
not significantly affected by multicollinearity, and, therefore, there is no need to modify
the model [33]). The assumption of homescedasticity for residuals was validated (Cook-
Weisberg test). Residuals have a normal distribution (Jarque—Bera Test). Residuals are
positively autocorrelated (Durbin-Watson test) (Figure 2). The y-intercept, the estimated
value of Csop when Cpaa +pa is zero, is —0.0878 with a standard error of (.0609. The slope,
the estimated change in Csop per unit change in Cpa+pa, is 0.6732 with a standard error of
0.0169. The estimated slope is 0.6732. The lower limit of the 95% confidence interval for
the slope is 0.6387, and the upper limit is 0.7076. The estimated intercept is —0.0878. The
lower limit of the 95% confidence interval for the intercept is —0.2116, and the upper Limit
i= 0.0361.

Figure 2. Linear regression dependence between the carbon belonging to humic acids and fulvic
acids and the carbon belonging to stable organic fractions. Note: Cpgs4pa—the carbon belonging to
humic acids and fulvic acids (%); Csop—the carbon belonging to stable organic fractions (%),

The developed linear regression models (for Cpson and Csor parameters) show
(R? = 0.9948 and 0.978, respectively) that the modified method is consistent with the classi-
cal method.

Table 2 shows the results of SOM fractionation according to Chan et al. [28]. This
method makes it possible to compare the percentage carbon content which belongs to the
individual fractions according to oxidation resistance. It is then possible to compare the
amount of carbon in the individual fractions and compare the individual samples with each
other too. Some differences between the samples can be observed, so this method is useful
for comparing samples. If we had evaluated the samples only according to the amount of
labile organic matter, Fraction 1 would have been the most valuable. However, this is a
very simplistic and, therefore, incorrect view. Thus, the interpretation and significance of
the results for evaluating the quantity and quality of SOM are questionable.
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Table 2. Determination of the degree of stability of soil organic matter by oxidation resistance
according to Chan's et al. method [28] in samples A, B, C, T, E, F by division into four fractions with
a epresentation of the C content in % of the total amount of TOC (£5D).

Sample
Fraction
A B C D E F
1 3142+ 11603488 + 1.?2&35.92 + L7 1808 £ 0767 1697 £ 0.96730.33 = 2.26];,’]!
2 2525 + 051 ;“".’.S.UU +£1.9372392 £ 17132593 + 182392392 + 08202643 £ 1505
3 17.80 + 0.59515.35 + (B3P 1238 + 11532042 4+ 0.66§IS.IU + 06851503 + 054F
4

2553+ 1.44:21.73 +278227.78 + 1830 35.62 & 1787 41.02 + 0.85 d2820 + 1.755:
Mote: Fraction 1 = 12N H;50, (labile); Praction 2 = 18N-12M H,50y (semi-labile); Fraction 3 = 24N-18N H,50
(semni-stable); Fraction 4= TOC-24N Hz504 (stable); significant differences betw een samples within fractions are
shown in upper case ketiers (Tukey s hone st significance test; p= 0.05); significant differences between fractions
within individual samples are shown in lower case letters (Tukey's honest significance test; p = 0L05).

3.2, Evaluation of Soil Organic Matter Quality

The results obtained by evaluating SOM quality according to the MM are shown in
Table 3. The SOF quality expressed in CEC value showed significant differences between
some samples (Fg 3g = 608.62; p < 0.00001). It is possible to distinguish four groups
according to quality. The highest quality of this fraction was found in samples C and E In
addition, the evaluation of the quality of the PSOM fraction expressed by the constant k
showed significant differences between the evaluated samples (F5, ap) = 776.67; p < 0.00001).
It is possible to distinguish even five qualitative groups.

Table 3 Expression of stable organic fraction quality by the cation-exchange capacity of humic
substances according to a Modified method (MM), by the Crya:Cpa, ratio and quotient Ey ;g according
to a Classical method (CM) and expression of primar soil organic matter quality by speed constantk
of its axidation according to MM (+5D).

Parameter

CEC
Eys
Speed
constant k (s)

Method

Sample
A B C D E F

3012 &+ 86° 1976 £93 4088+ 1198 2196 £ 31F 2261 & 430 3991 £ 994
09% £016° 075008 171019 082+£01%F 053005 (098 £0.17°
1430 £ 057  355+£022°  413£012° 281 +£0260 3592 019% 267 025

3.16 =+ 0.084 4,49 +0.11% 0.81 &+ 0.08 206 £0.120 1.88 % 0.06® 265+ 0.14°

Mate: CEC-the cation-exchange capacity of stable organic fractions (mmol chem. equiv. H* /1000 g); Crgy: Cpy—the
ratioof carbon that belongs to humic acids and fulvic acids; By s—the quotient By ; significant diflerences between
samples within parameters are shown in upper case letters (Tukey's honest significance test; p = 0.05).

Evaluation according to CM by the Cyy:Cpy did not prove as sensitive as the SOF
quality evaluation according to their CEC. Evaluation of the quotient Ey 4 revealed com-
pletely different results. According to Eyye, the humus quality in samples D and Fwas the
best, while it appeared partly different according to both CM and the MM. The results of
the evaluation of the quotient Ey ¢ seem confusing.

A statistically significant linear regre ssion dependence between CEC and Cpa :Cpy, was
demonstrated (data fromall six localities). The equation of the straight line relating Cpa :Cpa
and CEC is estimated as: Cypa:Cgs = (0.1266) + (0.0003) CEC using the 36 observations
in this dataset. The statistical characteristics of the regression are as follows: R = 07001,
R? = 0.4901, MEP = 0.0598, AIC = —96.9097. The model is significant according to the
Fisher-Snedecor model significance test (F=30.7672, quantile F = 4.1490, p= 4.0459 = 10-5),
The model is correct according to Scott's criterion of multicollinearity (SC = 0.3223). The
residuals passed tests for heteroskedasticity (Cook-Weisberg test). Residuals have a normal
distribution (Jarque—Bera Test). Residuals are positively autocorrelated (Durbin-Watson
test) (Figure 3). The yintercept, the estimated value of Cya:Cpa when CEC is zero, is
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0.1266 with a standard error of 0.1446. The slope, the estimated change in Cpa:Cpa per
unit change in CEC, is 0.0003 with a standard error of 0.0000. The estimated slope is 0.0003.
The lower limit of the 95% confidence interval for the slope is 0.0002 and the upper limit is
0.0004. The estimated intercept is 0.1266. The lower limit of the 95% confidence interval for
the intercept is —0.1678 and the upper limit is 0.4211.

CEE (el cham. Equiv. Wl 1008 g CyurCrs
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Figure 3. Linear regression of dependence between cation-exchange capacity (CEC) and the ratio of
carbon thatbelongs to humic acids and fulvic acids (Cya:Cra ).

3.3. Evaluation of Results from the Point of View Principal Component Analysis and Factor Analysis

On the graph of component weights PC1, PC2, and PC3 (Figure 4), the first bwo axes
are significant, which together exhaust about 95% of the variability. The PC1 axis in the
PC1 x PC2 graph unambiguously characterizes Cya ypa, Coop, which go directly along
this axis and are correlated with it at a level exceeding —0.96 and —0.98 (high negative
correlation) as well as TOC (r = —0.96). Furthermore, on the PC1 axis, there is a very
significant correlation between Cpsont MM and Cpsopg CM (r= —0.89 and —0.91). On the
PC2 axis, there is a significant correlation between CEC and Cry.cpy (r= 0.85 and 0.67).
In the scatterplot of the component score along the PC1 axis, sampling sites according to
Crasrar Csor, TOC, and also Cpsopg MM and Cpsopy CM are clearly located. The PCA
divided the sites of interest into two distinct chusters (arable land and forest land).

Factor analysis (Figure 5) confirmed the results of PCA and differentiated similarly to
the PCA method of the group of localities (see scattering diagrams of component scores).

Factor weights explain the correlations between factors and features (Table 4). They
represent essential information on which the interpretation of factors is based. Factor 1
describes the properties in terms of Cpsom MM, Cpsoy CM, TOC, Craypa, and Csop.
Factor 2 clearly describes CEC and Cpya.Cpy. Communality represents the proportion
of character variability expressed by the factors in question. It is similar to the value of
RZ, which we obtain when the original characters are explained by regression by selected
factors [33]. From the contribution of Factor 1 and Factor 2 to communality, it is clear how
communality acquires high values (more than 0.9). Thus, the features of most values (TOC,
Caor, CHa+a. Cpsom CM and Cpsopg MM) are very well considered by the proposed factor
model. For CEC and Cyyp.Cpy parameters, communality is at a lower level {0.5-0.7).
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Figure 4. Principal component analysis of soil organic matter parameters (TOC, Csor, Crasra,
Cracra Crsona CM, Cpsopg MM, CEC, constant k, quotient E4/6) in various soil samples (a) Graph
of comporent weights1 and 2 (PC1 x PC2) for soil organic matter parameters; (b) the scatterplot of the
component seore PC1 » PC2 for individual localities; (¢) scree plot; (d) 3D graph PC1 = PC2 x PC3
for individual localities. Woter TOC—total arganic carbon (%); Capp—the carbon belonging to stable
arganic fractions (%); Cpa spa—the carbon belonging to humic acids and fulvic acids (%); Cpsopg CW-
the catbon belonging to primary soil organic matter determined by the dassical method (%); Cpson
MM—the carbon belonging to primaty soil arganic matter determined by the modified method (%);
CEC—the cation-exchange capacity of stable otganic fractions (mmeol chem. equiv. H*/1000 g);

Crpa:Cpy —the ratio of carbon that belongs to humic acids and fulvic acids; k (sec) —the speed constant
of oxidation

Table 4. Factor weights and contributions of a given factor to the communality for individual traits
after rotation of varimax normalized soil crganic matter.

P e Factor Weights Contributions of a Given Factor to the Commumnality
arameter
Factor1 Factor 2 Factor 1 Factor 2 Communalities
TOC 0.5532 0.1733 0.9104 0.9511 0.9378
Caop 0.5182 0.5294 (.5823 0.9700 0.9055
Crasea 0.8702 0.4587 (L6724 0.9258 0.9220
Cpaopg CM 0.5549 0.0110 0.9266 0.9276 09213
Cpaopg MM 0.98593 0.0545 (.9328 0.9387 0.92586
CEC —0.0249 0.9355 0.0000 0.5730 0.5300
Crya:Cra 0.3227 0.8953 00775 0.8036 0.7428
MNote: TOC-total organic carbon (%); Csgp-the carbon belonging to stable organic fractions (%); Ca.qu—the

carbon belonging to humic acids and fulvic acids (%); Cpsosy CM-the carbon belonging to primary soil arganic

matter determined by the classical method (%); Cpsopg MM—the carbon bel

onging to pri

imary soil organic matter
determined by the modified method (%); CEC—the cationexchange capacity of stable organic fractions (mmol
chem. equiv. H*/ 1000 g); Cpps :Cpa—the ratio of carbon that belongs to humic acids and fulvic acids.
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Figure 5. Factor analysis of soil erganic matter parameters (TOC, Csor, Cra s, CrHa-cra, Crsom
CM, Cpsgpg MM, CEC) in individual localities: (a) graph of factor weights (Factor 1 x Factor 2)
for sofl organic matter parameters; (b) scattering diagram of component scores Factor 1 » Factor 2
for individual localities. Note: TOC—total erganic carbon (%); Csop—the carbon belonging to stable
arganic fractions (%); Cra +pa—the carbon belonging to himic acids and fulvic acids (%); Cpsop CW-
the cathon belonging to primary soil organic matter determined by the dassical method (%); Cpson
MM-the carbon belanging to primary soil organic matter determined by the modified method (%);
CEC—the cation-exchange capacity of stable organic fractions (mmel chem. equiv. H* /1000 43
Cya:Cpa—the ratio of carbon that belongs to hitmic acids and fulvic acids

4. Discussion

The CM is based on the isolation of humic substances by alkaline extraction of the
soil sample and the precipitation of humic acids from the extract in an acidic environment.
Therefore, they have some weaknesses. These include the impossibility of capturing all
the extracted carbon or the blurred boundary between humidified and non-humidified
organic material [34-37]. The Humification model on which the procedures in CM are
based is therefore sometimes questioned [34,38]. Classical humification has been supple-
mented with selective preservation [29] and a progressive decomposition model (so-called
“degradation concept”) [36]. Lehmann and Kleber [34] consider SOM as a continuum of
progressively decomposing organic compounds and question the high resistance of humie
acids to decomposition. The “Soil continuum model” focuses on the ability of decomposer
organisms to acoess SOM and on the protection of organic matter from decomposition
provided by soil minerals. Except for mineralization and humification, the stabilization
of SOM must also be respected [40]. For these reasons, the procedures used in CM as
comparative should only be considered roughly indicative.

The MM is not based on the alkaline extraction of organic matter from the soil sample.
However, results may also be affected by specific problems. Chemical exidation is only
the simulation of the biodegradation process in natural conditions. Another disadvantage
is that, for example, lignins belong to a stable fraction of SOM according to this method.
However, they can be transformed by microorganisms in the soil [41]. Thus, the division
into labile and stable organic fractions in the soil is not flawless. Only black carbon fraction,
in particular, is difficult to decompose. Therefore, it is generally considered to be a stable
fraction [42,43]. Another organic matter is more or less degradable. Thus, in MM, the
boundary between labile and stable organic fractions was clearly defined. The part of SOM
which resists oxidation in defined conditions (0.4 mol/L solution of KoCraOy in 12 M of
H,50y at 90 °C for 30 min) is considered stable.

During the FSOM quality assessment, we encountered specific procedural obstacles. It
was problematic to maintain a constant temperature of 100 *C, which Marougek et al. [31]
use in their method. Therefore, we tried to optimize the method. Repeated empirical
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experiments have led us to conclude that a constant temperature is the best maintained
in a water bath (compared to a laboratory thermostat or thermoblock). However, due to
the boiling point of the water, we decreased the temperature to 90 °C. We also changed the
time intervals during which SOM is oxidized. We used 40 min for the fourth flask (instead
of 45 min). Thus, all intervals of oxidation are the same in terms of time. These measures
can logically lead to less organic carbon being determined in the Cpsopg fraction than at the
original conditions (higher temperature and longer oxidation time).

Considering the quality of PSOM, it is the most stable in sample C. In terms of plant
nulrition, this is not a positive phenomenon. This component of SOM should be a source of
energy for soil edaphon and reserve plant nutrients. Thus, the higher lability of PSOM is
particularly appreciated [20,22,44]. On the other hand, it should be considered that, at the
appropriate temperature and humidity conditions, microbial biomass can rapidly multiply,
resulting in rapid mineralization of organic matter and the most labile fractions being
consumed rapidly [45]. The amount of non-humified soil fraction is always proportional to
microbial biomass in the soil [46].

The MM reports that the Csop content is substantially lower than CM for all samples
(CM expressed the amount of carbon attributable to humic substances Cpza+Cpa ). This is
because CM captures fulvic acids in addition to humic acids in this fraction. In contrast, in
the MM, the more labile fulvic acids are oxidized, and their carbon then enriches the Cpgopy
fraction. The stability of humic acids cannot be doubted. Humic acids are incomparably
more resistant to decompoesition than fulvic acids [47]. Thus, labile fulvic acids do not
belong to the stable soil organic fraction with certainty.

According to the statistical evaluation, the determination of the CEC of the SOF
fraction cannot be considered an equivalent substitute for the Cpa :Cra. Nevertheless, CEC
is a good indicator of scil quality [48,49]. This fact was more less confirmed in this research.
Moral and Rebollo [50] deem the CEC a sensitive indicator for determining the soil's
nutrient holding capacity, fertility, and long-term productivity. This parameter can be an
additional characteristic to evaluate SOM quality in various ecosystems (fields, forests, etc.).
Moreover, the determination of the CEC of the SOF fraction is much less laborious and less
time-consuming than de termining the Cyyy :Cpy,.

The proposed MM is not intended for deep scientific investigation. It should give
information to practical farmers about the condition of SOM. Information about SOM
conditions will help farmers decide whether to apply more or less rapidly mineralizing
fertilizers (such as shurry or green manure) or fertilizers with more stabilized organic matter,
such as manure, compost or even digestate from biogas station. Thus, the farmers who
have detailed information on SOM quality can make the right decisions about applying
various agrotechnical measures to increase the microbial activity of the soil, which is crucial
for improving soil fertility.

PSOM quality evaluation by determining the speed constant k of organic matter
oxidation can also be used for other organic materials, such as biochar, organic waste, and
compost. The classical method does not allow these data to be determined.

5 Conclusions

Six soil samples were analyzed by a Modified method, which is cheap and instru-
mentally undemanding. The samples were also analyzed in parallel by the currently used
procedures based on the already obsolete humification model The results were compared
with each other. It was found that very similar results were achieved in the evaluation of
SOM content. The performed principal compeonent analysis and factor analysis confirm
the results of linear regression models for parameters (Cpsom and Cspp). It was found that
the newly used working procedures are consistent with the original methods of fractiona-
tion of humic substances. The analysis of samples thus confirmed that obsolete lengthy
methods of assessing the quantity of SOM could be replaced by the Modified method.
Multi-dimensional statistical methods have shown that the newly determined parameter,
the CEC of the stable organic fraction, cannot fully replace the classic Cpya!Cpa parameter
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due to low communality. Therefore, we can only use it as an additional parameter to
evaluate SOM quality. However, compared with classical procedures, the modified method
enables assessing the quality of PSOM through the speed constant k of its oxidation. This
part of SOM is essential for soil microorganisms, and it serves as a source of plant nutri-
ents. Thus, information about its quality is very valuable. The obtained results give clear
information on the state of SOM. By ingeniously applying suitable organic fertilizers, the
farmers can improve soil properties, including soil fertility. It is planned to continue similar
research, assessing more soil species and types to deepen the knowledge of the benefits of
the new method.
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Publikace 2: Vliv vybranych péstebnich technologii kukufice na
zmény labilni frakce pudni organické hmoty v pis¢ito-hlinité kambi-

zemi

Kopecky, M., Peterka, J., Kolaf, L., Konvalina, P., Marousek, J., Vachalova, R., ... &
Tran, D. K. (2021). Influence of selected maize cultivation technologies on changes in
the labile fraction of soil organic matter sandy-loam cambisol soil structure. Soil and
Tillage Research, 207, 104865. DOI: 10.1016/j.still.2020.104865.

Intenzita rozkladu a syntézy organickych latek v ptid¢ zavisi na charakteru samotné
organické hmoty, pH, vyzivném rezimu a zrnitostnim slozeni ptd, hydrotermickych
podminkach stanovi$té a dalSich podminkach prostiedi (Angst et al., 2021; Sierra et
al., 2015). Také ale na biologické aktivité pudy. Charakter vyuziti uhliku obecné zavisi
na typu mikroorganismi (tj. houby a aktinomycety vs. bakterie, oligotrofy vs. kopio-
trofy atd.) (Chenu et al., 2019). Mikroorganismy pfispivaji jak k biodegradaci a mine-
ralizaci pudnich organickych substratii, tak ke vzniku novych organickych metabolitii.
Jejich piisobeni tedy vede ke sniZzeni ukladani uhliku (prostfednictvim mineralizace
POH), ale zaroven zvySeni doby jeho zdrzeni, protoze jejich metabolity vykazuji vy-
sokou afinitu k ochrannym mineralnim fazim (Cotrufo et al., 2013; Kallenbach et al.,
2015; Miltner et al., 2012). Rychlost pfemén je omezena fyzickou dostupnosti sub-
stratu pro mikroorganismy nebo jejich enzymy (napfi. Juarez et al., 2013; Pinheiro et
al., 2015; Ruamps et al., 2011). Z dtvodu rizné ochrany POH pied rozkladem nemusi
nutné pfirozen¢ ,,0dolna“ biomolekula v pid¢ pretrvavat, a naopak ,,labilni* biomole-
kuly se nemusi nutné rozkladat (Angst et al., 2021). Lange et al. (2015) se domnivaji,
ze zvySeni ukladani uhliku je omezeno predevsim integraci nového uhliku do pldy a
méné pak rozkladem plidniho uhliku stavajiciho.

Specificky vliv na POH maji téz zizaly. Pii zkoumani jejich ptisobeni byly po-
zorovany velmi kontrastni vysledky (Lubbers et al., 2013). Vysvétleni je takové, Ze

zizaly maji dva opacné ucinky na zasoby POH v rGznych ¢asovych méfitcich. Sou-
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¢asn¢ zvysuji mineralizaci Cerstvé i staré POH (fragmentaci, vlastnim dychanim a sti-
mulaci pudnich mikroorganismu) a zaClenuji Cerstvé zbytky do agregétii a pohibivaji
uhlik do hloubky, coz zvySuje jejich stabilizaci (Schon et al., 2015).

Vyznamny vliv na obsah kysliku a tim i na mikrobialni aktivitu mé kultivace
pudy (Johnston et al., 2009). Zmény v praxi polniho managementu mohou zménit che-
mické vlastnosti POH (Moraes et al., 2011). Obecné se ma za to, ze zpracovani pudy
zvysuje mineralizaci POH v duisledku mechanického a destém vyvolaného rozrusovani
pudnich agregatt a nasledného uvoliiovani CO». Spaccini et al. (2006) uvadi progre-
sivni pokles koncentraci huminovych latek v pudach, které byly pfevedeny z lesniho
hospodafstvi na ornou pudu. Pokles piipisuji mikrobialni oxidaci organickych materi-
ala diive chranénych v pudnich agregatech zni¢enych kultivaci. Proto je povazovano
za vhodny postup pro zvySeni/udrzeni zasob POH bezorebné zpracovani pudy. Vy-
sledky globalnich metaanalyz a ptehledi potvrzuji, Ze zadsoby organického uhliku v
pidée se zvysuji v hornich vrstvach (0-15 nebo 0-20 cm) v bezorebném zpracovani.
Ukazuji ale nizky az nevyznamny ucinek v hloubce vétsi nez 30 cm. Zda se, Ze je tomu
tak zejména ve vlhkych a mirnych podminkach (napt. Dimassi et al., 2014; Van-
denBygaart et al., 2010).

Jak vyplyva z vySe uvedeného textu, ptemény POH v pidé jsou ovlivnény
komplexem nejriznéjSich faktorti. Namisto hodnoceni zmén prostifednictvim celko-
vého obsahu POH, je vhodné sledovat zmény v riznych frakcich (Guimaraes et al.,
2013). Citlivymi indikatory zmén kvality pudy jsou frakce labilni (Bayer et al., 2002;
Haynes, 2005). Nejlabilngjsi frakce POH je v pud¢ zastoupena jen ve velmi malém
mnozstvi, pfesto ptimo ovliviiuje plidni mikroorganismy, kterym slouZzi jako Zivinny
substrat (Schmidt et al., 2011), a zprostiedkované i piidni irodnost.

V ¢lanku byly hledany citlivé ukazatele transformaci labilnich frakci POH,
které by zmény ukézaly i v kratkodobém experimentu. Vyzkum probihal na modelové
plodiné kukufici seté, ktera je oznaCovana jako erozné nebezpecna plodina. Protoze
vodni eroze ohrozuje téméf polovinu zemé&délské pudy v CR, byly v experimentu vy-
uzity rizné technologie zakladani porosti, které jsou z hlediska vodni eroze k zivot-
nimu prostiedi Setrnéjsi. Jedna se o technologie strip-till a no-till. Jako tfeti technologie
byla zvolena ptiprava pidy diskovanim, které je v evropskych podminkach relativné

béZné.
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Experiment byl proveden ve stiednich Cechach na polich s hlinitopis¢itou kam-
bizemi. Cilem tohoto vyzkumu bylo posoudit zminéné technologie z hlediska labilnich
frakci ptdni organické hmoty a strukturniho stavu pudy. Hodnoceni organické hmoty
v tomto ptipadé nebylo zalozeno na sledovani jeji odolnosti vii¢i oxidaci, ale podle
specifickych stabiliza¢nich mechanismi. Selektivni ochranou proti biodegradaci POH
je prostorova nedostupnost a interakce s mineralnimi povrchy (von Liitzow et al.,
2006). Existuji dva hlavni mechanismy fyzikalni stabilizace, a to fyzickd ochrana v
padnich agregatech (Six et al., 2004) a stabilizace organické hmoty tvorbou organo-
mineralnich komplexti (Llorente et al., 2010).

Agregatovy rozbor se jako citlivy indikator neuplatnil (byl zaznamenan jen roz-
dil v mnoZstvi makroagregatii mezi technologiemi diskovani a strip-till). Jest¢ méné
citlivymi ukazateli byly celkovy uhlik a celkovy dusik v ptdé. Tato prace naopak po-
tvrdila zjisténi, ze velmi citlivym indikatorem zmén POH vyvolanych riznymi typy
hospodateni s pidou je obsah dusiku v partikularni organické hmoté, ktera je defino-
vana velikosti 53—2000 um (Yu et al., 2022). Nejvyssi obsah dusiku v partikularni or-
ganické hmot¢ byl zaznamenan u varianty no-till. Nemusi to ale nutn¢ znamenat jeho
vy$§i obsah organického uhliku v mikro 1 makroagregatech. Je tedy jasné, Ze v této
varianté je organickd hmota nejlépe chranéna pted rozkladem. Na druhé stran€ vysoky
obsah labilnich frakci POH podporuje biologickou aktivitu pidy, a tim i vysokou po-
tencialni trodnost ptidy. Z tohoto pohledu byla nejlepsi variantou managementu me-
toda strip-till, u niz byl zjistén nejvyssi obsah uhliku v partikularni organické hmot¢ i
nejvyssi obsah vodou extrahovatelného uhliku, coz je dilezité z agronomického hle-

diska. Spolehlivym indikatorem byl také vodou extrahovatelny dusik.
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Keywords: Mdnmmnm&uﬁdm&dmnﬂmwﬁmmmmmdwﬂm
I"dw“‘ ever, the slope of the land leads to soil losses through water erosion. Theref hnologies for soil
Labile fractions ip-till and ilk ded. The 2im of this research was to assess these technologies in
::mkm mnofchehbikﬁ-xmofmﬂomnkmudthzmmnnhumo(mwiLAnmh:rgn;lohhewm-k

was to find the moat sensitive indicators of change in the labile fractions of 20il organic matter, which would
indicate changes even over a relatively short-term experiment (three years). The experiment was conducted in
Central Boberaia, Caech Republic on plots of saady-loam cambisol. Changes in soil seructure and carbon 2nd
nitrogen coatent in various soil fractions were d. The obtained results of two soil conservation tech-
nologiea (strip-till, no-till) were compared with the results for a ly used technology (disc cultivati

The strip-till technology led to the highest accumulation of a very labile fraction of organic soil matter and the
most senaitive indicator of change was the content of water-extractable organic carbon. The no-till technology

pwmcmdduwdwpnumﬁm iti by;ﬂ:ynca.l ion in sail Moat of the soil
organic matter i itive i of change were the nitrogen content in particulate
ceganic soil matter and the content of ble arganic nitzogen. It was found that chaages n the Labile
fraction of soil organic matter can be monitored through suitable i during a sh

Furthermore, we found that no-till technol ib to the p ion of ble soil organic matter

mz&mpnmqewzﬂymhphylkdpmﬁmmomlwm.Inmofdmconmntolhbilg
fractions of soil organic matter and their possible effect on the potential soil fertility, it was shown in this shore-

1. Introduction part of the total SOM. Neverthdmltlsamajorwmofenﬂgyand
for soil mi and to the ient regime

Soil organic matter (SOM) consists of functional pools that differ in of soils (Fiedler et al., 2015). Labile fractions of soil organic matter
their rate of d ition. They are to as labile (active), slow i ly affect soil mi ial activity and the p ial soil
(medium) and stable (resi: passive, inert) (von Liitzow et al., 2007). fertility (Haynes, 2005). In contrast, long—mm carbon storage in soil is
The most labile water- ble portion i only a very small enabled by stable and i SOM i (Wiesmeier
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et al., 2020).

In the past, soil fra on the isol of humic
substances from the soil and their division into humic acids, fulvic acids
and humins. This humification model has been criticized. This is because
it has been found that, contrary to the earlier conception of high stability
of humic substances, some can be decomposed at surprisingly fast rate.
Another contradiction is the fact that the large molecular masses of
humic acids (of hundreds to millions of daltons) are in fact only aggre-

Soil & Tillage Research 207 (2021) 104865

Therefore, the oLFOM iz more stable when the quanitity of water-stable
aggregates in the soil is greater (Sequeira et al, 2011).
The labile fraction of SOM, especlal]y POM and !he light fraction of

organic matter (LFOM), are p ofch in
soil caused by i ion, fertilization, crop
i and indi in soil quality over the short term (Sharifl

et al., 2008; Yoo and Wander, 2008). However, Sequeira et al. (2011)
found that POM and oLFOM were more sensitive to changes in soil

gates of small p: d imicking large molecules. The fact that the mmgementmanﬂ..FOM ecpeuaﬂywhenmommnngtﬂlzgeandno—nll
chemical structures of poly ic carbon p ds often observed hnology. In i ganic matter and light fracnon of soil
in 1} duced by plants and mi also ganic matter are i wxﬂ: h in the mil organic
leads mcnmmofdua model. However, these compounds have a clear nitrogen pool in soils. Organic carl belonging to the POM

and are not the p ofa di CPOMC)wafomulmbeavuy itive indi of in the

decomposmon process (Lehmann and Kleber, 2015) Cri of the

humification model is therefore justified.

In recent years, the humification model has been replaced by frac-
tionation of SOM according to specific stabilization mechanisms. The
selective protection against SOM biodegradation is spatial inaccessi-
bility and & ion with mi and metal ions (von Litzow

et al., 2006). There are two main mechanizms of physical stabilization:
Physzical protecnon in soil agpeganes and stabilization of organic matter
by of (Llorente et al., 2010). Ac-
cording to lnzran:lncal theory (Jix et al. 2004), stable micro-aggregates
(<250 pm) form macro-aggregates (>250 pm) by combining with
organic substances of different origin and stability. There iz a higher
concentration of SOM in macro-aggregates than in micro-: aggxeganes
(Yamashita et al, 2006), mainly in i to
sealants (microbial and plant pol ides and g

gen pool in the study of soil treatment (conventional
tillage and no-till) effects in loam and clay soils (Sharifi et al.. 2008).
Experiments have shown that POMC and mtrogen of the POM fraction

CPOMN’)wuvecloselyrelaudwthe i of
many soils includi p . i i i (Sharifi
et al.,, 2007).

Soil mi ial bi isa itive indi of in SOM that

corresponds to changes in land use and vegetation (Friger ecal., 2018).
The recommended indicators of SOM quality are total soil nitrogen
(Niat), Cocg and C/N ratio (Li et al., 2019). More sensitive lm‘.hcamn of
change induced by soil are wate g ni-
trogen (WEON) and POMN (Haynes, 2005). Water-extractable organic
nitrogen determination is often used as a substitute for the determina-
non of soluble nitrogen in soil solution (Surey et al, 2020), providing
ion related to soil microbial activity and dynamies, as well as

macro-aggregates contain other orga.mc bmdmg agents (Jen.en et :d
2020). The role of d organic as an i

helpmg assess the quantity and quality of SOM (Luce et al., 2014). 'l'he

binding substance in aggregates has been confirmed (Abiven et al,
2009). It has been proven, that humic sub: areah

pool of with very di rates of (von Lit-
zow et al., 2007). Great heterogeneity of humic carbon in clays, organic
sediments, soils and single soil fractions has been found uxmg instru-

organic matter is posed of

d plant resi. and mi ial prod and is a major ni-
trogen source for soil microbes (Gregorich et al., 2006). Stable fractions
of soil organic matter are also a source of other plant nutrients after
mineralization (Elbl et al., 2019).

Conventional soil tillage in long-term experiments (Andruschle-

mental methods i ysis, nuclear witzch et al, 2013), as well as reduced soil tillage ( i L toa
and pyrolysis (Mao et al., 2007). depth of 0.05-0.08 m), red the of aggregates in soils
Soil organic matter ion using ic di ion and p to no-till technology. In addition to the physical impact on
density inati bles its mho three dlffemm frac- soil, tillage affects the dy ics of organic matter d ition (Ja-

tions according to different ical p i (Curtin cobs et al., 2010).
et al, 2019). The free SOM ion is i prior to No-till technologies reduce the contact of plant residues with soil,
dnml:egranon of stable agsxegabee. The occluded SOM fraction is then and in i plowed soils the decompo-
after i leaving the organo-mineral nmnoforgamcmzmmfamrand greater (Oorts et al., 2007). Changes

fraction, the so-called “heavy"” fraction (John et al, 2005; Six et al.,
2002). The free fraction is a labile fraction of SOM with a f::t decom-

in 50il Cyeg are d by sel p that iz, by the formation
of insoluble substances and spatial inaccessibility in biogenic aggrega-

position rate, unlike the occlud ‘andor, i 1 which tion, as well as i ion with surfaces. Th , the chem-

are more stable and have times ing from decades to ical position of organic sub: mthesodlslewmpommfor

centuries (Llorente et al., 2010). Cocg dy than its P and ion (von Liitzow
Particulate organic matter (POM) is a significant fraction of SOM. et al, 2008). Fractionation of water-stable amm and density

Organic which toap size of 53-2000 pm is of SOM ions are more iti of

defined as POM (Carter and Gregorich, "006). The free fraction can be in soil than Coeg ination (von Liutzow et al., 2006). Li

divided by density ie, a with a density of
1.6-2.0-10% kg m™ (Gregorich et al., 2006). In the first step of the re-

action, the sample is finely di d in the and the
is filtered as a free light fraction (fLFOM). In the second step, the
ining matter is vi shaken in the solution of the same den-

sity or higher. The supernatant is again filtered as an occluded light
fraction (oLFOM) (Sequeira et al., 2011). The free light fraction of soil
organic matter comes from the organic matter of the outer surface of soil
aggregates or pseudo-aggregates, while oLFOM comes from stable ag-
gregates (Bird et al, 2008). The free light fraction is considered to be a
more labile SOM fraction than oLFOM. And it is the 1

etal (2020) found that water-stable macro-aggregates are enriched with
younger organic material and have a higher rate of decomposition than
the organic matter of micro-aggregates. Reduced movement of
macro-aggregates in no-till systems (Alvaro-Fuentes et al.. 2009) causes
stabilization of LFOM in aggregates in both temperate and tropical cli-
mates (Buurman and Roscoe, 2011; Yoo and Wander, 2008).

ifying early i of SOM will allow early man-
agement decisions and quick remedial action. In this work, the following
hypothesis will be verified: The content of aggregates of the labile and
particulate fractions of soil organic matter, the nitrogen content in the
organic matter (POMN) and the amount of water-extractable

composition and structure of fLFOM is still close to the original material,
and it exists outside the aggregates. The occluded light fraction of soil
organic matter ion is also i to be d dable, but must be
released from the inside of soil aggregates (Gulde et al, 2008).

carbon (WEOC) and nitrogen (WEON) in the soil differ among the three
tested technologies of tillage (strip-till, no-till, disking) for maize.
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2. Material and methods
2.1. Field experiments

Field experiments were carried out in 2014-2016 on

Soil & Tillage Research 207 (2021) 104865

pm) and macro-aggregates (>>250 pm) according to John et al. (2005):
50 g of sieved soil (< 10 mm) was dried at 40 °C for 48 h and sieved in
deionized water in a sieving machine for 10 min. After 50 vertical lifts of
the sieve (38 mm), the water-stable aggregates (>250 ym) were sprayed
ontoa filter, the water was aspirated and the aggregates dried at

land of the cadastral territory Krdsnd Hora nad Vitavou (434 m above
sea level), Czech Republic (49°60/44.89"" N, 14°27'82.38"" E). The
experimental site belongs to the climate region, which is characterized
as slightly warm and humid, with an average annual temperature of 7°C
and average annual rainfall of 650 mm. The soils are sandy-loam
cambisols.

The field on which the pilot experiment was carried out had a total
area of 18.6 ha. It was divided into three equal-sized areas and in each
section the crop rotation described below was applied (three-year
repetition). In a given year, one third of the experimental field was
divided into three parts to apply the three experimental variants
described below.

Winter oilseed rape (Brassica napus subsp. napus) was grown on the
plot in the first year, and in the second year, winter wheat (Triticum
aestivum L) was grown. After its harvest, digestate from a biogas plant
(Table 1) was applied to the field at a rate of 40 m*ha”’ (approximately
5.10* kg ha!), which was incorporated by a Horsch Terrano cultivator.
A non-frost-tolerant cover crop of Phacelia tanacetifolia Benth. waswwn
in the fleld ata dose of 10 kg ha™! with a Pottinger T c6

40 °C. Particles that passed through the sieve (<250 ym) were isolated
by the addition of 2.5 mL of 0.5 M AICl; solution per 1000 mL of su-
pernatant, after which they were decanted and dried for 48 h at 40 °C.
Particulate organic matter (2000-53 pm) was determined according
to Carter and Gregorich (2006): 20 g of air-dried soil which passed
through the sieve (€2 mm) was dispersed in 100 mL of a 0.0082 mol-L™!
sodium hexametaphosphate solution at 180 rpm min~! in a radial
shaker for 12 h. The suspension was then shaken under deionized water
through a 53 pm sieve until the clay ion was
The sand on the sieve together with coarse organic particles were then
dneda(60°ciorlh The residue on the sieve was collected in an
d d and dried for 24 h at 60 °C. Particulate
ganic matter was ined by sub ting the weight of sand after
burning the mixture in a muffle furnace at 600 °C for 4 h.

2.3. Chemical analyses

Particulate organic matter carbon and particulate organic matter

In the following year, maize (Zea mays L.) was planted.

The experiments were organized in three variants according to the
cultivation technology. These were the DC variant (disking), the ST
variant (strip-till) and the NT variant (no-till technology). For the DC
wvariant, the soil was prepared to a depth of 0.08 m with a Lemken Rubin
disc stubble cultivator before sowing. The strip-till variant consisted of
separate processed strips (depth 0.2 m) with a Kuhn Striger hine. For

wemdemmmzdmtthOMfracnonsandmtheongmal

samples using an El CN Analyzer (El
GmbH, Hanau, Germany).
Wate ganic carbon and wate! ble organic ni-

trogen were determined according to Zhao et al. (2008) by shaking 75 g
of sieved soil through a 2 mm sieve with 150 mL of a 10 mmol-L~! CaCl,
solution on an orbital shaker for 30 min at 175 rpm min~". After sedi-

for 1 h, the sup was filtered a cel-

the NT variant, maize was sown directly into untreated soil and the soil
surface was protected by a frozen cover crop.

Sowing of corn (90,000 seeds ha~', row spacing 0.75 m, Silvinio
variety, FAO number 210) with fertilization at a dose of 100 kg ha™ of
Amofos, ammonium phosphate fertilizer (12ngha ,23kgPha” Y,
was d after hing the ired soil each year
(10 April 2014, 15 April 2015,7 Apnl 2016) with al(inze 3500 seeding-
machine.

After corn sowing, a mixture of Gardoprim plus gold (4 L ha™') and
Roundup flex (2.3 L ha~') herbicides with a carrier medium of 200 L of
DAM 390 liquid fertilizer (60 kg N ha™') was pre-emergently applied to
kill the rest of the Phacelia tanacetifolia Benth. and to control weeds. The
residues of plants were left on the surface.

2.2. Processing of soil samples

After harvesting corn for silage (7 October 2014, 11 October 2015, 4
October 2016), soil samples were taken from all cultivation variants.
Sampling was performed using a pedological sampling rod from a depth
of 0-0.2 m. Twenty samples were taken from each variant each year,
after which they were dried at 60 °C and composited. Ma:enalﬁnm!he

composited samples was used for q Each
was repeated ten times for each individual sample.
D ination of the of soil was per-

formed by sieving and sedimentation (DIN 150 11277, 2002).
Water-stable aggregates were fractionated into micro-aggregates (<250

Table 1
Nutrient content and dry matter content of the used digestate (%6).

lulose acetate filter (<0.45 um) (OE 67, Schleicher and Schiill). The
filtrate was then frozen at-20 °C. Water-extractable organic carbon was
then i by i ion of COy after ning at 850 °C
uxmg a D[MA -TOC 100 device (Essen, Germany). Water—exuactable

was d on the same device using chemo-
luminestence detection.

Data ob d from the analysis were analyzed using STATISTICA 13
(Statsoft, Inc., USA). One-way analysis of variance (ANOVA) with a post-
hoc Tukey test was used to test for di soil The
level of significance for all analyses was p < 0.05.

3. Results and discussion

The distribution of soil agmgam in sand-fue so0il samples (<2000
pm) in ST, NT and DC vari. of is shown in
Fig. 1. The differences in the representation of the aggregates of the
three classes (2000-250 pm, 260-53 pm and fraction <53 pm) between
the three are This is p due to the short

fT: of the exp and b the same level of organic
fertilization was used. Organic fertilization increases the microbial ac-
tivity of the soil and thus the production of binding agents, which in
particular affects macro-aggregation (Six et al | 2004). Mineral nitrogen
(Mustafa et al., 2020), roots (Miao et al., 2017) and soil fungal hyphae
(Jastrow, 1996) also play an imp role in ggry

It has been proven that the of aggregates positively
correlates with soil [emhty (Six et al., 2000). The macro-aggregates in
all three exceed the of micro-aggregates
andframon<53um,thus,ltcanbesaldthzxmthlsrupectallthm

are eqy . The si in ST seems optimal, but the
are ively small Since there is a higher concentration of

Ny Ny P K ca Mz DM

2014 0.23 0.14 0.08 037 023 0.05 7.55
2018 023 013 0.08 035 0.25 0.06 7.80
2016 0.21 015 0.07 036 0.26 0.06 7.50

Nisito — mineral nif DM - dry matter.

Noey — organic nil

SOM in macro- agmgam than in mmro-aggnga.l‘.es (Yamashita et :ll
2006), it can be stated that all three pp

of SOM from biodegradation. However, it was found (Table ") that the
amount of macro-aggregates in the ST variant differed significantly from
the DC variant (F(2, 27) = 8.2064; p = 0.00164). The difference between

40



Median; Bo 28%. 78%; Whisker: NonOmler Range

a50
800 T
] =
wf T . !
4 [a]
-~ 00 ‘
€ 450
g
2
T 400
? %0
8
by
00
1
2% = al
a = 2
¥ &
200 1
¥ 2 & F
A Mavo
150 Moo |
Srpu Nos Dising © Owtbors |
Trastment o <s3m |
Fig. 1. Divizion of bl (after sand suk into macro-

aggregates (250-2000 pm), micro-aggregates (53-250 pm) and fraction <53
Hm in variants strip-till, no-till and disking.

Table 2
Average coatent of water-stable macro-aggregates (250-2000 pm), micro-
aggregates (53-250 pm) and fraction <53 pm in atrip-till, no-till and dicking

technologies of tillage [g (kg soil after sand sub son)~1].
M Mis Praction <53 pm
Strip-till S67.00 + 17.44° 18200  6.78 238.50 + 9.23*
No-till §51.50 + 20.25% 181.50 + 9.50 231.00 + 8.89*
Disking §36.00 & 24.98% 178.50 + 7.43 25150+ 13.61°
HSDocs 495.65 NS 129.44

HSD - different letters indicate statistically significant differences between
luated files at the signifi level p < 0.05 - Tukey HSD test; NS - no sig-
nificant differences.

the NT variant and the other two variants was not statistically signifi-
cant. There were no statistically significant differences between tech-
nologies in the group of micro-aggregates (Fr; 37 = 0.50500; p =
0.60896). [n the fraction <53 pm, it was found that the DC variant
differs i from the two (Fy, 27 = 83112, p

0.00154). Many authors argue that the movement of soil pamcles in
conventional tillage results in partial dastmcmm of maﬂo-amaus
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The amount of organic carbon and nitrogen is shown in Table 3. The
content of Gy was almost equal in the soils of all variants and the sub-
samples were comparable (F(y y7)= 2.5020; p = 0.10072). Some authors
find the highest values in the NT variant (Awale et al_, 2 ; Oortsetal.,
2007), while others find higher carbon concentrations in the ST variant
at greater sampling depths, or even in the classic tillage variant
(Andruschkewitsch et al., 2013; Fernandez et al., 2015; Sainju et al,,
2013; Sequeira et al, 2011). Furthermore, there were no significant
dxtﬁemcememcomnmamungthelhmemzms (Fa, 21 =0. 83887 3P
= 0.44315). G , Nioe Seems i touseasa il
indicator of changes in SOM.

Table 3 also shows the C, content in the macro- and micro-
aggregates and the Corg/Niot ratio in the above-mentioned aggregate
groups. The content of Gy in macro-aggregates is highest in the NT
variant and differs significantly from the ST and DC variants (F2, 27) =
9.8276; p = 0.00062); there was no dxﬁ'exencebelween the latter two
variants. This is in line with the findi of p (von
Latzow et al., 2008; Tan et al., 2007). Andruschkewitsch et al. (2013)
found the Corg contents in the macro-aggregates in 0-5 cm depth were
significantly higher in soils of the DC and NT treatment, than the con-
tents in the soils of the CT treatment. With increasing depth, the Coeg
contents in the macroaggregates of the DC and NT treatments decreased
to the level of the CT The Carg in aggregates
‘was significantly higher in the NT variant than in the ST and DC vari-
ants (F(2, 27) = 7.6491; p = 0.00233).

The G,y content in micro-aggregates was slightly lower than in
macro-aggregates for the NT and DC variants, consistent with the results
of other studies (Six et al, 2000; Yamashita et al., 2006). The opposite
situation was observed in the ST variant.

A difference in the Cgy/Ni ratio was found for both macro-
aggregates (Fqa, 27) = 6.9595; p = 0.00365) and micro-aggregates (F(z,
27y = 7.7097; p = 0.00225). In both cases, the highest value was ach-
ieved in the NT variant On the contrary, in a significant work by
Andruschkewitsch et al. (2013), the Cggg/Npot ratio was found to be
lowest in both fractions of the NT variant.

Table 2 shows the amount of particulate organic matter (2000-53
pm)uthemmof&:mounuofmmo—zxmamandlmm
aggregates. From the persp of i differences b
technologies, the mn'ogen content of this fraction (POMN) is significant.
It is listed together with POMC, WEOC and WEON in Table 4.

P matter nitrogen isa indi of
inSOM i by different soil types (Haynes, 2005; Luce
et al, 2014). This was d by our experi isti sig-

in POMN content were found between all variants

whose organic matter is then by

(von Liitzow et al., 2008; Tan et al, 2007; Zotarelli et al., 2007),
although others are of the opposite opinion (Jacobs et al., 2010; Six
et al, 2000). The results of this study favour the latter group and
Fernandez et al. (2015) achieved the same results. In conclusion, the
aggregate analysis does not appear to be a sensitive mm:amr ‘with which
to assess the differences the Ithough
some authors (Doran. 2002; Su et al., 2010) consider the state of the soil
structure as an indicator of soil condition.

Table 8

(F(2, 27y = 139.04; p < 0.00001). Although Liang et al. (2004) found that
soil-protection technologies do not always lead to an increase in the
mineralizable nitrogen content, in our case the highest POMN value was
found in the NT variant, which is considered a soil-protection technol-
ogy (Viltek et al, 2019). Higher values in the NT variant were also
observed by Sharifi et al (2008), who compared this technology with
classical tillage. They also found that having more POMN in the soil does
not necessarily mean greater nitrogen supply to plants, and even if the

The content of organic carbon, &gmmdmdmmﬂhmmtofu@mmmmw(wm)ndmw(ss-zsoun),

organic carbon/total nil ratio in and in strip-till, no-till and dizking technologies of tillage (+ D).
Corg Nice Coy Corg Corg/Nacx 1atio in macro- Coorg/Nace ratio in micro-
[2C ks (g N{kg [ C{kg macro- (g C(kg micro- aggregates aggregates
=il)™'] wil)™’) aggregates)”') aggregates) ']
Strip- 1180+ 0.11 129+ 012 13.00% 1.90% 13.50 + 1.36" 1017 £ 1.79" 10.54 & 1.27°
ll
Notill 11722045  1.324017 18.00% 272 16.70 + 2.10° 13804 2.64° 12694 1.24°
Disking 1191 £ 025 137+ 012 1500+ 2.53* 14.00 + 2.058* 11.00+ 1.97 10.28 + 1.72°
HSDoos NS NS 64444 3.8741 5.19% 22616
HSD - different letters indicate statistically signifi diffe between eval: d files at the signifi level p < 0.05 - Tukey HSD test; NS - no significant

differences; Ceey — organic carbon; Ny« — total nitrogen.
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Table 4

The content of particulate organic matter carbon, particulate organic matter
nitrogen, water-extractable organic carbon and water-extractable organic ni-
trogen in ooil from atrip-till, no-till and disking technologies of tillage (4 SD).

POMC POMN WEOC WEON
(g Ckg g Nkg [gClkg (g N(kg
soil)~?) soil)~") sail) '] soil)~')

Strip-till 5284074 029+ 006° 1211 4.20 + 0,300
072°
No-till 4400760 059+ 0046 1101+ 7.52 % 0.46°
o6
Disc 476+047" 041+ 008" 898049 610 046"
cultivation
HSDocs 0.49556 0.00156 0.43533 0.19096
HSD - different letters indicate istically signifi diffe b
k d files at the signifi level p < 0.05 - Tukey HSD test; POMC -

Soil & Tillage Research 207 (2021) 104865

4. Conclusion

The differences in the representation of the aggregates (MOO-ZSO
pm,250—53pmandL <53 pm) the three technol
were Th aggregate is cannot be i an
accurate indicator with which to assess differences between the moni-
tored technol On the y, this work the finding
that the ni content of parti ganic matter (POMN) is a very

itive indi of in SOM induced by soil man-

types. Wate! ble carbon and water-extractable nitro-
gen were also dependable indicators. Most Coeg in macro- and micro-
aggregates and the highest POMN content were found in the NT
variant (the amount was almost double in NT compared to 5T). Thua in
this variant, the organic matter is best from
On the other hand, the high content of labile fractions of soil organic

particulate organic mnnuxbm POMN - particulate organic matter ni

matter supp: the biok 1 activity of the soil and, therefore, the high
, the best

WEON - orgsnic WEOC- le organic
carbon.

actual supply of N to the soil is higher, this increase can be offset by
increased losses of nitrogen by denitrification and leaching of NO3
anion.

The no-till variant had not only the highest POMN content, but also
the most Coy in both macro-aggregates and nucro-zwexate: Thxs
shows that SOM is d from byp
in soil aggregates in this variant. The high nitrogen contentx of the POM
fractions prove that most of the organic matter was not decomposed.
However, it must be taken into account that SOM in aggregates degrades
slowly.

Wate ble organic nitrog
of mi ial bi: and and ab d organic resi-
duesmzybemlamdmﬂuquahtyandquznntyofwﬂorgzmcmmu
and microbial activity in soil (Wijanarko and Rahmianna, 2019). In our
study, it was closely mlzmd to POMN. The differences of

ter- organic content in ST, NT and DC variants
were statistically agmﬂcanl (Fea, m = 145,31 p < 0.00001). Thus, it
also proved to be a y of in soil
management.

The highest POMC value was found in the ST variant and the lowest
wvalue was found in the NT variant. The differences between these var-
iants were significant (F(y, 27) = 3.9498; p = 0.03129). The low content
of POMC in the NT variant is surprising. For example, the results of
Sharifi et al. (2002) present a positive impact of no-till gy on

fmmthe‘

ial soil fertility. From this
variant was strip-till. The highest content of POMC and WBOC was
found in thiz variant, which is imp from an aspect.
Selected sensitive indicators of the state of labile fractions of soil organic
matter confirmed this in a short-term experiment.
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Publikace 3: Black carbon a jeho vliv na sekvestraci uhliku v padé

Kopecky, M., Kolaft, L., Vachalova, R., Konvalina, P., Batt, J., Mraz, P., ... & Dum-
brovsky, M. (2021). Black Carbon and Its Effect on Carbon Sequestration in Soil. Ag-
ronomy, 11(11), 2261. DOI: 10.3390/agronomy11112261.

Mnozstvi POH na jakémkoli misté se v pribéhu ¢asu méni v zavislosti na ptidaném
fotosyntetickém uhliku a na rychlosti jeho rozkladu (Wander a Nissen, 2004). Tato
publikace je, na rozdil od piedeslé, vénovana frakci black carbon, ktera je obecné po-
vazovana za stabilni. Jeji rozklad by tedy mél byt pomaly a uhlik v ni obsazeny by m¢l
byt v pidé ulozen dlouhodobé (Schmidt a Noack, 2000; Schmidt et al., 2002). Frakci
black carbon se zacal vénovat Goldberg (1985). Uvadi, Ze pochazi ptevazné z nedo-
konalého spalovani fosilnich paliv, dfeva a biomasy a také z urc¢itych priimyslovych
procest, je porézni a obsahuje zhruba 85-98 % uhliku. Dle Masiello (2004) se black
carbon sklada ze slozitych polyaromatickych kondenzovanych struktur. Schmidt a
Noack (2000) uvadi, ze black carbon piedstavuje kontinuum od ¢aste¢né zuhelnate-
1¢ho materidlu po ¢astice grafitu a sazi, ovSem bez obecné shody o jasnych hranicich.
S problematickou charakterizaci black carbonu se ztotoziiuji i Hammes et al. (2006).
De la Rosa et al. (2008) se domnivaji, Ze tato zaruvzdorna organicka hmota je v zivot-
nim prostredi vSudypfitomna.

Cilem ptispévku bylo ovéfit, zda se black carbon nachazi v geografické oblasti
jiznich Cech a jaky ma vliv na ukladani uhliku do pidy. Bylo pracovano s hypotézou,
Ze se v pudé budou vyskytovat dva ,,druhy* black carbonu. Prvnim z nich je velmi
stary historicky black carbon (HBC), ktery pochazi z davnych pozari biomasy. Dru-
hym je pak black carbon antropogenni (ABC). Ten vznika jako produkt nedokonalého
spalovani (doprava, lokélni topenist€ apod.) a je mnohem mladsi. Na zéklad¢ predpo-
kladu miry znecisténi pidy zptisobeného ¢lovékem bylo vytipovano 20 vzorkovacich
mist. Polovina z nich byla v lokalitach bez zvySené depozice spadu, druha polovina
v blizkosti vétsich lidskych sidel.

V priméru byl zjistén nizsi obsah black carbonu v fidce osidlenych oblastech
jiznich Cech (2,16 % Corg). V oblastech vétiich mést s vyraznou antropogenni zatézi
byl jeho obsah vyssi (2,76 % Corg). Black carbon v pudach u vétsich mést tedy ma
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pravdépodobné antropogenni puivod. Dale bylo zjisténo, ze davno ulozeny HBC je
siln€ vazan nejen na mén¢ stabilni Volnou lehkou frakci, ale také na t€zkou mineralni
koloidni frakci pidy. Naopak ABC se dosud s mineralnimi koloidy stabilné nespojil.
Miize to byt proto, ze je méné stabilni nez HBC, nebo z divodu, ze zatim v pideé ne-
stacil oxidovat. Na jeho povrchu se tedy nevytvotila zdporné nabitd mista karboxylo-
vych a jinych funkénich skupin. Antropogenni black carbon ma tedy pouze schopnost
sorp¢ni, nikoli iontovyménnou. Pro pevné spojeni mineralni koloidni jilové frakce s
koloidni organickou frakci je iontovyménna schopnost vyznamnéjsi nez schopnost
sorpcni (Cheng et al., 2006).

Protoze tézka ptidni frakce neni ovlivnéna ABC, je pravdépodobné, Ze bude v
pidé snadnéji podléhat rozkladu (Seiler a Crutzen, 1980). Obecné piedstavy o mimo-
fadné odolnosti black carbonu vici rozkladu je proto nutné brat s jistou rezervou
(Kuhlbusch et al., 1996; Schmidt a Noack, 2000). To vyplyva i ze zjisténi, Ze vysoka
sorp¢ni kapacita ABC vedla k tvorbé okludované lehké frakce POH, coz je stabilizac-
nim mechanismem (Lugato et al., 2009). Piesto plati, ze i tato organicka hmota mine-
ralizuje v pudé¢ v fadu desetileti (Llorente et al., 2010). Trvalym ulozistém uhliku tedy

ABC neni.
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Abstract: The [prosperties of black carbon (BC) are described wery ﬂiﬂl:mnﬂy'in the: literatumne, even
when determined by the same methodological procedure. To clarify this discepancy, BC was
inv:ﬂ:ip‘had in the :la]r Cambisols of southern Bohemia, Ceech Ee_pl.lbh:, in pmpﬂnlﬁh with
lovweer and lrigl'lu' :lq:n:mbmufih ahmrq:l'rricfa“m.ﬂ'_ The BC determination waﬂPErﬁrnlﬂ.l
according to a modified method of Kuhlbusch and Crutzen (1995). The amount of the free light
fraction, tha: aocluded Iial'li Frasction of soil -utﬁnil: matter and ity ratio, uI.‘ﬂmIHll‘llﬂl:}lﬂl')' =il
fraction LI, and its soil organic matter DFOM were determined. Other soil characteristios wene
identified. It was fmn'ld.ﬂ'niﬂ'lﬂramhrntﬂ'}' lliff:rml:t}l:ciof B in =ik, Historical BC from
bixamass fires, and new, anthropogenic, from the furnace and transport fumes. Historical BC has a
ﬁpﬁmﬂd&dmﬁtm‘pﬁcnﬂh’ﬂ&zlﬂwuﬁlfﬂcﬁm,lmﬂunﬁnnfﬂ:ﬁm:rdnﬂ:hdul
»ui]l.a:uni:mﬂm'ﬁuﬁmxldﬁle brer oof waber- t sl BE! U‘ Anthr P i B
duoess not have this effect. Because this form of BC is not significantly stabilized by the colloidal mineral
ﬁ:cﬁumilisnﬂmrbhkzwdahmm“»hi&hxhbﬂil}'xd
the =oil with circumspection.

o b mineralization in

Keywords: anthropogenic black carbon; density fractionation; historical black carbon; waterproof
macmr-aggregates

1. Introduction

Ower the last 150 years, there has been a decrease in organic carbon (Coe) in the
world's spils [ 1] and a consequent increase in atmospheric OOr [2]. Therefore, carbon
sequesiration in stable and resistant fractions of soil organic matter (SOM) in the soil is very
current. The concept of carbon sequestration focuses on increasing primary production
(00, consumption) or reducing the rate of OOy production by SOM mineralization |3].
Long-term carbon sequestration in soil represents stable black carbon (BC) fractions [4].
Soil organic matter consists of functional pools that differ in their rate of decomposition.
The labile part is the primary source of energy for soil microorganisms and contributes
I the nuirient regime of soils [5]. This applies in particular to the water-soluble part of
S0M. However, other pools are also important—semilabile, stable, and inert [6]. In the
past, humic substances, humic acids, humins, and partially fulvic acids were considered
stable forms of soil carban. At present, this humification model is widely criticized, and
the presumed stability of humic substances is questioned |7,8]. Howewer, criticism of this
conceplion has also emerged [9].

In any case, in the laboratory determination, the content of humic substances in the
soil is “increased” during the determination by those black carbon fractions, which, sim-
ilar to humic substances, can be extracted with an alkaline solution [10,11]. Therefore,
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the humification model is replaced by the SOM fractionation, according o specific sta-
bilization mechanisms. The protection of SOM against biodegradation is ensured by ils
spatial inaccessibility (in soil aggregates) and organic matter stabilization in the formed
organomineral complexes | 12-14]. Modern instrumental analysis methods (thermal analy-
sis, nuclear magnetic resonance, and pyrolysis) have shown significant heterogeneity of
humates in different soils and fractions of a single soil. Criticism of the humification model
is therefore justified.

The structural features and chemical composition of highly aromatic soil humic acids
(HA) suggest that these HA are derived from BC and not natural native plant materials.
Humic acids from laboralory oxidized BC also show remarkable similarities in chemical
compositions and spectroscopic data with highly aromatic soil humic acids. Therefore, BC
is considered a possible source of the chemically most stable, aromalic soil carbon poal [ 15].

Black carbon is defined by Goldberg [16] as a mixed product that results from the
incomplete combustion of fossil fuels, wood, and biomass, as well as from certain industrial
processes, such as the production of carbon black for automobile tires and printing inks.
He understood BC as a mixture of different charcoals, which he defines as a porous, solid
product, containing 85-98% C, produced by carbonization of carbonaceous materials, at
temperatures up ko 600 “C in the absence of air. An overview of the chemical and physical
properties of these substances is described by Mantell [17]. From the point of view of
environmental relations, two characteristics of BC are important: high chemical stability at
usual water, air, and soil temperatures, and high sorption activity, which depend on the
original carbonaceous material, chemical characteristics of the environment, in which BC
was formed and the reaction time and lemperature during its arising [18]. Medalia and
Rivin [19] distinguish four types of BC, according, to particle size, their morphology, origin,
and surface properties. Kuhlbusch and Crulzen [201] define BC as the fire produced carbon
fraction with a molar H/C ratio of <02, which is resistant to heating o 340 “C in pure
oxygen. The term BC includes several other terms: char, charcoal, sool, elemental carbon,
pyrogenic carbon |21]. BC is considered an important sink in the global carbon pool [22]; it
may represent an inert carbon pool used in SOM models [23].

It is estimated that the annual BC production from bismass combustion is 1 Tg [22],
with total carbon content in the biosphere, atmosphere, and sea pools of 3 = 108 Tg. Thus,
it is clear that BC destruction occurs, although it is generally considered extremely stable.
Kuhlbusch et al. [24] give an estimate at 50-270 Tg, per year, with more than %% of BC
coming from terrestrial ecosystems. There are a number of other estimates of BC production
in the literature, bul these are mosily geographically smaller unils.

There are lwo destructive mechanisms of BC: photochemical and microbial decay.
Human society releases other BC into the environment through the deliberate burning, of
forests and fossil fuels [4], the operation of engines vehicles, and the production of soot,
graphite, and activaled carbon. Recently, pyrolytic processes in the chemical industry have
developed rapidly. Their solid waste, biochar, is another source of BC [ 25]

Most of this BC is stored in spils [26] and can form significant fractions of soil
carbon [4,.27]. The danger is the absorption of polycyclic aromatic hydrocarbons (FAHS)
and other organic pollutants, sorb on BC [25]. Abiotic and microbial oxidation can form
functional groups with a network of negative charges on the surface of BC particles [29]. A
high concentration of OOOH groups has been demonsirated afler oxidative degradation
of burned plants by dilute HNO; [30]. Influencing nutritional dynamics in soil has also
been demonstrated |31 32]. The formation of carboxyl groups or other negatively charged
groups in BC-added soils can be caused by two processes: (1) surface oxidation of BC
particles themselves or (2) absorption of highly oxidized organic matter on the surface of
BC particles [33]. The effect of BC oxidation on the increase in calion exchange capacity
(CEC) has been demonstrated [34]

Analytical methods for the quantitative determination of BC in soils and other malrices
are quite problematic due to the analyzed material's high heterogeneity and insolubility. An
overview of basic methods is given by Goldberg [16]. Methods of spectroscopic, chemical
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oxidation |35], oxidation ko OOy after removal of other C-components [20], the oombination
of spectroscopy, and nuclear magnetic resonance [36] are used. It was found that in the
oxidative degradation of coal, polycyclic and substituled aromatic centers are converted to
benzenecarboxcylic acids—BPCA | 37]. This fact also applies o coal pyrolytic residues | 38].
Schnitzer |39] found that BPCAs derived only from benzene rings unsubstituled by oxygen,
but only C atoms. This is a feabure typical of black carbon. That is why Glaser et al. [21]
assumed that BPCA could be used as a specific measure of black carbon in soils.

Hedges et al. [40] published “The carbon combustion continuum of black carbon™. It
shiows the carbon combustion products from large, reactive particles of weakly charred
binmass through char, charcoal, soot, and graphite o submicroscopic black carbon particles,
and outlines possible analytical determination methods. Chemical methods are only
suitable for graphile, sool and charcoal; thermochemical methods only for graphite and
sool [41]; visual methods only for weakly carbonized biomass [26]. The whole area of
all charred binmass products can be captured only by CF/MAS 13C NME. The most
significant part of BC components (char, charcoal) can be captured by BPCA methods [21],
miolecular markers [42], and ultra-high mass spectrometry [26]. Combinations of these
methods are also used |[20].

Black carbon can affect the long-term storage of carbon in the soil in two ways—by
its own stability and by its influence on two main mechanisms of physical stabilization of
organic matter in the soil, which i physical protection in soil aggregates and stabilization by
the formation of organomineral complexes [ 12]. Macro-aggregates (>250 pm) have a higher
concentration of S0M than micro-aggregates [43] because macro-aggregales conlain more
binders [41]. Decomposed organic malerial is also a transitional sealant [15]. Howewer,
tillage management also has importance here [46].

Ulirasonic dispersion of stable aggregates and determination of density allows separa-
tion into three different fractions according to various physical protection mechanisms [47].
The free SOM fraction (FF) is isolated before ullrasenic dispersion, the occluded S0OM
fraction (OF) is after ultrasonic dispersion. The last fraction is organomineral, so-called
“heavy™ (DF). Its organic matter is called DFOM. The FF fraction is labile, the OF fraction
miore stable. The DF fraction is very stable, with a mineralization period of decades o
centuries | 12,48,49]. However, even the labile FF fraction can be further divided by density
fractionation. It is divided into a free light fraction of organic matter (fLEOM), which is
wery labile, and a more stable occluded light fraction (ol .FOM). The fLFOM fraction is on
the surface of the aggregales; the oLFOM fraction is inside the aggregates [50]. For oLFOM
o mineralize, it must first be released from the aggregates. Therefore, oLFOM is more
stable the more considerable the number of waler-resistant aggregales is in the soil [51]

Howewer, BC particles are also part of the light organic maiter fraction (LFOM).
Therefore, the data on the ratio of ILFOM to oLFOM are essential in studying the stability
of BC in soil [52].

The work aimed to determine the relationship between the amount and properties of
black carbon in the clay Cambisols of South Bohemia, Crech Eepublic, to the amount of
waler-resistant macro-aggregates, the ratio of the free occluded light fraction of organic
matter and the amount of heavy fraction of organic matter. According to the resulls, o
contribule to the discussion of whether carbon sequestration in the form of BC is more
or less significant in the given soil and climatic conditions at medium altitude and in a
relatively dean landscape.

2. Materials and Methods

2.1. Soil Samples Processing

Cambisols are the predominant soil type in South Bohemia. The research focused
on medivm-heavy soils—loam soils. Ten localities were selected where the deposition of
emissions from local heating, plants and motor transport can be assumed. These localilies
wiere located east of relatively large human settlements; the exact places were selected based
on maps of the prevailing wind direction. Namely: Tabor, Pisek, Strakonice, Prachatice,
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3 x Ceské Bud&ovice, 2 x Cesky Krumlow, Jindfichiiv Hrader. Another len samples were
taken from localilies relatively remote from sources of anthropogenic pollution; namely
Kigranov, Zahwozdi, Slavkow, Maltin, Jaromé&F, Malonty, Fohorski Ves, Paseky, Hartunkow,
Rychmow. The map of sampling, localities is shown in Figure 51. Sampling was performed
using a pedological sampling rod on arable land from a depth of 0-0.180 mm. Twenty
samples were taken from each locality (from one particular land block) and composited.
Soil samples were collected in May 2020. All analyses described below were performed
six Limes.

The method described by Kuhlbusch and Crutzen | 20] was used to determine BC. This
method was originally intended to determine BC in the combustion residues of various
vegelation types. The organic content is loo low for soil analyses. This disadvantage
was minimized by removing specifically heavier mineral particles using the pipeiting
method commonly used to determine soil granularity. Soil samples (sieved soil < 2000 pwm)
were first dispersed by boiling for 30 min with alkaline solution (dissolved 357 g of
(NaP(y)g and 7.94 g of MazC0); per liter of water). FParticles larger than 250 pm were
then removed through a sieve. The resulting suspension was diluted 1o a uniform volume
(1000 ml) and, after mixing, transferred Lo a sedimentation dewvice to determine soil
granularity. The procedure was the same as used for determining soil granularity by the
pipetting method. A fraction smaller than 50 wmn was collected. Although this method
of concentration increase of organic matter in the sample results in the loss of particulate
organic maller of the soil, which is usually trapped on the sieve logether with the sand, the
transformed primary organic matter o which BC belongs remains in the most subtle soil
fraction. A further increase in the concentration of the organic component was achieved
by density fractionation with a Nal solufion with a density of 1.6 g/cn®. The isolaled soil
particles <50 pwm in the centrifuge tube were shaken in an orbital shaker {170 rpm,/min)
with ten 5 mm diameter glass beads with 40 mL of 1.6 g/cm? sedium indide solution
for 18 h. After vacuum fltration of the supemnaltant, the free light fraction (LF) and
the occluded light fraction (oLF) and their soil organic matter FLFOM and olFOM were
obtained. These two fractions, according, to Balesdent et al. [52], contain BC. The sediment
in Mal solution is a heavy fraction (DF) with a density greater than 1.6 g/cme.

2.2 Black Carbont Conttent Determination

Elemental analyses (Vario EL CUBE) of dried and pulverized LFOM and ol FOM sam-
ples made it possible to oblain data on the samples” total carbon (TC) and total hydrogen
(TH). The aliquat proportion of the samples was sequentially extracted in a centrifuge ube
with 1 M NaOH, 70% HMNOy, 1% HCl and twice with deionized water. After drying and
weighing the residues, a second elemental analysis was performed o determine the total
carbon (TC1) and hydrogen (TH1) content after extraction. It is then possible o calculate
the removed carbon and hydrogen (inorganic carbon of carbonates IC, organic carbon
released by solvent extraction OC1, and hydrogen removed by solvent extraction OHZ).

A second purification step i needed to remove the residual organic carbon and hydro-
gen (OC2, OHZ)—a thermal process. Parallel weighed samples of the pretreated malerial
were exposed bo a lemperature of 340 *C for 2 h in a stream of oxygen (500 mL/min). The
third elemental analysis will make it possible o determine black carbon and hydrogen
bound to BC (BH) after deducting, the volatilized carbon by the fire (VC). The molar H/C
ratio (BH/ BC) determined without correction for hydrogen, possibly bound to minerals
(froem (2 and (OOHZ), which was recommended by the cited authors [20].

2.3. Determination of the Structure of Soi

Determination of the structural condition of seil samples was performed by sieving,
and sedimentation |53]. Water-stable aggregates were fractionated into micro-aggregates
(<250 um) and macro-aggregates (=250 pm) according, to John et al. [48]: 50 g of sieved
soil (<10 mm) was dried at 40 °C for 48 h and sieved in deionized water in a sieving
machine for 10 min. After 5 verfical lifts of the sieve (33 mm), the water-stable aggregales
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(=250 um) were sprayed onto a vacuwm filter, the water was aspirated and the aggregales
dried at 40 *C. Particles that passed through the sieve (<250 pm) were isolated by the
addition of 2.5 mL of (.5 M AlCl solution per 1000 mL of supernatant, after which they
were decanted and dried for 48 h at 40 “C.

2.4 Determination of Free Light Fraction fLFOM, Occluded Light Fraction ol FOM, and Hexoy
Fraction DFOM g&%ﬂr Matter .

This determination was performed according o the method suggested by Balesdent
el al. [54] and Golchin et al. [55]. The procedure for determining (LFOM was as follows:
10 g of sand-free soil samples (<200 pm) was inserted into the centrifuge ube with 40 mL
solution of sndium polytungstate at the density of 1.8 g/cm? (Sometu, Berlin, Germany).
Alfler shaking by hand, the suspension was allowed bo stand for 30 min. Samples were then
centrifuged (2000 g) for 30 min. The supernatant was vacuum filtered through a filler
wilh pores <45 pm and then washed with 2000 mL of deionized water. After filtration, the
amount of FLFOM was determined.

The remaining soil material in the centrifuge tube was then shaken on an orbital
shaker (175 rpm,/min) with ten 5 mm diameter glass beads with 40 mL of sodium poly-
tungstate solution again at a density of 1.8 g,.h:m‘1 fior 18 h. After the first centrifugation and
decantalion, the soil particles were resuspended in 40 ml of polytungstate solution and
centrifuged. This repeated procedure aims to completely separate the occluded light frac-
tion ol F from the heavy fraction DE. The supematants of both suspensions were combined
and vacuum filtered. The remaining particles, corresponding Lo the heavy fraction DF with
a density >1.8 gfcm“, were washed with 1500 mL of deionized walter o remove residual
polytungstate. The suspension was then precipilated by adding 2.5 mL of (L5M AIKCl; per
1000 mL of supernatant and the supernatant was decanted with water. The heavy fraction
DIF was fillered off and washed with 500 mL of deionized waler. This was followed by the
carbon content determination in oL FOM and DFOM fractions.

2.5, Slatistical Analysis

The data of Figures | and 2 were statistically evalualed by an analysis of variance
[ANOVA) and the resulls were subsequently compared by a post-hoc Tukey HSD test. The
method of principal component analysis (FCA) and factor analysis (FA) [56] was used for
multivariale statistical analysis of measured data. Statistical analyses, induding graphical
outpuls, were processed in STATISTICA (version 14, TIBOO Software, Inc., Palo Alto, CA,
LISA, 2021).
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3. Results and Discussion

3.1. Soil Properties

The average results (including standard deviations) of all monilored soil characteristics
are summarized in Table 51. Soil analysis proved that clay Cambisols from experimental
localities corresponds to average values in the Czech Republic. The specific gravity of the
examined soils is in the range of 2.48-2.76 g/cm®, which corresponds bo the surface humus
horizons. The bulk density is slightly lower (1.05-1.47 gfcm’] than would correspond Lo
clay topsoil (1.34-1.40 g fcm?). The content of clay particles <0.01 mm is in the range of
30-45% for all samples, which corresponds o clay soils. The maximum capillary capacity
is slightly higher than that of lopsoil of clay soils (35%), probably due o the relatively high
content of Cog, which here reaches the calegory of “excellent™ (2.9%). Cation exchange
capacity should be high in these high carbon soils. However, for most samples, it is
only medium (130-240 mmaol /kg soil), probably due to the higher acidity of all samples,
corresponding to the category of weakly acidic to acidic soils (5.1-65 pHy). For the same
reason, the degree of sorplion saturation is only medium (50-75%) or even lower. The
results of the analyses of soil samples are summarized in Figure 1.

3.2 Black Carbon Covetent

Important resulls concerning soil organic matter are summarized in Figure 2. Sam-
ples of soils from relatively cleaner localities in southern Bohemia showed on average
lower BC content (2.16% Corg) than samples with higher deposition of atmospheric fallout
(2.76% Copg ). These samples from sites with higher atmospheric pollution probably have
BC of anthropogenic origin (ABC), ie., unbumed residues of industrial and local furnaces
and emissions from transport, especially soot from unadjusted diesel engines. The study
of historical sources did not prove the existence of recorded large fires in any of the ex-
perimental sites. Thus, it is clear that the group of samples from “clean” siles conlains
ancient historical BC (HBC), which can be partially oxidized over a long period of storage
in the soil. As a resull, its properfies, especially sorption and ion exchange, will differ from
relatively young, anthropogenic BC soils from atmospherically contaminated areas. In
general, however, il can be stated that the amount of BC found in the whole experiment
is meagre.

The finding, of low BC values could be caused either by the chosen analytical method
or by the used purification operations. BC analysis is generally considered very problematic
because the analyst does not have a chemical individual, but always a very varied mixiure.
Although there are modern methods for determining BC in soils [21,36], in addition to
demanding instrumental techniques, it is always necessary to use indirect relationships o
calculate BC content in soils. The method of Kuhlbusch and Crutzen [ 20] was used in this
research because BC defines unambiguously. In our opinion, the deaning operations used
could affect the correciness of the resulls, but not the accuracy. As this is a comparative
waork, we believe that the final evaluation of the cleaning operation will not be affected.

The average amount of soil organic matter DFOM in the heavy fraction DF in the soils
s a precondition for higher conlamination by atmospheric fallout (0.3083%) almost identical
1o insoils less contaminated (L3397%). However, its relation correlates with the BC content
(r = 0.899268), and with the ratio of free light fraction and the occluded light fraction of sl
organic matier (FLFOM /ol FOM] (r = 0L644752) in localities without deposition. In localities
wilth deposition, the relationship to BC is not correlated. This is evidence that long-lived
HBC is strongly bound to the mineral colloidal soil fraction and, of course, o the less stable
LFOM. On the contrary, the “young™ ABC has not yet stably bound to mineral colloids,
either because ABC (from traffic, resulting from the combustion of fuels in furnaces), is less
stable than HBC from biomass fires, or it has not yet oxidized in the soil |57]. Therefore, no
negatively charged carboxyl sites and other functional groups have formed on its surface,
and therefore this ABC has only a sorption ability, not an ion exchangeability. For the
firm connection of the mineral colloidal clay fraction with the colloidal organic fraction,
the ion-exchange capacilty is more important than the sorption capacity. By analogy, soil
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aggregates are much easier to form by combining mineral colloids with humic acid colloids
than connecting them with seil non-humidified organic matter [13,14].

Anthropogenic BC, which does not affect DEOM in the heavy soil fraction of DE,
forces the hypothesis that it will more easily undergo mineralization destruction in soil [22].
Therefore, it is necessary o lake a general idea of the exceptional stability of BC in soil with
some reserve [4,24].

On the ather hand, it was found that the ratio of free light fraction and the occluded
light fraction of soil organic matter correlates with BC content only in lncalities without
deposition. In contrast, in localities with deposition, this relationship does not exist. This is
confirmed by the conclusion of the previous paragraph and the finding that HBC is also
bound in a light fraction of soil organic matter. As this ratio decreases in deposition sites, it
is clear that the high sorption capacity of ABC leads to the formation of an cocluded light
fraction of oL.LFOM soil organic matter. It is a stabilizing mechanism [13]. Nevertheless,
although FLFOM is more labile than ol FOM. However, oLFOM also mineralizes in the soil
in the order of decades | 12]. Therefore, ABC cannot be a pool of permanently stored carbon
in the soil.

Correlation analysis revealed a close relationship between the BC content in the soil
and the number of water-stable aggregates. In localities with atmospheric fallout deposition,
this relationship is less significant. The formation of water-resistant macroaggregales is
a much less sensitive indicator than the ILFOM /oLPOM ratio. Therefore, this result
is mol surprising,; it only confirms the conclusion of the previous paragraph [50]. BC
did not contribute to the higher forms of the occluded light fraction of organic matler
within the aggregates and thus did not positively affect their amount [51]. This may
be due to this phenomenon: BC, which has both sorption and ion exchange properties
(HBC), is low in il and i diluted in sites with ABC deposition (which has caly sorption
properties). Anthropogenic BC is nol yel oxidized, having no negative charge network on
its surface [2%]. Therefore, there was no sorplion of foreign, oxidized organic soil matter [33]
and thus no increase in CEC [34]. The soils from both groups of localities had the same
CEC. The dilution of "quality”™ HBC by “poor quality” ABC and other influences caused
even higher CEC in soils from atmospherically cleaner localities, with lower BC content.
Thus, the Cpp content in samples of localities with higher deposition of atmospheric fallout
correlates more significantly (r = 084071 1) with CEC than in samples from localities without
deposition (r = —0.310164).

3.3. Evaluation of Resulls from the Point of View Principal Component Analysis and
Factor Analysis

On the graph of component weights PC1, PC2, PC3 (Figure 3), the first two axes
are significant, which together exhaust about 92% of the variability. The PCI axis in the
PC1 = PC2 graph unambiguously characterizes WSM and B, which go directly along
this axis and are correlaled with it at a level exceeding 0.81 and —0.80 (high correlation), as
well as Corg (r=0L77) and particles 0,01 (r = —0.69). On the PC2 axis, there is a significant
correlation between BC and DSS (r = 0.91 and 0.75). There is no significant correlation on
the PC3 axis, bul the direction is differentiated according o particles (L0 (r = 0.63) and
Co (r=059).
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Figure 3. Principal component analysis (ICA) of soil quality parameters in the are of interest: (a) graph of component
wu'a'hh 1a 2 {PCT = PC2) for sail qlnlrlr;umm ﬁb}l’hﬂmﬂn‘[ﬂu}c‘ lheumplmu!lmnl'f_'l 3 P2 for individusal
localities. () Graph of component weights 1a 3 (PC1 % PC3) for soil quality parameters. (d) The scatterplot of the
mrpllﬂn}ml'f:l = PC3 for individual localities. :l}scl’EP‘d; :ﬂmwhﬂ':l % PC2 = PC3 for individual localities
Mote: BUC—black carbon (% Cang J; FLFOM /ol FOM—the ratio of free light fraction and the oodhuded Fight fraction of soil
organic matter; mm—ﬁu:lrpkrmurrl‘ﬂrl'm‘vjuﬂ] fraction (% C of soil); W—HMMW
(3 aggregates (kg snil after sand subtraction) ~"); CEC—ation exchange capacity (mmaol /kg); pHjge—soil reaction; particles
<101 mrn—fJa:yI Parbcll:: C_.‘—-mﬂ orgAmic carton (%) MOC—maximal mPil.la'ry capacity (%) @W—:Pu:lﬁc wmsht
(g em®); 65— degres of surption saturation (%); BO—bulk density (g/om®).
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In the scatterplot of the component score, sampling sites according to W5SM, Gy, BD
amd particles are clearly located along the PCI axis. The PCA divided the places in the area
of interest into several different clusters. The cluster of localities Ceské Bud&jovice 2 and
3 are characterized by a very high content of S5, a higher BD and the lowest eontent of
WEM and Cosy, (also distinguished in the graph PCI x PC3) and a higher content of BC. On
the contrary, the localities JaromEF and KFiSlanov are characterized by the highest conlent
of WSM, Car; and the lowest BD and very similar content of particles. The Paseky and
Hartunkow localities deviale from other localities with the lowest BC content (1.70-1.78%).
TJ'EEHR:J' Krumbov 2 locality has the highest BC content (3.50%) with a high Coep, content
(3:29%). Therefore, these two localities are al the most significant distance from each other
wilthin the PCA axis. Other localities have similar soil quality parameters and, thus, form
the largest cluster around the center. The Strakonice ocality with the PC1 x PC3 graph also
differed significantly from other localities with a low content of BC (2.11%) and Coe, (234%).

Factor analysis (FA) (Figure 4) confirmed the results of PCA and differentiated simi-
larly to the PCA method of the group of localities (see scattering diagrams of component
scores). Factor weights explain the correlations between factors and features. They repre-
sent essential information on which the interpretation of factors is based. Factor 1 describes
the properties in terms of Corg and WSM. The cluster of localities Ceské Budéjovice 2, 3,
and Strakonice are characterized by the lowest content of WSM and Coyy, on the conltrary,
the localities JaromeF and KfiSranov have the highest range of WSM, Co. Factor 2 clearly
describes the content of BC and DSS. The lowest BC content was determined in the Paseky
and Hartunkov localities. Therefore, they are differentiated from other localities in the
Factor 1 = Factor 2 graph, within the factor 2 axis. Factor 3 describes BD and particles.
The Paseky locality has the highest BD and particles, while the Prachatice locality has the
lowest BD and particles. Communality represents the proportion of character variability
expressed by the factors in question. It is similar to the value of R?, which we obtain
when the original characters are explained by regression by selected factors |56]. From the
contribution of Factor 1, Factor 2, and Factor 3 to communality, it is clear how communality
acquires high values. Thus, the features of most values are very well considered by the
proposed factor model (Table 1).

Table L. Factor weights and contributions of a given factor o the communality for imdividual traits afher rotation of varimax
rnnml‘i.md.nlilqluﬁir parameters in the area of inbenest

Parameter Factor Weight Contributions of a Given Factor to the Communality
Fasctor 1 Factor 2 Factur 3 Factor 1 Factor 2 Factor 3 Communalities

BC L1E8S [kt b —1mz IEss B35S LEASE 04384

BLY —0.1M7 L1561 0.54% LIG6E LG11 (L9625 [L90RT

LEs -0z (LA325 L1843 RS L7827 (LB 6y L5265

C"I (L9692 —{LO7Sh —L0Es RG] UL L Y522 (LE94E

WM L9576 zE12 —L.1946 IR o] 97T (L9556 5084

Partiches < (LT mm —(L0876 — LR [(Lrg 3 L7 TR (LY5EG (LESAS

Mote: BC  black carbon (% Con ki BD' - bulk density (7/om™); D55 degree of scnption saturation (%) Can,  0il arganic carbon (%)
WSM  waler stable macroaggregates (f aggregates-{ky soil after sand subtraction)1); particles < (WA mm- clay particles (%),

Multidimensional statistical methods (multicriteria evaluation using, PCA and FA meth-
ods) significantly enabled, based on extensive data analysis, to differentiate the area of interest
in the evaluated parameters (WSM, Cog, BC, el ) into different clusters (individual localities
within differentiated clusters have their own qualilative paramelers soils very similar).
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Figure 4. I"ﬁ:in(anﬂpﬂ'ﬁ-{l"ﬁ] of soil qlﬂliljpu’.u‘rch’x in the anem of interesk {i]_ErJPh off factor wnshbi{['\achr'l x% Fachor
2) for sl quality parameters. (b) Scattering diagram of component scones Factor 1 % Factor 2 for individual localities.
() Giraph of factor weights (Factor 1 x Factor 3) for soil quality parameters; (d) scattering diagrames of component score
Factor 1 3 Factor 3 for individual kecalities; () 31 graph Factor 1 % Fachor 2 % Factor 3 for soil quality parameters; (£) 30
graph Factor 1 x Factor 2 x Factor 3 for individual kealites. Note: BC—black carbon (% Cpy ) FLFOM foLFOM—the
l:liuufﬁe]ishl:" i amd thee fuachs "liEhl:" il nfmilmﬁnﬁ:maﬁll:%mhhﬁablﬂnmmm
(g aggregates-(kg, =il after sand subtraction)~'); particles < (U mm—clay particles; Cyu—sil organic carbon (%); DS5—
degree of sorption saturation (%) BD—bulk density (g/cm?)L
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4. Conclusions

Organic matter influences the soil ecosystem and, indirectly, the environment. One
of the important fractions of soil organic malter is black carbon. Therefore, this study
investigated black carbon in the clay Cambisols with it different atmospheric fallout. On
average, lower black carbon content was fiound in sparsely populated areas of southern
Bohemia (2.16% Cyg ). In comparison, it was higher in areas of larger cities with a significant
anthropogenic load (2.76% Camg). Black carbon in the soils of larger cilies probably has
an anthropogenic origin. Thus, two types of black carbon were found. The first one is
historical from biomass fire when the second one is anthropogenic and relatively new. It is
created from combustion in furnaces and transport fumes, and does not significantly affect
organic matier. Howewver, both groups of black carbon have entirely different properties and
effects on the environment. Historical black carbon from atmospherically cleaner localilies
is firmly bound with mineral soil colloids. 1t is evident from the relationship of its conlent
in the soil to the heavy fraction of soil organic maller; moreover, from the ratio of free light
fraction and the occluded light fraction of soil erganic matter. On the contrary, in soils from
localities loaded by atmospheric Eallout, the relationship of black carbon content to these
parameters is negligible. Thus, it can therefore be staled that anthropogenic black carbon is
miuch less stable in soils than historical black carbon because it has not yet been associated
wilth mineral collpids. This is because ils chemical properties are entirely different from
historical black carbon or has not been oxidized in soils yet. That is why anthropogenic
black carbon has only the sorption capacity, not the cation exchange capacily, in contrast
wilh historical black carbon. The high sorption capacity of anthropogenic black carbon
leads o forming an oocluded light fraction of soil organic matter, which is a stabilizing
mechanism, although very slow. The free light fraction of soil organic matter is less stable
than the occluded fraction. However, even the occluded fraction mineralizes in the soil for
decades, so anthropogenic black carbon cannot be a poel of permanently stored carbon in
the snil.
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Table S1. Basic descriptive statistics.
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4 Biochar jako piidni pomocna latka

V predchozi ¢asti prace byla piedstavena POH, objasnén jeji vyznam a vysvétleno jeji
déleni. Existuji tedy frakce relativné labilni a frakce relativné stabilni. Mezi nimi je
samoziejm¢ mozné nalézt urCité mezistupne. Odborna literatura popisuje fadu moz-
nosti, jak 1ze POH d¢lit z hlediska jeji stability. Tato kapitola tematicky navazuje na
predchozi ¢lanek zabyvajici se takzvanym black carbonem. Nasledujici text bude vé-

novan aktualni a Siroce diskutované problematice — vyuziti biocharu v zemédélstvi.

4.1 Co je to biochar?

Pro pfehlednost je nutné nejdiive definovat, co pojem biochar znamena. Jak totiZ uda-
d¢ji Bolan et al. (2022): ,,Biochar je black carbon, ale ne kazdy black carbon je bio-
char.“ Autofi vysvétluji, Ze biochar neni jedinou entitou, ale spiSe zahrnuje Sirokou
Skalu forem black carbonu. Terminologii black carbonu se podrobné vénuji Jones et
al. (1997). Pojem biochar vsak jesté ve svém prehledu zahrnuty nemayji.

Dle Spokas et al. (2012) byl termin biochar poprvé pouzit pravdépodobn¢ v
roce 1998 a oznacoval pevny zbytek po pyrolyze biomasy. Laird et al. (2010) popisuji
biochar jako vedlejsi produkt termochemické ptemény lignocelulozovych materidlt
na pokrocilé biopaliva. Biochar je tedy zuhelnatély materiél s velkym povrchem a bo-
hatymi funkénimi skupinami (Glaser et al., 2002; Cheng et al., 2008). Ve velkém
mnozstvi obsahuje uhlik, vodik a kyslik. Dal$imi prvky jsou napftiklad dusik, sira, fos-
for, draslik, hoi¢ik, hlinik, Zelezo, vapnik ¢i kiemik (Bolan et al., 2022).

Biochar vznika pyrolyzou — termochemickym procesem (> 250 °C), pii kterém
dochazi za neptistupu kysliku k rozkladu organického materialu (Tsuge a Ohtani,
2011). Pyrolyza zahrnuje nasledujici pochody. V prvni fad¢ jde o eliminaci vihkosti.
Nasleduje depolymerace a fragmentace lignocelul6zovych materiald spolu s eliminaci
CO2 a vazané vody. Tretim krokem je re-kondenzace a repolymerace vedouci k uhel-
naténi (Foong et al., 2020). Kromé¢ biocharu jsou produktem pyrolyzy zejména pyro-
lyzni plyny a také pyrolyzni olej (Soni a Karmee, 2020). Substratem pro vyrobu bio-
charu mohou byt kromé rostlinnych zbytka také mrtva téla zvitat, hntij, potravinaisky,

biologicky ¢i komunalni odpad (Purakayastha et al., 2019).
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V disledku selektivniho odstrailovani organickych molekul a zmén ptvodni
uhlikové struktury ma biochar vyrazné vyssi specificky povrch, pérovitost a odolnost
proti biologické degradaci nez vychozi biomasa (Leng et al., 2020; Zimmerman,
2010). V pide by tedy mél byt velmi stabilni (Kuzyakov et al., 2009; Kuzyakov et al.,
2014). Nekteti autofi proto zacali spojovat termin biochar s pevnym produktem pyro-
lyzy, ktery je vyroben specialné pro ucely sekvestrace uhliku (napt. Lehmann, 2007).
Vysokou stabilitu biocharu v pud¢ vsak ¢asteéné zpochybnuji Yang et al. (2022), ktefi
ve svych experimentech zkoumali stabilitu biocharu v zavislosti na ptdnich vlastnos-

tech.

4.2 Vyuziti a u¢inky biocharu

Biochar neslouzi v piid€ jen jako prostfedek pro uchovani uhliku (Lehmann, 2007;
Parthasarathy et al., 2022), ale také jako pomocna latka pro zlepSeni kvality pudy
(Githinji, 2014), coz je z pohledu zemédé€lce hlavni motivaci pro jeho aplikaci na pole
(Kalu et al., 2021). Vyzkumy dokazaly, ze aplikace biocharu vedla ke zlep$eni mnoha
vynamnych piidnich vlastnosti i zvySeni vynosu péstovanych plodin.

Biochar ma ptimy vliv na fyzikalni vlastnosti ptdy. Uvadi se, Ze po aplikaci
biocharu na ptidu dochazi ke snizeni objemové hmotnosti (Mandal et al., 2018; Yan et
al., 2019), podpofe tvorby pidnich agregatii (Zhang et al., 2020a) a lepSimu zadrZzovani
vody (Kambo a Dutta 2015; Razzaghi et al., 2020; Scistowska et al., 2015). Jsou
znamy 1 studie popisyjici biochar jako latku, kterd ma pozitivni vliv na mikrobialni
spoleCenstva a zvySeni biologické aktivity (Lehmann et al., 2011; Mandal et al., 2018;
Meier et al., 2019). U¢inky biocharu byly potvrzeny také pfti upravé ptidni reakce (Do-
mingues et al., 2017; Laghari et al., 2016; Mukherjee a Lal, 2013). Vyznamny vliv na
pudni urodnost je ptipisovan rovnéz pozitivnimu vlivu biocharu na zvySovani kation-
tové vyménné kapacity pudy (Farhangi-Abriz a Ghassemi-Golezani, 2023; Munera-
Echeverri et al., 2018; Scistowska et al., 2015).

Biochar taktéz ovliviiuje zivinny stav pudy. Lusiba et al. (2017) poukazuji na
to, Zze uz samotna piitomnost biocharu v ptidé ma za nasledek zménu ptidnich vlast-
nosti, a tedy i kolob&hu zivin. Pfimy vliv ma pak dodani Zivin obsazenych v biocharu
(Haefele et al., 2011; Li et al., 2017). Biochar mize byt zdrojem dusiku, fosforu i

drasliku (Purakayastha et al., 2019). Je ovSem tieba brat v tivahu, ze ¢ast dusiku a siry

64



z vychozich materiall se ztrati plynnymi emisemi béhem pyrolyzy (Al-Wabel et al.,
2013; Leng et al., 2020). Dale jsou v biocharu obsazeny vapnik, hoi¢ik a stopové prvky
vyskytujici se v ptiivodni surovin€ (Chen et al., 2018; Flavel a Murphy, 2006; Quilty a
Cattle, 2011) a béhem zvétravani biocharu se stavaji dostupnymi pro rostliny (Zhao et
al., 2018). Diky tomu, Ze biochar dokaze ziviny také poutat, Se snizuji jejich ztraty
vyluhovéanim (Singh et al., 2010) ¢i plynnymi emisemi (Thangarajan et al., 2018).
Pozitivni vlastnosti biocharu shrnuji Bolan et al. (2022). Biochar oznacuji za
multifunkéni nastroj, ktery je vhodny pro tpravu pudy, pro zlepseni zdravi pudy, fun-
guje jako nosi¢ zivin, imobiliza¢ni ¢inidlo pro sanaci toxickych kovl a organickych

kontaminant i pro zmirnéni emisi sklenikovych plynu.

4.3 Rizika spojena s aplikaci biocharu

Zatimco dfive byl v odborné literatufe biochar ¢asto nekriticky doporuc¢ovan jako vy-
borny ptidni kondicionér, dnes se situace méni a autofi jsou si védomi i uskali, ktera
s sebou vyroba a pouziti biocharu v zemédélstvi pfinaseji. Zalezi totiz nejen na pudnim
druhu, typu a dalSich lokalnich podminkéch, ale také na ptivodu biocharu. Jeho vlast-
nosti se 1isi na zakladé¢ specifickych podminek pyrolyzy, jako je teplota, maximalni
teplota nebo ¢as (Mukherjee a Lal, 2013) a vstupnim materialu (Zhao et al., 2013).
V zavislosti na téchto parametrech mize byt vysledny produkt vysoce variabilni. Té-
matu kvality biocharu v zavislosti na vstupnich materialech a podminkach pyrolyzy se
vénuji napiiklad Hassan et al. (2020).

Scistowska et al. (2015) podotykaji, Ze u¢inky biocharu na ptidu ziistavaji po-
mérné neprozkoumané. Zhang et al. (2020b) upozornuji na slozité vztahy na bazi rost-
lina-biochar-ptda, protoze Gi¢inky biocharu do zna¢né miry zaviseji na konkrétni pidé
a jejim pH, davce biocharu, péstované rostliné€ atd. Nevhodna je aplikace biocharu na
alkalické pidy (Azzi et al., 2019). Ackoli mnozstvi studii reportuje o pozitivnim vlivu
biocharu na ptidni edafon, Kochanek et al. (2022) se domnivaji, Ze o této oblasti se vi
velmi malo. Na zmény ve slozeni mikrobialniho spolecenstva poukazuji i Ducey et al.
(2013). Dotéené mize byt i spolecenstvo rostlin (Kochanek et al., 2022).

Ekonomickou strankou aplikace biocharu se zabyvali naptiklad Marousek et al.

(2015), Marousek et al. (2019), Thengane et al. (2020), Vochozka et al. (2016). Kolem
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ekonomiky trhu s biocharem pretrvava nejistota (Van Fan et al., 2021; Marousek et
al., 2019; Roy a Dias, 2017).

S mnozstvim pozitivnich ucinkii biocharu jsou tedy spojena i urcita rizika.
Vzdy je nutné brat v vahu fakt, ze kazdy pevny produkt pyrolyzy mize mit naprosto
rozdilné vlastnosti. Prvnim vyznamnym faktorem je vstupni surovina, neméné dilezity
je 1 samotny pyrolyticky proces, a dokonce i1 pfipadnd Gprava vzniklého biocharu.
Nelze nezminit fakt, Ze 1 kazda pada bude na aplikaci biocharu reagovat odlisn¢. Pro-
blematice vyroby, vlastnosti a vyuziti biocharu se vénuje naslednd série odbornych

publikaci.
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5 Komentované publikace autora — Cast 2

Publikace 4: Vliv pyrolyzni teploty na vlastnosti biocharu a jeho efekt
na puidni hydrologické podminky

Ghorbani, M., Amirahmadi, E., Neugschwandtner, R. W., Konvalina, P., Kopecky,
M., Moudry, J., ... & Murindangabo, Y. T. (2022). The impact of pyrolysis temperature
on biochar properties and its effects on soil hydrological properties. Sustainability,
14(22), 14722. DOI: 10.3390/su142214722.

Teplota pyrolyzy je jednim z hlavnich faktord, které ovliviuji vlastnosti vzniklého bi-
ocharu. Dale o tc¢incich biocharu na ptdu ¢i rostliny rozhoduje také vstupni surovina
a charakteristika pidy samotné. V tomto ¢lanku byly zkoumdény biochary vyrobené
Z pSeni¢né sldmy za riiznych teplot (350, 450, 550, 650 °C). Doba pyrolyzniho procesu
¢inila 120 minut. Testovanou pudou byla jilovita luvizem, pficemz test probihal v na-
dobovych pokusech. Byl zkouman vliv danych biochar na vybrané ptidni charakte-
ristiky, zejména tykajici se ptidnich hydrologickych vlastnosti. Tato oblast vyzkumu
je vysoce aktualni. V souvislosti se zménami klimatu se pfedpoklada vyssi ¢etnost a
rozsah extrémnich klimatickych jeva, jako jsou silné srazky, zaplavy a sucha Vv celé
Evropé (Cacciotti et al., 2021). Naumann et al. (2021) pfedpokladaji, Ze se zméni dis-
tribuce vody v Case a prostoru. Grillakis (2019) oc¢ekava narist extrémniho ptidniho
sucha bez ohledu na vyvoj pfedpokladanych emisnich scénditi.

Vysledky ukazaly, Ze biochar produkovany pii teplotach 450 a 550 °C podpo-
ruje tvorbu organo-mineralnich komplext a zlepsuje strukturu. Zaroven ma nejvetsi
specificky povrch. Celkove byla jako nejucinnéjsi vyhodnocena teplota 550 °C. Cenny
je ptedevsim vliv takto vyrobeného biocharu na mnozstvi Zadoucich vodostalych mak-
roagregatll, zvySeni porovitosti a obsah dostupné vody v ptidé.

Zmény chemickych a povrchovych charakteristik biocharu jsou tedy ptimo za-
vislé na teploté pyrolyzy, a proto by nalezeni idealni teploty bylo velkym piinosem
pro pudy obohacené timto materidlem. Zavéry této studie vSak neni mozno generali-
zovat. VZdy je tfeba brat v uvahu charakteristiky pyrolyzovaného materialu, jelikoz

z kazdé vstupni suroviny vznikne biochar s konkrétnimi specifickymi vlastnostmi.
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Stejn¢ dilezitym faktem je také velmi odliSna odpovéd’ rtiznych ptid na aplikaci bio-
charu. Vysledky, které byly dosazeny v ptidach jilovitych, nemusi zdaleka odpovidat

potencialnim vysledkiim dosazenych napiiklad v padach pis¢itych apod.
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Ab=tract Sodl struchare is im:.«:ialocruﬁtumt:i:lﬂumcing ol mguli:ﬁm:wl:ing s:.rs5:|:r|:...
and scil meishure conservation. Adding biochar to the soil, which divectly affects aggregation, can
sigmificantly alter the soil moisture siahus. The extent of this impact is influenced by the temperature
at which pyzolysis bicchar is formed. The Impact of bicchar derived from wheat shraw made at 350,
4350, 350, and 650 *C (B, Besz. B, Beac) on soil .:ggr\eg:.‘:imntd. moishare retendion was svahiated
i this sl'.ui}'. Easad on the rasults, Bac had the lug\s! sz wm'ghl: dizemeter, most water-sioble
aggregates, and highest available water content compared to the control, with ncreases of 235%,
35%% and 166% :u:npﬂu:\edtoi}\.: control On the other hand, Bees was identified as the wealkest freak-
ment, with no significant difference from the control. Using Bas and Bese sipgnificanthy reduced the
soil bulk d:nsit:.r b}' 13% and 17% cumPand to the contrel. Therefore, the formation of mi.ctc—ng-
greyle—s. the dev!]nPumt of =odl pmnﬁ*_}', and the m]:seq_'.lmt Increase in soil available water sre
unaroidable during the addition of Bae. The change in the hydrophilic character of bicchar and the
attainment of an optimal coyrgen/carbon ratio with pyrolysis depradations is a critical factor in sodl
hopdrology issues.

Keywords: bulk density; clay particle: organic carbon; porosity; soil meisture

1. Introduction

Scil is a diverse natural ecosystemn made up of minerals, organic matter, gasas, lig-
uids, and crganisms that interact in a variety of ways [1]. The majority of terrestrial plants
rely on soil for both quality and quantity, and hence healthy soil is cudal [2,3]. Many
concepts deal with soil ferfility, quality, and security [4]. For example, the “One Health™”
concept links human, animal and environmental health [5]. Lehmann et al. [6] pointed out
that the designation of soil quality and seil health should not be confused. Soil quality is
mainly related to ecosystem services concerning people. A lot of authors have already
investigated ecosystem services, and this issue is relatively well desaibed [1-3,7]. How-
ever, s0il health goes beyond human health to broader sustainability goals, induding the
planet’s health. Farming management must aim to suppert biclogical diversity, water
quality, suitable dimate, recreation, and human and planetary health [f]. According to
Wannipieri et al [8], healthy soils must fulfil many ecosystem services, induding main-
taining plant and animal productivity and biodiversity, maintaining or improving water
and air quality, and promoting human health.

Severe hydrological extremes, such as long-term drought and extreme predpitation,
hawe risen as a result of dimate change [9]. This might cause an inaeass in global cop
production instability [10]. Oplimizing scil water content could encourage agroecosys-
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tems and soil microbial populations that rely on water to be more flexible [11]. Using ecc-
logical and pragmatic approaches to improve soil fertility is essential [12,13]. Biochar has
been recognized as a solution to the problematic soils [14]. This carbonacecus material
produced by pyrolysis of biomass waste presents a profitable and effective sirategy to
increase soil fertility and simultanecusly sequester soil carbon [15,16].

Biochar as a soil amendment can increase soil water availability [17], water holding
capacity [18], soil aeration [19]. Feadstock, pyrolysis droumstance, and scil characteristics
all influence thesa features. Among these paramaters, pyrolysis temperature has the great-
est influence on the final biochar product [20].

The surface area characteristics and mineral proportion of biochar are all affected by
the pyrolysis temperature [21-23]. Eegardless of the feedstock used, the formation of mi-
ostruchure and an increase in the surface area of biochar has frequently been docu-
mented with increasing pyrolysis temperature [24-26]. An opening of the infernal struc-
ture of willow biochar was observed when the pyrolysis temperature was z 450 °C [27].
Some studies also reported that bicchars produced in slow pyrolysis improwved available
water content (AWC) in both fine- and course-textured soils [26-30]. In practice, AWC is
the most essential factor in irrigation schemes; for example, with a greater AWC, the in-
terval of watering and the vohume of irrigation water used may be minimized. The use of
biochar has a positive impact on the moisture content of the soil [31,32]. Even when in-
aeasing the pyrolysis temperature to 600 and 500 °C, the total pore volume and phosphate
absorphion rate of biochar were shown to decrease [33]. The suggssted mechanisms for
Ehis are the blockage and collapse of the pere struchures by melting of the material during
pyrolysis [34]. However, in three agricultural soils, bicchars produced from straw and
wood at varying temperatures had no beneficial impact on available water [35].

Om the cther hand, there are some factors that are directly affected by biochar amend-
ment, and which play important roles in altering the water capadity in the scil, such as a
decrease in the soil bulk density [36], an increase the total soil pore volume and alteration
of the pore-size distribution [37], the expansion of the soil surface area, particularly in
sandy clay soil [38], and the expansion of soil aggregation [39]. However, many of these
proposed mechanisms have not been validated on the basis of direct evidence. Neverthe-
less, the role of soill aggregates in water retention cannot be ignored they affect the seil
water retention through the pore structure. The capadity of a scil to store and fix organic
carben (OC) is strongly affected by aggregate stability [40]. Soil aggregate distribution is
an important characteristic of soil structure that regulates soil moisture. Aggregates of
different sizes have differant effects on diffusion of gases, watber, nuirients, and dissclved
OC [41], and also on germination of seeds and plant growth. For instance, a fine seedbad
with aggregates of less than 5 mm is good for crop establishment [42], while a soil with
aggregates of 5 mm size is advantageous for plant growth [43]. A rougher aggregate struc-
fure could promote evaporation [44], decrease ion exchange activities [45], and reduce
oxygen level in the inner portion of the aggregates owing to bicactivities [46]. Sustained
aggregates demand a higher volume of linked pores in topscil [31], which have the ability
to speed up water ingress [32].

Warious studies have locked into changes in soil structure and the effect of aggrega-
Hon in water retention capadty. On the other hand, it appears that the use of biochar in
the soil has a direct impact on the aggregation process due to its surface qualities. As a
consequence, biochar-treated soils are considered to have a greater moisture potential
tham soils without biochar. It has been demonstrated that the feedstock and pyrolysis con-
ditions have a significant impact on how effective biochar is in scil. To the best of our
knowledge, the literature has not suffidently investigated how the temperature of pyrel-
ysis affects soil aggregation and moisture. Therefore, the focus of this ressarch was on
cbserving how changing pyrolysis temperature affected the meisture qualitiss of soil in
terms of soil aggregation indices with a closer lock info produced biochar structure. Fur-
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thermore, determining the proper pyrolysis conditions with which to achieve the best of-
fAdency of wheat biochar with respact to water retention characteristics was an alternative
objective.

2. Materials and Methods
21. Experimental Design

This study's soil came from a research location at the Faculty of Agriculiure, Undver-
sity of Guilan in Fasht, Iran (37°11'59.3" IN 49°38°54.6" E). The soil has a day texdure (cay:
53%, =ilt: 299, sand: 15%) and it is classified as Typic Hapludalfs. Bicchars (B) derived
from wheat straw were carbonized during 2 h at four pyrolysis temperatures (350, 450,
550, and 650 *C} in an elecirical laboratory furnace equipped with a temperature controller
with imited air access and the speed of the furnace heating was 10 °C min-. After spend-
ing 1 day cooling dowm, the biochars were ground to a size smaller than 1 mm, following
which they were ready to be added to the scil. Therefore, following freatments were used:
C (control without biochar), Bz, Bas, Bas;, and Bew. Three replications were performed. All
freatments were applied at 3% by weight of biochar to soil and mixed well in plastic pots
(21 cm width, 30 an depth, and 3 kg soil capadty). The application rate of biochar was
selected based on frequently used in conducted pot experiments [39,47 4E]. The pots were
then watered (field capadity plus 20%) and dried (permanant wilting peint) in a controlled
environment. The pots wers placed in a greenhouss at 25 °C for 7 days to check the mois-
ture level. The incubation time was 5 months. After that, two undisturbed and disturbed
sqil samples collected from each pot for analysis of soil physical and chemical character-
istics.

2 2 Biochar Characteristics

The analyses of biochar properties are shown in Table 1. The pH was determined
using a 1:20 {w/v) biochar to water ratio [49]. An elemental analyzer was used to detect
total carbon, hydrogen, and niftrogen (Perkin Elmer 2400 IT). The ammonium acetate tach-
nique was used to determine CEC and exchangeable cations [50]. The Brunner, Emmett,
and Teller (BET) approach was used to calculate the specific surface area [51]. To lock inko
the effects of varying the pyrolysis temperature on the microstructure of biochar more
thoroughly, scanning eleciron microscops (SEM) was used (Hitachi-TM3030, Japan). Fig-
ure 1 shows the results of SEM with high magnificent. The functional groups in the pro-
duced biochars used in this study were analyzed using a Fourier transform infrared (FTIE)
specirophotometer in the mid-infrared region, from 4000 cm? to 400 an. The resulting
FTIF. specira are shown in Figure 2.

Table 1. Characteristics of bicchar (B) made from wheat straw at four different pyrolysis tempera-
tures (350, 450, 550 and 650 °C).

F‘I.‘D‘Peﬂ}" i Bz B B ) Basz ) B
* 554 (m? g) 401+253 F13+216 E58+ 318 704+213
FH 772002 5.5x0.03 5.9 x0.02 11.7+0.02
CEC (amelckg™) 153121 195156 4342215 372282
C (%) 301+1.09 421+168 S24+224 Erex197
H (%) 5.56 £ 0.03 322 +0.02 251 +0.02 194 +0.01
0O (%) 145+0592 13.6 £ 0.67 129+ 0.38 124049
M (%) 13200 125+0.01 1ad+ 002 1532002
O/C ratio 0.29:0.01 032001 0.24 = 0.01 021 £0.01
Biochar yisld (%) 262154 374281 453153 16.5 £ 0.97

* 554 Spedific surface area; CEC: cation exchange capacity, C: carbon, FE: hydrogen, Ot axpgen, IN:
miitrogen

=
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1.0k 00 um

1.0k 00 um 20 :59 ML 1.0k 100 um

Figure 1. Scanning electron microscopy (SEM) images of biochar produced at (a) 350 °C, (b) 450 °C,
() 550 °C, and {d) 650 °C.
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Figure 2. Fourier fransk - d (FTIR) spectra of four diff t biochar.
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2.3. Spil Characteristics

The wet-sieving process was used to examine the wet aggregate size dishribution
After open sun-drying, the soils were moistensd with tap water for roughly 24 h. The soil
was then soaked in a bucket of tap water and sieved at 35 oscillations per min (with a 35
mm amplitude) for 10 min on a set of sieves with apertures 2, 1, 0.5, 0.25, and 0.053 mm in
diameter. After wet-shaking, the remaining material in every sieve removed carefully and
dried at 105 °C. The weight ralio of aggregates from each sieve on the total weight of
aggregates was computed to determine the aggregate size distribution. Using wet sieving
results, the mean weight diameter (MWD of the soil aggregates was clculated as follows
2k

Mwp=t I Zwi O

where X denotes the average diameter of the aggregates left on each sieve, Wi denotes the
weight ratio of aggregates per sieve to the total weight of the soil, n denotes the number
of sleves usad.

To evaluate water-stable aggregates, 4 g of 1-Z mm air-dried aggregates were loaded
into a 026 mm sieve, pre-wetted with water for 24 h, and then shacked 35 times min™
vertically approximately 1.5 an for 3 min using a single-sieve wet-sieving technique [5Z].
After drying, the weight of unstable and stable aggregates was calculated. The water-sta-
ble aggregates (W5A) index is computed as follows:

— W —We
WEA = 222 100, @

where Wi denotes the weight of material on the sieve after wet sieving, W. denotes the
weight of sand material, W. denotes the weight of aggregates placed on the sieve prior
wtk sieving,

The soil bulk density (EDY) was measurad by the dod method, and then the soil po-
rosity was calculated using BD walues [53]. Specirophotometry (PerkinElmer Optima
7300V) was used to estimate the quantity of soluble base cations (Ca* and Mg}, and the
flame photometer was used to calculate Na+ (M410 Sherwood). The sodium absorphion
ratio (SAR) was then computed using the following formula:

Na+

SAR = ——————— w101,
[Ca® + Mg** @)
N

2.4 Wiater Retention Capacity

Using porous plate funnels and pressure plate equipment, the soil water content
curves were caloulated [52]. The imposed tensions were 0, —10, —33, —100, —300, -500, and
-1500 kPa which are equals to 0, 2, 2.5, 3,35, 3.7, and 42 pF (log matric potential). The
field capacity (FC) and the permanent wilting point (FWTF) were determined to be 33 and
-1500 kFa, respectively. Thres replications were performed. The difference betwean FC
and PWTF was used to compute the available water content (AWC).

2.5 Dwata Analysis

Ome-way analysis of variance (ANOVA) was performed to examine the significance
of differences in soil parameters among treatments. Lowercase letters in the figures indi-
cate statistically significant differences after the least significant difference (LSD) test at p
<0.05. Te analyzing existing correlation bebwesn pyrolysis temperaturs and scil proper-
fies, linear regression was performed as follows: a) mean of predicted values and residu-
als, b) normality of unstandardized residues values (p > 0.05) by Shapiro—Wilk fest, c) the
existence of potential outliers by Cook-Weisberg test, (d) the presence of autocorrelation
between regression variables by Durbin-Watson test and e) the significant of regression
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model by Fisher-Snedecor test significance. SPSE 26.0 was used to analyze the data, and
Excel 2020 was used to create all of the fgures.

3. Results
3.1. Changes in Soil Characteristics

Applying Bem, B, and Bax treatments significantly affected MWD and W5A (p <
0.05) (Figure 3). The highest MWD and WEA ware attained with B, with an increase of
235% and 39% compared to the control. The second highest values for both MWD and
WEA wers oblained with Bao with an increase of 157% and 28% compared to the control
MWD and WSA of Bax: did not significantly differ from Bass, and the control and Bas.

IMWD (mm) @ WSA (%)

- - 80
al
o b
2 * if
.\ i
15 4 c 1 =
c
z s ¢ b _
£ =
E b 2
% 1 4 Fa0 g
d o
I }_ k20
o 0
c B350 450 8550 BESO

Figure 3. Effect of biochar (B) freatments on (3) mean weight diameter (MWD and water-stable
aggregates (W5A) Different lowercass Letters indicate differences (7 < [LI5). Bars represent standard
errors (=3

The quantity of micro-aggregates in the soil was affected by the biochar treatmends
(p < 0.05) (Figure 4). B=: significantly increased the percentage of micro-aggregates in the
soil from 43% (condrol) to 55%. Additionally, Bzo and Beo were jointly in second place,
without a significant difference between them but they were significantly lower than Bz
Using Bex, on the other hand, did not result in a significant change from the control On
the other hand, the value of SAR showed a significant increase compared to the control,
except for Ba=:, which did not significantly differ from the conirol. The highest SAR re-
sulted from the application of Be:, with an increase of 129% compared to the confrol.
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Figure 4. Effect of bicchar (B) treatments on sodium absorplion ratic (SAR) and percentage of mico-
aggregates. Different lowercass letters indicate differences (@ < 0.05). Bars represent standard errors
=3

Biochar treatments had a significant impact on s0il BD and poresity (p < 0.05) (Figure
5). Applying Bz and Bes significanfly increased the porosity by 15% and 14% compared
to the control, respectively, but decreased the BD by 13% and 12% compared to the con-
trol, respectively. The Bax freatment had the worst results, since neither the porosity nor
the BD differed from the conirol. B showed vahaes intermediate between the control and
Ezx: and Bes: for both parameters.

GO = [ Porosity ®ED e 1G
. ab B
[ ]
L ] - . .
55 L ] ? L 132
I 3
= =
- E
£ 5 b Log 2
: b =
[-= i =
15 k0.4
40 a
c B350 B450 BS50 BES0

Fignre 5. Effect of biochar treatments on total soil poresity and bulk density. Different lowercase
letters indicate differences betwesn the treatments (< 0.05). Bars represent standard errors (n=3)

3.2 Witer Retention

The use of biochar had a considerable impact on FC, PWF, and AWC (Figure ). The
FC significantly increased with Bae and Bex by 14% and 17% compared to the conirol,
respectively. Meanwhils, the FC with Bzx: and Bex as lower compared o Base and Bec and
did not differ compared to the control {p < 0.05). The three treatments Bes, Bax and Ba=:
significantly decreased the FWF by 20%, 23% and 21% compared to the conirol, respec-
Bwvely. There was no noticeabls difference between Bz and the control The highest AWC
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was atfained when applying Bus and B with an increase in 146% and 166% compared to
the control, respectively. Additionally, Bew inreased the AWC by 9% compared to the
control The control and Bas, on the other hand, showed no significant difference.

—8—FC —O— PWP O AWC
04 A

E = =
: 5 : :
% g @ {;
i @-=" -‘““-‘_“ b b b
g 014 By ————
—
= - : ""*—u.:'
§ [ c _/'/ b
= c A
P o
o
[ BatD BASD BEED 255D

Fignre 6. Effect of bicchar treatments on field capacty (FC). permanent wilting point {(FWF) and
available water content (AWC). Different lowercasze letters indicate differencas betwesn the freat-
mends (= < 0.05). Bars reprasent standard errors (z = 3).

The statistical characteristics of the regressions between pyrolysis temperature and
sail properties are presented in Table 2. The residuals of all models passed heteroscedas-
ticity for the existence of potential cutliers using the Cook—Weisherg test. The results of
the Shapire-Wilk test significantly showed that residuals had a normal distribution dus
to their having a sig. value of greater than 0.05. The Durbin—¥Watson statistic ranged from
0 to 4, with a value of 2.0 indicating no autocorrelation. Values dose to 0 mean that there
is a positive autocorrelation and values cose to 4.0 indicate negative autocorrelation. In
this study, autocorrelation betwesn residuals was not observed on the basis of the Dur-
bin-Watson test. The regression model was significant according to the Fisher-Snedecor
model significance test. Because the mean of the residuals was cdlose to zero, the residual
distribution was close to a normal distribution, and therefore the modsl was better fitted.
As can be observed from Figure 7, the results show that there is positive relationship be-
bween soil characteristics and pyrolysis temperature, such that coefficients of determined
ware obtained for them as follows: B2 = 061 for MWD, BE? = (.53 for W5A, R? = 046 for
micro-aggregates, Bz =051 for SAR, Fr=0.53 for porosity, and Rz =0.65 for BD.

Table L The statistial characteristics of the dependence variables.

Constant Dependent R B F Test 5-TW Test oW TEnMea.n of Predicted Mean of

Variable  Wariable ) ) (Sig.) _ (Sig) ) WValues Residual
* Pyrolysis temp. MWD 12 07B 041 191.9(0.000) 01 1614 10,67 0.000
Pyrolysis temp. W5A 12 073 053 45%.6(0.000) 062 1731 5643 0.000
Pyrolysistemp. Miceo-agg 12 069 046 4192 {0.000) 036 1839 5021 0.000
Pyrolysis temp. SAR 12 071 051 205.5 (0.000) 055 1.667 5121 0.000
Pyrolysis temp.  Porosity 12 073 053 457.4(0.000) 048 1.968 5473 0.000
Pyrolysis temp. BD 12 081 0465 1163 (0.000) 079 2109 4986 0.000

* temp.: temperathure, MWD mean weight diameter, WA water stable agpregate; Mico-agg: mi-
a\o—aggr\eg:h, SAR: sodium :b-sur_[.vhm rabio, BD: bulk d.cnﬁ*.}".. n: obsamvations, B cosfficent of cor-
relation, B coefficient of determination, F: Fisher—Smedecor test, 5W: Shapiro—Wilk test, and D-W:
Durbin—Watson test.
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Fignre 7. Regression relationships between the pyrolysis temperature of wheat bicchar for (a) mean

weight diameter (WWD), (b) water-stable appragate (W3A), () micro-aggregates, (d) sodium ab-

sorphion ratio, () poresity, and (f) soil bulk density (BDY). The values on each praph represent the
total number of treatments and replicates.

4, Discussion

In this study, adjusting the biochars’ pyrolysis temperature resulted in apprecable
changes in the soil"s porosity and bulk density, and, consequently, its hydrological char-
acteristics (Figure 5). Thess changes can be interpreted on the basis of the coourrence of
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several mechanisms that are interrelated. Firstly, the change in the hydrophilic nature of
biochar with pyrolysis degradations is a key factor in this regard. The OVC ratio is a prac-
tical indicator for the determination of the level of the conwersion of biomass to biochar,
and also the rate of carbonization [55]. When the pyrolysis temperature increasss, the O
content falls during the decarboxylation reaction, lowering the OVC ratio [56,57]. Higher
loss of O indicates higher carbonization of the feedstock, formation of more fused arc-
matic rings, and stronger C structure of the biochar [55]. The polarity of biochars is deter-
mined by the O/C molar ratio [22]. Nevertheless, the values of 0.2 and 04 as lower and
upper limits of the O/C ratio, respectively, are accepted for the characterization and dif-
ferentiation of biochar from soot and biomass [55]. A higher O/C ratio means less change
in the feedstodk and better biomass features in the carbonized product [55]. Owerall, a O/C
ratic between 0.2 and 0.4 means more carbon skeletons and oxygenated funchional groups.
As shown in Table 1, the lowest and highest O/C ratio obtained from Bax: and Bam, respec-
tively, which would be a reasonable justification for that assertion. Therefore, Be having
the worst performance can be explaining by there being less alteralion during the pyroly-
sis process, and the fact that it retains its feedstock characteristics at the end of production,
as Bee, which has a much higher loss of O, possessas characteristics outside the range of
biochar and has become a soot. Raising the pyrolysis temperature to above 550 °C appears
ko lessen biochar polarization, making the biochar surface less hydrophilic. Moreowver, it
was observed that when the pyrolysis temperature rose to above 500 °C, the yield of bio-
char synthesis decreased by 10% for every 100 °C inoeass [59]. For this reason, Bec and
Bex: exchibit more bensfits compares to the two other treatments. This means that Bec and
B=x: had a suffidently porous C struchure and cxygenated funchional groups in their struc-
ture to provide roem to contain more moisture [26]. The development of an arranged car-
bon skelefon with an increase in pyrolysis temperature is dearly visible from the micao-
scopic images of the produced biochars (Figure 1). Therefors, this stable C struchure can
be considered an effective factor for improving soil AWC. A notable distance between FC
and FWF moisture points in the water retention curve after the application biochar pro-
duced at high temperature can therefore be inferred (Figure 6). Low temperatures (< 550
°C) hawve besn shown to produce biochars with more oxygen-containing functional
groups, resulting in an amorphous C matrix that increases nuiritional availabilify [38].
According to the FTIR test in the current study, the sharp peaks present in B350 and B450
at wavenumbers of 3430 and 1620 an-?, which can be atiributed to functional hydroxyl
and carboxyl groups, can support that claim (Figure 2). However, the hydrophobicity is
increased as a negative property [60]. Maize stalk bicchar generabed at 550 °C was shown
to have no effect on aggregate stability due to the lack of oxygen-containing functional
groups [26]. Throughout, the best pyrolysis temperature range to generate optimal bic-
char with low hydrophobicty was found to be between 400 and 600 *C [21]. Additionally,
because of the prevalence of non-polar aliphatic and aromatic groups in organic com-
pounds, the relatively low pyrolysis temperature (450 °C) induces increasad water repel-
lent activity. This hydrophobic situation provides negative capillary pressure, keeping
water from entering the pores [61]. Furthermors, higher temperatures resulted in a loss of
hydrogen (H) owing to the increased carbomnization and a loss of nitrogen (V) due to the
evaparation of N-containing compounds. It has been demonsirated that at temperatures
above 400 °C, a significant proportion of N is lost as IN20, NO, and NO: [62]. When we
increased the bemperature from 350 to 850 °C in our experiment, biochar yield decreased
progressively. This is most likely due to the loss of volatile organic molecules at high tem-
perature, resulting in the formation of iny pores, while primary organizational structures
such as cellulose are preserved [59]. These tiny pores are clearly visible in the SEM image
of Bexo (Figure 1). This process created a well-developed microporous struchure in the bic-
char and resulted in low weight, low density, and multiple micro-pores [36-36]. Gradual
increase in soil porosity, as well as the deaease in bulk density with increasing pyrolysis
temperature, demonstrate the effectiveness of changes in weight and volume of biochars.
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This is confirmed by the fact that porosity has a positive connedion with pyrolysis tem-
perature and BD has a negative relation with pyrolysis temperature.

The second important factor that plays a key role in improving the water content in
sail is the interface between biochar particles and soil aggregation [25], as the positive
carrelation of MWD and WSA versus pyrolysis temperature confirms (Figure 7). The dis-
Iribution of micro-aggregates (<250 wm) in soil is a key feature of soil structure, and it is
considered to influence soil water retention [63]. Thess miao-aggregates are made up of
a variety of mineral, organic, and biotic components that are linked together with bic-
chemical functions throughout soil formation. Stable micro-aggregates have the capability
of increasing flux and impacting unsaturated water conductivity by providing a higher
number of linked pores [11,26]. MWD and W3A significantly changed with different py-
rolysis conditions, with Bes: showing the highest values for both parameters (Figure 3).
This can be attributed to the proper pyrolysis conditions exhibited by Bas, and thus the
higher organc-mineral compenent in the soil. The most critical parameters for improving
AWC were features such as spedfic surface area and adequate scil OC [29]. It has bean
proven that increasing pyrolysis temperature to values higher than 550 *C, regardless of
the type and rate of feedstodk, significantly decreases the OC, basal seil respiration, and,
consequently, ageregate stability indices [63]. Therefore, the biggest increase in micro-ag-
gregates being recorded for B could be related to the greater OC value in the Bas. This
is important, because biochar providing OC and linking to the seil particles results in the
formation of stable organc-minerals that are less vulnerable to degradation. According to
certain studies, a considerable proportion of OC in biochar generated above 650 °C is 1e-
calcitrant OC, but the proportion of recalctrant and labile OC in biochar produced at tem-
peratures below 550 °C is about equal [30,63]. Therefore, the presence of more labile OC
using bicchar in the soil indicates the improvement of aggregation due to the aeation of
crganc-mineral bridges befween soil particles. This is supported by the positive correla-
Bion between micro-aggregates and pyrolysis temperature. Additionally, the lower per-
centage of micro-ageragates in Bas: than Bes: is related to their alkaline characteristics. Bas:
has much higher pH compared to the other treatments (Table 1), which indicates an in-
rease in the percentages of alkaline cations (2.5, Na-, K-, Ca*, and Mg™) [26,64,65]. In
addition, the increased sodium adsorption ratio (SAF) in Bex indicates that significant Ma-
has been added to the soil (Figure 4). As a consequence, when Na- is available in exchange-
able form in the seil, it substitutes Ca® and Mg adsorbed on the seil days, causing soil
particle distribution. Since the flocculation of day particles is cne of the basic condifions
for the formation of micro-aggregates, this dispersion results in breakdown of scil micro-
aggregates. For this reason, a dedrease in micro-aggregates ooourred with increasing SAR
could be observed in Bes. This argument is backed up by the fact that SAR and pyrolysis
temperature have a positive relationship. Figure B summarizes the percentage of changes
in soil characteristics affected by different pyrolysis temperatures in this study.
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3. Conclusions

To investigate the impact of biochar on aggregate function in terms of boosting soil
moisture capacity, an experiment was performed in which four wheat biochar samples
that had been pyrolyzed at various temperatures were compared. The resulks showed that
increasing pyrolysis temperature to more than 550 *C notably boosted the hydrophobicity
in biochar struchure due to the much higher loss of O content. Additionally, biochar pro-
duced at a temperature of 450 to 550 *C bocsted crgano-mineral complexes and improved
the soil struchure due to its possessing a robust carbon skelston, increasad spedfic surface
area, and more cations ready to bind to soil particles. Overall, Bm=o was recognized asbeing
the most efficent treatment, which has an obvious impact on scil mean weight diamster,
water stable ageregate, porosity, and soil available water content, which exhibited 235%,
39%, 15% and 166% increases, respectively, compared to the condrol. Therefore, changes
in the chemical and surface characteristics of biochar are seen as a function of temperaturs,
and therefore understanding the ideal temperature will have a big influsnce on the struc-
ture of seil modified with biochar. The importance of this issue becomes clearer when the
physiclogical differences between different feedstocks are considersd, such as resistance
and degradability at pyrolysis temperatures. Therefore, in order to improve biochar effi-
dency with respect to soil hydrological concerns, the appropriate temperature for various
feedstocks must be determined basad on the region’s agricultural waste management
strategy.
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Publikace 5: Metaanalyza dopadi riznych oxida¢nich metod na po-

vrchové vlastnosti biocharu

Ghorbani, M., Konvalina, P., Kopecky, M., & Kolaft, L. (2022). A meta-analysis on
the impacts of different oxidation methods on the surface area properties of biochar.
Land Degradation & Development. 1-14. DOI: 10.1002/Idr.4464.

Bylo publikovano obrovské mnozstvi praci o pozitivnim vlivu biocharu na zeméd¢l-
skou ptidu. Rada z nich se zabyva tim, jak benefity biocharu maximalizovat. Jednou
z cest je oxidace povrchu biocharu. Bylo naptiklad zjisténo, ze oxidace zlepSuje povr-
chové vlastnosti, jako je zvySeni kationtové vymeénné kapacity nebo mnozstvi funkc-
nich skupin obsahujicich kyslik. Zavéry studii zkoumajicich oxidaci biocharu se vSak
mnohdy rozchazeji.

Z tohoto diivodu byla provedena meta-analyza (64 ¢lanka) zkoumajici ucinky
ruznych oxidac¢nich metod (kyselé, alkalické, oxidy kovi, fyzikalni a pfirodni oxidace)
a n¢kterych dalsich faktora (doba modifikace, teplota pyrolyzy, typ suroviny) na kati-
ontovou vyménnou kapacitu, obsah mikroport, povrchovou plochu a funkéni skupiny
obsahujici kyslik u riznych druht biochart.

Metaanalyza odhalila, které technologie oxidace biocharu se zdaji byt nejslib-
n¢j$i. Vyhodnocena data ukazala, Ze kyseld postpyrolytickd oxidace dosahla nejvét-
Siho zlepSeni v parametrech kationtové vymeény, zvétSeni povrchu a nartstu funkénich
skupin obsahujicich kyslik. Vlastnosti modifikovaného biocharu jsou ovlivnény tep-
lotou pyrolyzy a typem vstupnich surovin. Za nejucinnéjsi pyrolyzni teplotu je pova-
zovana 400-550 °C. Zvyseni teploty pyrolyzy nad 550 °C ma jiz negativni vliv na
vyskyt funkénich skupin, a tedy i sorpéni charakteristiky biocharu. Co se tyce vstup-
nich surovin, nejlepsi vysledky byly zjistény u materialt, jako je slama, plevy, sko-
fapky a podobna zemédélska biomasa. Pti hodnoceni porovitosti bylo zjisténo, Ze pro
jeji narust jsou tieba stejné podminky vyroby a upravy biocharu jaké byly nejlepsi pro

zvyseni kationtové vyménné kapacity, funkénich skupin a plochy povrchu.
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Abstract

Blochar has a beneficial impact on agricultural prosperity, according Lo nuEmesows
studies, and the key dispute presenitly is how to maxdmize that impact. Blochar oxida-
thon s well-known as one of the accepted methods for increasing blochar efficlency.
However, due to contradictory data presented in studies and because blochar ks
derived from diverse osddation procedures, as well as, the lack of an analytical com-
partson between different methods, axddation data sels require a thorough assess-
meenl that can be covered by meta-analysis. in this study, the effects of the five most
common oxidatbon methods in the literature, namely oxidation by acids, allaline,
metal ooxddes, physical, and natural coddation, on the cation exchange capacity [CEC),
micro-pores [MMP), specific surface area [SSA), and axygen-content functhonal groups
[OF Gs) of blochar, were meta-analyzed. When pyrolysis condithons varled, the effi-
dency of vafous operations was also sddressed. The most efficient method was
acidic oxddation, which increxsed CEC, 554, MP, and OFGs by 46%, 43%, 55%, and
T2%, respectively. Addithonally, increasing the pyrolysis temperature above 550°C s
eritical for lowering OFGs, which has an impact on blochar sorption characteristics.
Acconding o the findings, blochar oxddation (post-pyrobysis) ks important since it cre-
abes more odde lons on the surface area than feedstock oxidathon (pre-pyrolysis)
Due to their high inongankc nutrent content, crop residues such as rice husk, maize
stallk, and rapeseed stem, which were dassed in the intermediate group in this study,
are promising feedstocks for synthesizing blochars with high S5A, MP, and CEC.
Oweerall, when compared to other approaches, the addic process sligndficantly
Improves the surface properties of biochar.

EEYWORDS

et al, 2014; Kiani et al, 2021; Pikuk & Stepien, 2021} In the recent
decade, scientists have viewed biothar 2= a modifier and puarantes
of =zoil mustamability due to iz adsorption properties ([Kamak

Thanges in soil quality have a big impact on whether dimate change
pets worse or better [Baveye of al, 2020). The smallest change in the:
physical, chemical, and biclogical properties of sol has a direct impact
lution, and the loss of nutrients reguired for plant growth, all of which
thneaten: enwironmental srstainability and biosphere health (G i

et al, 2027). The improvement: of plant productivity through biochar
e i due to s ponous structune and ability to netain water [feadi
et al, 30; Beusch, 207H)], nubrients (Ghorbani e all, 2009, and Emit
the absorption of pollutants such a5 heavy metals by plant roots
Amiabmadi ot al, 20208 The literature has the detericration of
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structural properties of biochar to boost its efficiency and rapid e
monmental stability (Deng et al, 2000; Ghorbani et al, 2021; He
et al, 204% Li etal, 2047; Mia et al, 20471

Oncidation of biochar which & defined as dissoction in its struc-
ture and alteration of its biochemical characteristics is one of the more
ionkroversial approaches in the iberature (Wang et al, 2015). Some
characteristics of biochar, such ax increasing the cation exchange:
et al, 20 He et al, 201%; Li et al. 2047 The addition of osidized
biochar to soils may be more benefical than adding fresh biochar
becuse the deterioation of biodor properties during oxidation
moezsed the capacity of ik to retain water and nutrients (Mo
et al, 20107 Shi et al, 2015). It hos been reported that oxidation in
biochar can effectively promote the brealodown of organic moleoules
in il and then the meutralization of alkaline stathes (Hadptiofi
et al, 204} Furthermore, it has been found that apphying biochar
=ubjected to coddative apemts improves mosture aaibbility (Tokowd
et al,, 2020) The onganic matter component of biochar becomes oo
light a moleculor weight due to demical owidotion (Vam Vinh
et al., 2015} On the other hand, 2 two-year study found that 2 oxd-
dized biochar had no significant influence on soil nitrogen avalbbility
or orop productivity (Rechberger et al., 20191 Moreover, the extent of
=urface area degradation is unclear, and several researches have
reduction (Michdlekovi-Richweisovd et al, 2010 7; Shim et al, 20150

Biochar oxidation has been achieved using a variety of prooe-
dures and cxidative materials so far. Most common & chemical oxida-
tion typically with add agents [Sajjadi et al, 2019) alkaline solutions
(Ren, Wang. ot al., 2018), physical owidation such a5 the steam method
(Ghmiz et al, 2019, biochar-based composites such as metal oxides
(Trakal et al, 201£], clry composite (Chen et al. 2017), carbonaceous
materiak {Sultana et al, 2011) organic complexes (Zhang et al, 2015),

a result: of the oxidation of bicchar with KOH ([Bsiyuan et al, 20211
The steam method of oxidation of biochar is used to generate pores
and ciminate all contaminants keft over from incomplete prrohysis
{Anderson et al, 2021} According to a number of shedies, stram od-
dized biochar pyrolyzed at B00°C with high moisture flow rates and

ded activation d lted in higher Cd sorption on the
surface of biochar [Qian & Chen, 2014). In contrast, a shady found no
significant change in the mnption of Cu”" by steamed-biochar pyro-
Iyzed at S00°C and 800°C. In addition, despite the surface area, func-
tinal groups reduced dramatically (Shim et al, 2015} Because metal
ouides have a positive change, they are able to remove ooyanions from
ol {Jin et al., 2014). When rice husk biochar was exposed to Ca0, Fe,
and FeCh, formation of Ca, Fe”, and Fe®* was ocourred, which signifi-
cnthy increased As(V) absorption from the soil (Huang et al, 2002
Michslckovs-Richweizovs ot al, 2017). However, due to the blodage
of pores with Fe, the surface anea of biochar was drastically reduced
in amother study using the =ame technigue but different. biochar
{wood feedstndk) (Simur et al, 2017).

Despite: multiple investigations, the lack of assessment of the
most sppropriote  effectiveness of exch of these shrotegies has
resulied in contradictory data. In conérast, the bok of a sbuchural

zon for biochar | i Iy chemical, physical, and i
oidation has resulted in 2 debate over which method i superion in
termes of waste It's oritical to ime which types of

uittliuxn#tzﬁu;iuhimﬁec[[dﬁndwh:mhh
application, such as agriculture. Finding cost-effective warys for purify-

gz covidized materiks for sgricultual use, as well 25 reducing the det-
imertal crvi T v of peorsi idizing agents in
bioschas, wil be another challenge. Furtd the effects of pyroly-
sis srttings, femdstndk type, and ovidation pre- and post-pyrobyss lead
ta different 2 meta iz stisdy can better iden-

iy the unlnoen factors that hawe been overlooked thus far. Erviron-
mental managers can utilize this information to assist them to choose

ard microorganisms [Hale ot al, 2041) Chemical and physical oxida-
tions, 2= well as field osidation, have all besen utiized a5 common amnd
repeatable methodologies in studies.

The owidation of binchar by acid agents resuls in the formation
of carboooy groups on its surfaoe, whikh can form bonds with ctions
n =oil (Yaxhiao et al, 2020) and increases the spacific surface area
{Leng et al, 2021} The fomation of crbocyic groups on the surface
of coddized-biochar treated with HMNO, significantly improved the
ateorbance of Cu™ (Fan et al, 2018; Zheng et al, 20191 When wood
residiuses were treated with HaPOy and then pyrolyzed at vanious tem-
peratures, improvements nosoil surfaoe area and mECOpores. were
recorded (Cui et al, 2016). However, biochar oxidation by acids has
been ob d to diszobe mineral F g P, Ca, Mg, K, Ma)
from the biochas struchure, which & essential for plnt growth o
et al, 2021} Owidized biodar treated with MaOH developed adsorb-
enrhange sites over the surface of biochar (Goncabves et al, 2027
has been demonstrabed that cxidiced biochar treated with KOH helps
to enhamce the size of pores (Liu ot al, 2019). it's also been observed
that the adsorption of ooyanions in soil has increased dramatically as

. different soil management practices. Therefore, the main
objectives of this shudy were to study the influences of: (2) different
osidafion); and §b) some controling factors {tme of modifiction,
pyrolysic temperature, and type of femdstod) on the CEC, micro-
ipore= [MP), surface ares (S5A), and oxygen-content functional groups
HOFGs] of biochar.

2 | METHODS

21 | \Literature survey and eligibility criteria

Using the Web of Scence and Google Scholar websites, we found
{55A]), and OFGs in non-owidized [control) and oxidized {treatment)
biochar. Keywords used for the liberature seorch weere combinations
of terms such 2= biochar, pyrolysis, feedsiock, oxidation, aged biodhar,
soil, surface anea, porosity, functional, growps, and CEC. The: foliowing
main criteria were applicd to solect appropriate studices: ) o studies
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bed &= f 2 non-oeddred | ) nd awidized |

(=H bindwar; (§) shudies without replicated treatments and control 25
defined were ignored; () we sought papors published in peor-
reviewed joumals; (vl papers had to be published in Englishe (v data
had to be availble for at least 2 target varables; fvi] al studies were
publhed from 2011 to 2021

22 | Collection of data

'We looked at nearty 400 papers and concluded that &4 of them satis-
fied our oritesion for incusion. In this meta-amalysis, 1622 ohsena-
tions or #11 pairs of observations (effect sies) were retrieved from
ithe papers that matched our oriteria. These datooets consisted of the
CEC, MP, S5A, and OFGs of axidized | i} and mon-ouidized (oon-
trof] biochar affected by types of oxidation, time of modification,
pyrobysts temperature, and types of feedstock. The extracted analyti-
ol data were standandized to the same metric for sach property (CEC
in cmol g !, MP inom” g ", 55A m'g ", and OFGs in %] to allow
for comparizon among different shudies. The ammonium acetate, BET
method, and FTIR spectra were the most commonly wsed methods for
measuring CEC, MP, 55A, and OFGs in the selected articles. Different
types of oxdation were mbegorzed as acidic (HNO. HOL H:0s, L
alkalic (M2OH, KOH, ). metal oxides @nMNOqlz, FeaOs, M, )
physical {fresere—thaw, dry-wet, stram) and notural {organic acids, =oi
sidered in determining the time of modification. Pyrolysis tempera-
tures weene clyssified as low {<A007C), medium (400-5507C), and high
{=550°CLL Acoording to the nature of feedstodks, they were grouped,
barserd on decomposability, as follows (1) resistant. referring to feed-

order o ifick s (Cls) arownd effect deex if 2
study provided stamdard emor (SE] or coefficent of varation (O], the
S0 was determined wming the formulas 5D — SE xn and
S0 = CW x mean. For each effect size. the stateticl sSpnificanoe was
determined using the #5% Cls. I the #5% Cls [p = 0U05) did not inder-
sect e rers fine, the proup means were substantially different In
some of the shudies examined, CEC, MP, 554, and OFGs were all
reported at the some time, allowing ion et bo be d d
to chieck whether any inbend dencies existed. The data anabysis
and organizing were conducted using the METAWIN 2.1 software
{Rosenberg Software, Arizora State University, Tempe, AZ, USAL
Data wene extracted from the tables directly or extracted from the fig-
wres using GETDATA GRAPH DIGITIZER 224 softwane (Getdata
{Graph Degitizer, Fedorov 5, Krasnoyarsk, Russia) The desgn of forest
s wersion 24,

Hedges et al, 19990 R berp's fail-safe ik (Mf) were calos-
lated to s the robustness of biochar CEC, MP, 558, and OFGs
{Table 2} to the publction bix (Schmidt et al, 2021} The results
were considered robust despite the posshilty of publcation bias if
M= =5 " n j 10, where nindictes the number of sioes. The biochar
data for any of the parameters did not contain any evidenoe of
publizhing bias.

The heteropeneity of overall effect sires betwesn groups was
tested wsing random-effect models to explone the effect of oxdation
on biochar surface characteristics in relation o the vaows affecting
factors (bypes of oxidation, time of modification, pyrolysis tempera-
ture, and types of feedstock]. Each factor (e, pyrolyss termperaturs)
was divided into different « ies fep. low, divam, and high

stocks like tree parts, wood, sradust, ebc, and; (7] inter refer-
rirg o herk ar agricultural bi such as stravs, shells, and
so oo and [ unstable, refeming to wasie biomass like manure, sew-
age shudpe, solid waste, algal biomass, and so on (Wang ot al, 2020). A
summary of the data obiained from the seeched liberature & pre-
sented in Table 1.

Meta-analysis determines the extent of a variable's change: and its -
evance in response to osddation. The magnitede of the dhange =
referred to a5 the effect size. The natural logarithm of the response
ratio (RR) was used to compute the effect sine (Hedges ef al | 1999

wo-s(2)

X and Xt are the means of the variable in the control and treatment.
respectively. The RR cn be thought of as (@™ -1) x 100, which is
the per change following oxidation (Mave et al, 20000 We
recorded the standard deviation [SD) and number of replicates. (n} of
CEC. MP, S5A, and OFGs for the control and treatment: grougs in

F es) to identify the significont differenoes among their
proup (W) and group (08) for each category
variable. Wie determined the significance of the between-group het-
erogeneity (0B} using a randomization test (Adams et al, 1997) to
between the kevel: of the fachors. To examine the sgnificnoe of the
remaining within-group heterogeneity (W), we a chi-
sguare test. The O statistic follows a chi-squore distribution with n-1
degrees of freedom, where n s the total number of pared data
[ idized and non-oxidized for a vanable. It is
amumes] that variables with low p valies fp < 005) and high OB
values are better able to predict danges in the total effect siee
(Table 3.

Regression analysis

To analyze the existing correlation between biochar characterstics,
lEnear regression was performed using SPS5 version 24 softwane as
follow= [a} mean of predicted valses and residuals, (B nomality of
unstandardized residues valses p = 0U05) by Shapiro-Wilk test, [c) the
existence of potential outfiers by Cook-Weisherg test, id) the
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presence of by Dharbin-
‘Watson test, and (e} the significance: of regression model by Fiher-

3 | RESULTS

31 | Changesin CEC of biochar

At = 005, coadation comsiderably enhanced the CEC of biochar by
w to 25% (Figure 11 Acidic and ratural oxidation sgnifcnthy
inoeased CEC by 46% and 45%, respectively. Alkalic, metal oddes,
inoreases in CEC of 10%, 32%, and 34%, respectively. With a 24% rise
in CEC, post-pyrolysis oxidation achicwed the highest change in the
CEC of biodhar in terms of the time of modification. The second

TABLE 2 |Exploring potential publication bios and roburstness of

Bicchar paramecters m Egger tests s
CEC 127 05413 253715
MP Ex L1426 493,138
S5 186 04728 29,162
OFGs 5 i85 A a1

Motes These showed that with Mfs =5 * n | 10, there is no potendial bias
in the: total effect sizes for biodhar CEC, MP, 554, and OFGs (p > QO5)
The mean effect se is therefone regarded as robust and reliable.

highe=t change was related to pre-pyrolysis oxidation with 2 14%
inorease in CEC. Although all three pynolysis temperatunes enhanced
the CEC of biochar, the brgest inorease in CEC (39%) was found when
biochar was formed at medi hyse with no signifi-
cnt difference bebween low and high heat (12% and #3%, respec-
tivelyl The results demonstrated that oadation of biochar bad no
effect on rese ks of the origin of the: feedstock
while: axidation on bicchar with ble and intermediate feedstock
significantly increased the CEC of biochar by 18% amd 429,
respeckiveby.

32 | (Changesin 55A of biochar

According bo the findi idation significantly increased the S5A of
biodhor by up to 26% at & — 0.05 [Figure 2). The metal coddes sub-
group significantly reduced the 554 of biochar by up to 16%. Alkalic
and physicl madations both resulbed in 2 24% and 31% noezee in
550, respectively. Also, with a range of 41%—43% increase in 558,
from one another. Pre- and post-pyrolyss indicated a substantial rise
i S5A of 15% and 43%, respectively, in the time of modification
proup. There were sgnificant differences in pyrolyss empebee
lbetween low, medium, and high, with 165, 47%, and 24% increases in
SSA, respectively. The effect of mddation on nbermediote feedstodk
bbiochar resulied in the largest 550 of biodhar, with a 36% increase In
dfition, feedoiode: with bl amd 1 structures d
the S5A of biochar by 15% and 19%, respectively.

TABLE 3 Rebtionships betwesn the effect sees of owdation on biodhar surface dharacteristics relative to the type of coadation, time of

modification, pyrolby: =, and type of fesdstnck
‘Categorical variables Type of axidation Time of modification Pyrolysis temprature Type of fecdstock
CEC n 12 13 1% 126
B A1 3513 17" 4154%
ow 41745 i . o 5339 FRqIE
ar 440 8a" bz S5411% £35.87
MP n kv ko g e
OB 1584° ol 1295" 255
ow 13143 wEyar 115634 pLir T
ar 1T A0T0445 11693 1114 38"
558 n 185 185 185 185
OB 4571 1909 14.55 TR
ow S AR es a51E1T e3R AT
ar Fan3g™ FERALT [ ke Gh6Y1™
OFGs n e i) i i
B 1Bt P Y 1694° 1997
ow e 2R84 143 WESEL™
ar 101045 sS85 115931 104 B8"

Hote: Statistical results from the random-effects meta-analysis were reported 2 befween-group heterogenesty (OB, within-group heterogeneity WL

and total heteropensity #01) in effect szes among studies n).
*p = 0U05; *p = U0
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FIGURE 1 {CEC dhanges duein

TRGEES- R Aedie onicdation, influenced by the type of
——t Al ouidakion, img ion time, py
¥ and type of feedstock Ak
et et ooides. OL05, groups with Cls that overlap the
) wertical zeno line suggpest that the CEC has
—— FRyes  not chonged significantly. At a — 0.05,
" mm&mmn-ﬂ:
significantly different. The dotbed line
Time: of Widificatson ] Pre-Pyrobpis represents the awerage value of all
changes [Colowr figune can be viewed at
Lo Post-Pyrodpis wileyonfinefibrary.com]
Prralyil S st —— L 400 °C}

=i Medum |800-550°C)

—— High (=550 "C}
Tywe of feedstock - Unstatle
[ | Maderste.
ey Fesemnt
Cverall offect [ —
Fad 13 a 1 m ko 40 g0 L1
Chiamges n CEC [%)
FIGURE 2 55A changes doe b
Type of ouidatics [ —— Aciic RE b the o
by ahaye  ddation, img o time, Py
and type of feedstock. Ak
—— Wstal couidas 0,05, groups with Cls that overlap the
wertical zeno line sugpest that the 554 has
et PhnEsl  not chonged significantly. At a — 0.05,
prougs with overlapping Cls are not:
Metwal nificantly different. The datted line
Time of Midificaton [ T Pre Syrodss represents the average value of all
changes [Colowr figune can be viewed at
— Pas Pyrolyls wikeyoninefibrary.com]
Pryriyli B pastatri — Ui i *C)
e [400-550 *C}
[—— High (=558 °C}
Type of fondstod ] Uretabie
—— B Cocherar
— [y
Owarall effect S
| -0 o in mn »n 40 50 L "
Changes in 534 (%]
33 | Changesin MP of biochar the: use of metal oxides comsiderably lowsned the MP of biochar by

15%. Other types of coadation, that is, scidic, allalic, physical, and mat-
Iin total, oxidation significantly increased MP of biochar by up to 20% wral, resulted in 2 55%, 9%, 38X, and 11% increase in MP, respec-
at @ — 005 (Figue 3. According to the findings of a meta-analysi: tivedy. The owidation process inoreased the MIP of biochar by 8% and
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FIGURE3 MP dhanges due to

sdation, infh Iy the of Tipe of asidation —— Acidic
. N Gon {3 .
axidation, ol d"’mFPfT ] LURHT
005, growps with Cls that overlap the: [ — Mgl cides.
wertical zevo line suggest that the: MIP has
not chanped sipnificantly. At @ = 005, —— Physicad
proups with overlapping Cls are not
- | S
sipnificanthy different. The dotted line : fistmt
mm;si:m:::f_ﬂ at Tirrse caf Michili-alion [ Pre-Pyimipis
wikeyonlnehbrary com] — Pomd-Py i
Bpalynb iempersise —_— Lowes {=800 “C)
et iU S-S L)
—— High |*550°C)
Ty of fesdstock | Uristable
—_ Woderats
—— 1 Rsbkaant
Ovarall st e
o 1] o 1] Fi 0 an 50 [ )

26K, respectively. in pre-pyrolysis and | post-pyrobysis | conditions,
tion to biochar | from the dium heat d d the
preatest moease in MP in biodhar aoross all tests, with a 49%
noease. Low and high tempoabures, with inoeases of 7% and 8%,
wene not statistically different: from one another. In the s of feed-
stock, the intermediate subgroup demonstrated the greatest increase
in MP of bicchar, with 2 20 rase. Feedstocks in the ikl
2% and 10%, respectively.

34 | Changesin OFGs of biochar

Thee oxidation increased the amount of OFG: on the surface of bio-
ichar by up to 26% at & — 005 (Figue AL The results showed that
acidic oxidation could boost bioder's OFGs by up to 72% Metal
ouide: ouidation, on the other hand, resulbed in 2 5% reduction in bio-
ral owidation sgnificantly increased OFGs by 42%, 37K, and 19%,
respectively. The results of all shudies showed that apphying ooddation
in pre- and post-pyrolysis conditions enhanced OFGs of biodhar by
9% and J8X, respectively, which were substantially different from
ane anather, According to a meta-anahysis of probsis e,
the medium heat could mise the OFGs of biochar by up to 50%. Low
and high heat generated 3 20% and 13% rise in OFGs, respectively.
Furthermore, the wse of an i diate kind of feed k e in
a 28% morease in the amount of OFGs on the surface of biodhar. In
. bl and rei et 3 by 8% aand 15%,
re=pectivehy.

Changes in WP (%)

35 | Correlations between surface characteristics

The statistical ot istics of regressions are | d in Table 4.
The residuals of 2l modeks possed heteroscedaeticity for the existence
of patential cutfiers by the Cook-Weisberg test The resulis of
Shapio-Wilk test significantly showed that residuals have a normal
distribution g « DU05). Also, autoconebtion between residuals has not
been cheerved due to the Durbin-Watson test. The regression madsl
i significant according to Fsher-Snedecor model significonoe test.
Because the mean of the residuaks is dose to oo, the residual distri-
Ihuttion is mear to the nomal distribution, and then the moded i better
fitted. Acconding to Figune 5, there is a significant comelation between
maface charcteristios, 5o the coefficients debermined for them are
obtined as follows: ™ — 0.43 for 554 versus COEC, B — Q.61 for 554
versus OFGs, and Y — 0.70 for S5A versis MP_ There was also a sig-
nificant corretation betwesn MP versus CEC with B — 0,34, MP ver-
s G with B — 024, and CEC wersus OFGs with B — 0uS1.

4 | DISCUSSION

41 | Influence of type of oxidation

Across all investigations, it was discovered that the spedific surface
area of biodhar should be considered a key element: among the guali-
tiess of bindhar, as it is easily modified by madation and pyrohysis con-
Iin fact, owidation of biochar begins at the surface, with subsequent
changes in the biochar's other properties [Amin et al, 2020; Chang
et al, 2017 This significant refationship n be seen in Tables 3 and 4
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FIGURE 4 OFGs change= due bo
Type al axidalian =t fuddic aoxidafion, influenced by the type of
Al ouidakion, img ion time, pyrolys:
r and type of feedstock Ak
— Wtal nuites 05, groups with Cls that overlap the
wertical zero line suggest that the OFGs
—— Physicad have not changed sgnificantly. At
a = (LS, grougs with overlapping Cls are
e Ml ot sipnificantty different. The dotted fine
Time of Maddication | ——e—i Pre Pyrohais represents the awerage value of all
changes [Colour figure can be viewed at
[ Pt PyTopls whileyorinelibrary.com]
Pyl ————t v | A8 *C)
TEnEar At
p———y Plecouiivy (A00=550°C)
| High [+558 I}
Type of fexdstock B Unstakie
—— Bederata
—— Resmtari
Dvevall st ey
- -0 [ i ol e} 40 ) L1+ ] L] )
Changes in OFGs [%)
TABLE 4 The staistical charcteristics of dependence variables
‘Constant Dependent W D IMican of predicted Mean of
warkabile wariable n B L= F st f=ig) et fxig] =3 walues residual
554 CEC 43 eSS 043 3056 0000) 042 1551 18FTS il il
558 OGS 48 078 081 7316000000 OBS 1489 26435 000
S5 P 6 083 0 1423000000 032 i il 14.607 [T i)
MP CEC 43 a0 0386 23170000) 054 093 sl [T i]
MP OFGs 63 046 00X 1641000000 049 1578 40215 T i]
CEC OFGs 43 078 08l 6559000000 056 1486 24965 0000

Abbreviations: D-W, Durbin-Watson test; F, Fisher-Snedecor test; n, ohservasions; K, cocfficent of comelation; £, coeffickent of detemmination; 5-4W,

Shaparn - Wilk test

by the significant correlation of S5A with CEC, MP, and OFGs. The
=urface hos a sgnifiant impact on biochar mineralization ([@hu
et al, 2020} Biochar's surface & made up of long-sting carbon that
breaks down throughout the oxidation process [Mie et al, 2009) Az a
result, biochar mineralimtion begins at the surface and progresses
through the process, resulting in carbon depletion and oocygen: incle-
sion, raising the O:C ratio (Amin et al, 2020; Mz et al, 2017). Each
carbon los: is followed by the formation of 10 oxypen via oxddation,
according to research (Yuan et al, 20200 Wiinkles appear on the bio-
dhar surface I lengthwise directions when the biochar’s structure
deteriorabes, resulting in the creation of micropores and an incease in
porosity [Sun et al, 2014). s onitical to preseree: imberstitial mosture
ard raise soil water content with higher O:C in biochar amendment
(Yakout, 2015] Mearwhile, the mechanism for carbon loss rerains
wnkriown, and fusther researdh is necded to figure it ot

In detail, the meta-anabyse of data revealed that acidic agents
lhave generated considerably langer S5A alterations compared to other
oxidation treatments [Figure 21, This could be owing to the quick pen-
etration of acds into the inner layers of biochar during the oxdadation
process (Amin et al., 2020) Acd treatments dissobve pore-blocking
iwands for fast diffusion into the intemal stnechee (L Tan
et al, 20200 K has been d | that azh in odized
biodar an be efiminated wsing an addic treatment procedure (Tan
et al, 2014} Ths process eventually produces more biochar and
inoreases the volume of micropores, which is the primary habitat for
generating OFGs and CEC (Amin et al, 2020). However, alkalic agents
may have quickly reh d ani I of oxygen, cusing
the microstuchare: of biochar to be destroyed and resulting n brger
ipores [Munera-Echeverri et al, 2018 As a result, the lower change in
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554 of alkali-owidized biochar compared to adidic biochar can be
exphined by a lower amount of MP in the first plhce (Figure 3. fol-
lowed by a decrease i absorbance dharacteristics. Acidic oxidizing
treatments, on the other hand, resulbed inincreased CEC due to the
addition of acidic mopen funcional groups to the surface of the bio-
dhar [Fan et al, 2018). The application of Hz0: on biodhar has been
found to inoease the presence of OFGs on the susface of the biodsar,
which & exily acosshle in shution for ction exdhange @
et al, 2030, Imeestigations hove disoovered a substantial nk between
CEC and OFGs of biochar, which supports this theory [Figures 1 and
4). Treatments with a higher concentration of addic chemicils are
linked to greater biochar son, which is primarily extibited a5

by groups (Mia et al. 2017). Ina basic or neutral agueouws media,
carbowyl groups are moderately acidic and have an overall negative
change, allowing for advantageous inberadtions with. cations (Huff &
Lee, 20116). This increase in CEC is considerable when biochar uses as
a =oil supplement to boost the CEC of wmils for greater soil mutrient
storage [(Amin et al, 2020; Baleshi et al., 2016,

The higher CEC of biochar oxidized by alkalic agents could be
attributed to an increase in surface carboond and brydrooed groups, sim-
iiar to the: two prior cxidations [Ding et al, 2018 however, the per-
cent of efficacy is mot neardy the same. Following succescful post-
pyrobysis of KOH oxidation, the surface aren of biochar can be consid-
wrably i d, making it ble to ol acti d
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carbon (Liu et al., 2003} On the other hand, increasing the concentra-
tion of alkaline oxides has been shown to remove readily soluble cat-
ions [e.g. K and Ca™') from the surface of biochar and bring the pil
dose to newtral (Abdul Hamid ot al, 2004) Alkalic oddation ako
results in significant biodhar mass losses due to the removal of sits,
cwbonates, and sibctes Munera-Edhevesri et o, 2018). These moss
los=es are ouwdal in preventing CEC from inoreasing (Song
et al, A4l

Mthough the results of 2 meta-analysis demonsirated that phys-
cal oxidation increases CEC, the dhange in biochar adsception charac-
tevistics is entirely o o on the oxid process [Tan
et al, 2020 When steam oxidation was utilioed, inoreases in carbos-
wiic groups were shown o be cosely Enloed with inoneases in CEC of
biochar (Shim et al, 2015; Smith et al, 2015). Ako, freeze and thaw
aging, has been shown to have a significant impact on the surface
functional groups of biochar (Wang et al, 2014). Howeves, it has been
found that wet-drying as a fom of physical oxidation has no sgnifi-
cant effect on biochar surface properties (Cao et al, 201%).

Aomnding to the findings, a variety of factors influence biochar
abeorbance characterstics during notural oxidation, induding mioroor-
gamismes (Cheng et al., 2006) soil minerals interaction (He et al., 2009,
ard organic acdds (Ameur ot al, 2008, all of which result in a change
in the surface area and CEC of biochar (Tables 1 and 2. Matural osda-
tion's functionality is unclear because various biotic and abiotic vani-
ables are imvobied in ervironmental processes. However, the long
peniod of environmental clements’ impact, which might be up to
100 years, is seen as 3 disadvantage of this strategy (Guo et al, 2014;
He et al, 201% Mukherjee et al. 2004} Clay partides, as one of the
the inner pores of biochar and diminish the wolume of mioro-pores by
blocking them (Ren, Sun, et al, 2008). Furthermone, soil microorgan-
Em= phy a significant role i covesing the surface of biochar and
reducing its specific surface area (Cao et al, 201%). Organic ackds gen-
orated from plant roots, on the other hand, have been demonstrabed
to cause soil aggregation and norease spediic surface anes (Amewr
et al, 0A8; Sun et al, 2006

Metal osides produced very different: results than previous odds-
tion methods. As previously stated, the presence of OFGs and a sig-
factors in inoreasing cation sorption and enoouraging biodhar's effi-
diency i soil (Amin et al, 2000; M ot al, 2017). However, biochar i
not able to absorh oopanion pollutants such as MOL™, POW™ and
Aes0y™ [Michilekovs-Richweisows et al, 2017). By forming compleres
wiith OF G, metal owides absorh these coyanions [Szmur et 2, 20070
In fact, whereas metal ooddes work as 2 powerful adsorbent inside the
biochar to abeorb contaminants, they dearly degrade OFGs on the
biochar surface. Several investigations have also found that the filling
face area of biochar Ui et al, 2008; Midhdlckow-Richeeisos
et al, 2017; Zhou et al, 2013). Despite dedines in 554, MP, and
OFGs, CEC increased in the csment study. The: S5A cannot, without 2
doubt, be deamed an effective factor in mising CEC. The most com-
ferrihwdrite, hematite, namo- hemite, goethite, and nano-iron (Gan

et al, 2015; Szmr et al, 2017). The CEC vahses of Fe oxides were
found to be high, ranging from 614 to 219mmolky * {Ding
et al, 2016; Trakal ot al, 201&). As a resuk, the presence of cxides
with high CEC vahes could explin the significant incresse in CEC of

42 | Influence of pyrolysis conditions

421 | Implantation time

Researchers are most inteyested in wtiizing oxidation methods in
ipost-pyrolysis conditions, acrording o the meta-analyss. As 2 result,
the pre-pyrolysis oxidation valses were much lower than the post-
pyrofysis data. In the current meta-analysis, diect addition of metal
ouide to feedstock i recognized as the most prevalent method of pre-
pyrobysis oxidation. Metal oxides, as previously stated, lower the fre-
quency of FG= on the binchar surface (Stmur et al, 2017). The addi-
tion of metal oxides to the feedstock a5 2 pre-pymolysis condition
exacerhates this impact and coames the biochar struchee to be
destroyed [Peter et al, 2021) The metal oxides in the: oxidized feed-
stock act as a dhyst in the pynolysis ¢ mducing surface deox-
veemation and further degradation of the biochar strschee (Dai
et al, 2017). As a result, the minimal pencentage change in biochar
mrface characteristics during pre-pyrolysis could be attibutable to
jecoppenati i of e N £ PR
tion to decarboxybtion as a resulk of the pre-pyrolyss approach
iMichdlekovi-Richweisovd et al., 2007; Xue et al, 2017). Nonetheless,
it has been demonstrated that oxidizing feedsiock with acids
improved the porosity structure of biochar and improved its adsorp-
tion properties (Yuan et o, 20000 For esomple, phosphosic acid
{H3POy) is a common axidizing agent: that has been utilized in varnious
rescarches. HaPOw may react with the carbon () in the feedstock dir-
ing pyrobysis to form stable moleoales such s C-0-PO; or ICOLPO;
Thang et al, 2018). These modified binchars act a5 a bamies, inhibit-
ing biochar C ooddation while also having 2 high cpacty to absork
inoiganic contaminants through surface adsomtion (L et al, 2008)
s ako been observed thot HoPO, pretrectment of biochar with
phosphoric acd produces up to B0% C retention in the pyrolysis pro-
e, indicating that there's a lot more carbon sheleton in the: biochar
structure than untreated biochar (Fhao et al., 2017).

422 | Pyrolysis temperature

Because of the presenoe of volitile matter during low heat pyrobyse,
which prevented oxddes agents from diffusing nto the inner spaces of
i, the low 554 achieved from low pyrolysks temperature in this
enchernal surface (Shi et al, 20450 Similarly, the minor change: in S5A
in our study could be asoribed to the recondensation of volatile moke-
cules on the biochar surface at higher pyrolysis temperatures, result-
ing in biochar pores being closed and 55A being reduced [Amin
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et al, 2000 When the pyrolysis temperatune approachesd S00°C, the
interfacial gap and biochar pores reduced  dramatically  (Shi
et al, 2015). This could exphain why n the medium temperatune range
A00FC-550MC]), the 55A and MIP showed the greatest inoease. Fur-
ithermone, the aromatic proportion of biochar fses substantially as the
dures are ooowrring (Trigo et al, 2014) As a result, 2 high pyrolysis

to be: the most promising. Due: to the: indus i
functional groups such 2 carboyfic and phenalic, dhemical oxidation
of biochar modified its functionality and improved its CEC. This could
help plants o absorb mutrents, especilly nitrogen, i the form of
ammaonism which has a significant positive impact on plant growth

of oxygen

temperature kexds to high = by d

o ouidation (Shoheen et al, 2019 As 2 consequence, biochars pro-
during mddation, implying smaler differences in environmental appl-
cations between fresh and oxidized biodsars (Wang et al, 20200

423 | Type of feedstock

[Bsochar cadation and related musface atiributes are infleenced by the
type of feeddock wvsed. Handwood wastes are nesistant feesdstock:
because they contain a kot of lignin, which enbances the aromatic con-

and productivity. The eval d data clearly shows that post-pyrolytic
add oxidation achieves the greatest improvement in the observed
pammciers of the biochar. The properties of modified biochar are
affected by the pyrolysis temperature and feedstodk types. The most
effective pyrolysis is Consk to be {A00C-
S50FC) from this perspective. The best feedstork was discovered in
the ntermediate category, which incdudes straws, husks, shells, and
serds, as well as other herk and agricultural bi Thee find-
ings above about the posshility of increasing biochar properties may
help in the decsion-making process for further rescarch or adhual test-
g In addition to its usefulness n decreasing soil and water pollution,
improving the absomtion qualities of biochar can definitedy be a viable

tent of biochar in the pyrolysis process and makes it mone rese o
decomposition [Shaheen et al, 2019). High mineral content of the

Metion for ri - s . fertili . Sl
minimizing the dawbades of dhemicl fertlizers in sustainable

feedsinck, on the other hand, leads to high ash
that biochar would be subjected to more pH fluchuations 2= a result of
demineralization over time (Wang et al, 2020). Furthermone, because:
wanod hiochar contzines the beaxt adh jumoaly lee than 3006, ph chifts
in biochar may be kes than in other biomass-derived biochars (Shi
et al, 25} In comparizon o macadamis nu shell biodhar, which had
apH drop of 28% after natural osidation, hardwood biochar only had
a pH drop of 14% after natural oxidation [Trigo et al, 2044}, Crop resi-
dues such a5 rice busk, com stalk, and mpeseed stem, which wene ct-
egorized in the intermediate category in this study, are prospective
feedsincks for producng bicchars with high 554, MP, and CEC due to
et al, 2017). Long-term oxidation of these biochars in their natural
than wood biochars [Bhatta Kawdal & Weatherley, 2008, Wang
et al | M0 s been demonstrated that coffee busk binchar was the
maost efficient treatment in improving soil CEC inoeased by 158%], in
comparison with chicken monure (72%) and wood biochars (17%)
(Domingues ot al, 2020) Furthenmore, animal waste and shdge feed-
nin content. are less reskstant to oxidation Lin et al, 2012; Wang
et al, 20200 However, OFGs much as hydnosyl, carbonyd, and carbosyd
ichars due to chemical or natural oxidation, enfancng surface chemical
interaction with metak: (Lou et al, 2004; Udhimiva et al, 2007, Thi=
explains why the peroentage dhange in OFGs due to unstable feed-
sbocks is not as brge as it is for other feedstocks.

5 | COMNCLUSIONS

The surface properties of biochar, such 25 cation b
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tickych potieb lidstva z 19 % (Livsey et al., 2019). Jeji péstovani je vSak extrémné
naro¢né na vodu. Globalné je pfiblizné 70 % spotieby sladké vody vyuZivano pravé v
zemé&délské produkci (Campbell et al., 2017) a péstovani ryze spotiebuje vice nez po-
lovinu z ni (Hang et al., 2022). Pokud nema ryze v poc¢ateénich fazich rustu k dispozici
dostateéné mnozstvi vody, at’ uz zaplavové, srazkové ¢i zavlahové, ¢eli rostliny vaz-
nym vyvojovym problémtm (Acharjee et al., 2017).

Nedostatek vody 1ze kompenzovat vhodnou Gpravou ptdy (Erana et al. 2019).
V literatufe existuje mnoho zprav o pozitivnim vlivu kompostu a biocharu na hydro-
logické vlastnosti pid. Jejich vzéjemné srovnani za stejnych podminek vSak zlstalo
stranou zajmu vyzkumu. Tento ¢lanek se tedy zabyva pouZitim a vyhodnocenim pii-
nosu téchto dvou materialti v systémech péstovani ryze s ohledem na hydrologické
vlastnosti pud. Cilem studie tedy bylo srovnani G¢inka biocharu a kompostu piidanych
do ptdy na dostupnost vody a vynosnost ryze.

Studie byla provedena v letech 2020 a 2021 v Iranu. Biochar byl vyroben z
ryzovych slupek pii teploté 450+50 °C, kompost byl kombinaci fas Anabaena azollae
a dalsich organickych materiali, jako je ryze a pSeni¢na slama. Tyto organické latky
byly zapraveny do piidy tyden pred vysadbou (davka 20 t-ha™). Pokusy bézely ve tfech
rezimech zavlazovani.

Ackoli oba pouZité materidly zvySuji dostupnost Zivin pro rostliny a mohou byt
povazovany za zurodnujici, byly mezi jejich U€inky nalezeny zna¢né rozdily. Oproti
biocharu ma kompost nevyhody, mezi které patii mensi specificka plocha povrchu, a

tedy i mensi schopnost vytvaiet organo-mineralni komplexy. Naopak biochar agregaci
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pudy zvySuje. Diky tomu zlepSuje i vododrznost. Vyznam biocharu a kompostu, i roz-
dily mezi nimi, se projevily pfedevsim pii horSich hydrologickych podminkach.
Vzhledem k tomu, ze druh suroviny a nastaveni procesu pyrolyzy pfimo ovliviiuje
fyzikalni a chemické vlastnosti biocharu, mélo by byt dale pfedmétem vyzkumu, jak

rizné biochary ovliviiuji zadrzovani vody v pade¢.
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Abstract

Adding organic amendments wo paddies w improve water use efficiency (WUE) could be a potential strategy to improve
soil water storage. This research looked at the effects of biochar and compost additions at 20 ¢ ha ™' rates in a rice field for
twi years, using three irrigation regimes called Iy, 1. and 1, which indicate irrigation rates of 100%, 75%, and 50% of
evaporation from class A evaporation pan. Changes in soil matric potential curves, &= well as rice yield components such as
hieight, grain yield, panicle density, and spikelets per panicle, as well a5 well water consumption, were measured. Adding
binchar to all irrigation regimes resulted in the greatest increase in matric potential points. Biochar enhanced water holding
capacity under higher evaporation stress than compost. Biochar treatment under the 1, regime increased grain yield by 35%
and 30% in two consecutive years. While in compost-treated soil and Iy regime, the amount of grain yield significantly
decreased by 7% and 38% compared to control, respectively, in 2020 and 2021. Using biochar significantly increased WUE
in order ko decrease irrigation regimes. The teo years did not significantly differ from one another. However, using compost,
WUE showed a declining trend in response o lower irrigation regimes. When evaporation is excessive and irrigation is
insufficient, biochar's higher pomsity and surface area, &s well as its greater stability to decomposition relative to compost,
may improve WUE in rice.

Keywords Irrigation regimes - Soil moisture - Flant uptake - Water consumption

Introduction

Irrigation in paddy fields is usnally conducted by Aooding,
hence artificial control of irrigation water is not easy and
practical (Scott Jansing et al. 2020). Further, in Aooded
paddy soils the weed growth is redoced (Ismail et al. 2012;

=1 Mohammad Ghorbami
pharhmiFE G jou.cx
Reinhard W. Neugschwandiner
reinbard. neugschwandiner & bok wac.al
Petr Konvalina
konvalina® G jowce
Huossein Asadi
o ssadigiul ac i
Marck Kopecky
mibopedcy S oo
Elnze: Amirahmadi
amirae G G jon.or

Uno et al. 2021}, so0il temperature is regolated (Liv et al.
2013), severe effects of heat are prevented (Morita et al.
20016}, nitrogen in soil is stabilized (Zhou et al. 20207,
lahar force is saved and photosynthesiz of kower leaves is
improved due to reflection of light from water (Xuo et al.
20200). For centuries, farmers have stored waler in areas
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where not enough water is available for continuous irriga-
tion {Levidow et al. 2014). In some areas without irrigation
system or adeguate rainfall in tzrms of distribution, alter-
nate irrigation is established (Tan et al. 2013; Zhang et al.
2020). Soil and plant relationships are strongly dependent
on sufficient soil moisture in a period without Aoodwaters
(Katayama et al. 2015; La et al. 2016). In areas with bow
=0il moisture conditions, rice faces serious problems at the
heginning of the growing season {Acharjee ef al. 2001 7). The
flowering stage is known as the most sensitive stage of rice
growth toward waler stress (Yang et al. 2019). Waler stress
and drought in the sensitive stages of the plant reduce plant
height and increase spikelet sterility (Fahad et al. 2017;
‘Wang et al. 2019). During the early growing season, the
intervals between rice plants are exposed to sunlight; there-
fore good conditions for growth and germination of weeds

s0il organic matter and the decrease in the bulk density of
the =oil. Overall, the use of compost is a practical and cheap
way of management of agricultural soils in order o avoid the
hazanis of chemical soil amendments (Sharma et al. 2021 ).

Improving the soil water retention due to the application
of biochar has been attributed to its hydrophilic character-
istics, developed porosity, and extended surface area ((ian
et al. 2020; Wang et al. 2019). The capability of biochar for
reducing fertilizer drainage throngh increasing waler reten-
tion can improve crop productivity and redoce the nutrient
leaching rate in agricultural practices (A=sadi et al. 2021; Li
et al. 2021; Pratiwi & Shinogi 2016). Filling the empty space
between coarse soil particles with fine and porows biochar
particles has been reported as one of the main factors in
reducing water loss, increasing total soil porosity and thos
ing water retention parameters such as FC and PWP

are provided (Aslani et al. 2016). Rapid weed growth can
result in competition with rice for nutrients and water and
thereby in a reduction in the crop yield (Uno et al. 2021,
Soil moisture content has 8 positive correlation with rice
growth and yield (Pascual & Wang 2016). However, in areas
with limited water access, the cormect strategy o oplimize
waler consumpdion {Wie) should be conducted in order to
reach the maximum water use efficiency (WIUE) for the pro-
duction of agricultural products (To et al. 2018). Available
reports sugpest that We can be reduced withowt reducing the
yield by proper application of irrigation water (Santiago-
Arenas et al. 02 1)

Applying proper soil amendment= can be considered as
A promising solution to p I water loss in paddy cultiva-
tion (Erana et al. 2019). In the literature, there are many
reports for the application of biochar and compost as bwo
commaon 501l amendments for improving soil moisture con-
teml. Compexst can play an important role for improving the
stability of the =0il structure by increasing its organic matter
content (Agkm & Aygin, 2018), boosting the hydraulic con-
ductivity (Kranz et al. 2020), and improving the water reten-
tion {Paradelo et al. 2019). Further, an increase in the soil
mutrient supply i=s another sdvantage for compost-amended
=oilzs (Das et al. 2017). However, the effect of composts on
available water capacity (AWC) varies depending on the
=0il type, the type of compost and the application rate (Piz-
zeghello et al. 2021). Compost-treated soil can retain higher
amounts of water at field capacity (FC) and permansnt wilt-
ing point (PWFP) compared to mineral soils (Agkin & Aygin,
2018; Erana et al. 2019). The altering of all these factors is
highly connected with changes in the total porosity of the
=0il (Kranz et al. 2020). There are some reports showing
that both fine and coarse texture soils were improved doe
to the addition of compost, mainly with high application
rates (Lata Yerma & Marschner 2013; Zhao et al. 20000
Improving hydmlogical soil characteristics can be consid-
ered as a result of using compost due o the increase in the

£) Springer
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(Alghamdi et al. 2020). A higher effectiveness of biochar in
coarse lextured soil for improving water retention has been
reported in some studies (Brinicky et al. 2021; Raxzaghi
et al. 20210). The increase in =il water retention due to the
application of binchar is dependent on some factors such as
feedstock, pyrolysis processing, wsing rate, and soil texture
(Yu et al. 20013).

However, some studies have been conducted on the influ-
ence of biochar and compost alone on the soil’s ability o
store waler, whereas the comparison of these two organic
amendments under the same conditions has been stayed oot
of the research’s view. It is crucial to use biochar and com-
post in rice fields to determine how they help to improve
WUE and lower irrigation costs, especially given the fore-
cast for prolonged dry periods in some parts of the world due
to climate change. A= a consequence, it's critical o compre-
hend how biochar and compost affect soil moisture, nutrient
uptake, and plant growth in drooght-prone environments.
Therefore, the goal of this study was to contrast the effects of
adding binchar and compost to the soil on water accessibility
and rice crop productivity.

Materials and methods
Site description and treatments preparation

The study was conducted in 2020 and 2021 in Gilan at Rice
Research Institute of Iran (37°12'15.9"N 49°38'38.27E).
Rice (Oryza sativa L.) cv. Hashemi, a typical locally grown
rice in Iran, was selected for plantation and evaluation of its
response bo biochar and compost application under limited
nrigation. Some environmental properties of the stady area
are given in Table |. Biochar was produced from rice husk at
450+ 50 °C by rotary muffle fumace. Commercial compost
was directly bought from Vishka Enterprise (Rasht, Gilan).
The used compost was the combination of green—blue algae
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Table 1 Environmenlal description of the siudy ansa

Table? Physicochemical chamcteristics ol soil sample, rice husk

binchar (RHE) and compost (COM)
Siile property Description
Property Sail RHE COM
General climale Humid Leeng
monsoon climale pH 602 B.56 155
Averape annual air iemperalure 172 EC {d5 m™) 18 o7 048
=C) CEC {cmal_kg ™"} 2 531 152
Frost-free period (day) 250 Specilic surface ara (mp ") - 923 K|
Average annual precipikation 1359 Organic C (%) 108 521 B3
() Hi%) . L
Duration of sanshine {h year 19383 o B 223 B
pnlm- ﬁvﬂﬂmm ] M (%) [} 098 1.E2
Eh':n-:?t ) Mainky -n-l e bl lomide: NO}._"{!.:EA} 0oz 05 ]
Soil clasification Hydragric anthmsol Exchanpeable K (cmol® kg 1% 156 0 2E
Sail tillage syslem Rolalion Exchangeable Ca femol™ kg™ 457 145 2.4
Exchangeable Mg {cmolt kg~ 502 03 01
Anabaena axollas and some organic materials, such as rice Sand (%) 122 h
and wheat straw manufactured in a warm atmosphere with Z:::;] ?::: h
uale ventilation to sy, the of mi -
adeq pport arowth ICTOOTZAT- Clay -

i=ms. Two weeks before planting, urea, superphosphate and
potassium sulfate (each of them at 75 kg ha~") as basal for-
tilizers were added to the soil. One week before planting,
rice husk biochar (RHB) and compaost (OOM) wene manu-
ally spread on the soil surface, each at a rate of 20 ¢ ha™",
and were homogenized by immediate tilling down within
20 cm depth. It should be mentioned that basal fertilizers
were applied in both cropping years (2020 and 2021), while
biochar and compost amendments were just added at the
first year (000, In main phots, three irigation regimes were
conducted as follows: Lypg, 1y, amd Isy represent irmigation at
rates of 104G, 75% and 50% of evaporation from the class A
evaporation pan. Also, three treatments, ie.. Control, (with-
out any amendment), RHE, and COM were considered as
subplots. Three replications were performed. Plots had 2 size
of 325 m size. Their boundaries were covered with plastic
o L water transmission. The rice was planted in May
and harvested in Angust 2000 and 2021.

The evaporation rate was measured by 2 class A evap-
oration pan and the amount of rein was measured with a
rain gauge on a daily basiz. For irmigation of each plot, the
amount of evaporation from the class A evaporation pan
was calculated for a period of 5 days by Eq_ (1) and irriga-
tion water was applied baszed on the evaporation percent-
age considered. The volume of water entering each plot was
controlled by a graded ruler that was fixedly mounted in the
duct =lab in each ploL.

g =W — ¥ - ¥] i
where Epg is evaporation from the class A evaporation pan,
W is precipitation during Ar (mmy), ¥, is the water storage

at the beginning of As (mm), and ¥; is the moisture content
at the end of Ar (mm).

EC: elecirical conductivity, CBC: cation exchange capacity, - car-
bom, H: hydrogen, N: nitrogen, O oxypen.

Soll, compost, and biochar analysis

Soil analysis was done based on the following methods;
pH and electrical conductivity (EC) by 1:1 {wfv) soil-
to-water ratio, soil texture by hydrometer (Beretta et al.
20014}, organic carbon () by wet oxidation (Hussain
et al. 20019}, total nitrogen (M) by Kjeldahl (Bremner
19¢60), and cation exchange capacity (CEC) by ammonium
acetale extraction (Tournassat et al. 2004). The exchange-
able K, Ca, and Mg were extracted using a 1:10 ratio of
soillammonium acetate {NH,OAc) buffered solution at pH
7, in which the basic cations adsorbed in the soil were
replaced by NH,* ion (Towrnassat et al. 2004), and con-
centration was assessed by plasma optical emission spec-
troscopy (ICP-OES, PerkinElmer).

In order to measure RHE properties, the following
methods were used; pH and EC by 1:20 (wiv) biochar-to-
waler ratio (Rajkovich et al. 2012), total carbon, hydrogen,
and mitrogen by the elemental analyzer (PerkinElmer 2400
I}, CEC, and exchangeable cations by ammonium ace-
tate method (Munera-Echeverri et al. 2018), the specific
surface area by the Brunner, Emmett, and Teller (BET)
manner (Subedi et al. 2016). Also, some basic chemical
characteristics of the compost which were provided by
the producer company (¥ishka Enterprise) are given in
Table 2.
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Soll molsture and plant measurements

For assessing soil moisture. matric polential points were
distinguished using porous plate funnels and pressure plate
apparatus (Dane and Hopmans 200 2). The applied tensions
wene 0, — 3, — 10, — 33, — 100, —300, — 500, and — 1500 kPa
which are equals 00, 1,2, 25,3, 35, 3.7, and 4.2 pF (log
matric potential). Each point of the curve was obiained with
three zamples, a5 well as, FC and PWP were determinaed at
—33 and — 1500 kPa, respectively. Also, AWC was calou-
lated by subtracting the PWP from the FC.

The plants were harvested at the end of the growing
season, and panicle density (number of panicles per m®),
spikelets per panicles, plant height (cm) and grain yiekd were
measured.

The water use efficiency (WUE) was calculated using
Eg. (2):
WLUE = Y /W, )
where WUE is water use efficiency (kg m—). Also, ¥and W,

represent grain yield and water consumption, respectively.
W, was calculated using Eq. {3) as follow:

W, =P+ + {8, — ty) 3
where W, is crop water consumption (m*), P is precipitation,
Tis wotal irrigation water amount, 8, and &, are soil moisture
hefore land soaking and afier harvesting, respectively.

Data analysis

A two-way ANOVA was used o estimate how the applica-
tiom of amendments and the irmigation regimes affected soil

o4

'K

03

ozx d

FC [m® m?)

o1

B C K B C
I s

hydrology behaviors, rice yield and yield and yield com-
ponints. The least significant difference test was wsed for
statistical differences betweoen the treatments (p< 0005). Data
analyses were performed using SPSS 26.0. All figures were
designed in Excel 2018,

Results
Soll moisture

The addition of amendments significantly changed the soil
waler content under different irrigation regimes (p < 0.05)
(Fig. ). In 2020, application of biochar caused a highest
increase in FC compared to compost and change in irrigation
regime hadn't significant effect on biochar superiority. The
results of FC in the second year were also repeated as the
first and there was no significant difference between yesars,
while irrigation stress has a considerable impact on com-
post application. By altering the irigation regime, FC in
compost-treated soil was significantly reduced in both years.
Similar to BC, the highest amount of PWF obtained from
biochar-treated soil and applying three imrigation regimes
didn’t show significant effect on biochar superiority in two
years. On the other hand, application of compost had no
significant difference with control in all irrigation regimes.

Based on result of AW in Fig. 2, using biochar and com-
post significantly increased AWC compared to control in all
regimes and two years (< 0005). Mevertheless, the highest
amount of AWC was related to biochar-treated soil, and the
second highest AWC was obtained from compost-treated
soil.

PWP [m? m?) o
e B

B

Ag.1 Eifects of bealmenls and irmigation regimes in two years on a Beld capacity (FC), and b permanend willling poind (PWF). Control, binchar,
amd compost are represenied by CK, B, and C. respectively. Ermor bars indicale standard ermors of the mean ja=3)
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Crop yield and WUE

Changes in the yield and yield components of rice as
affected by treatmenits are shown in Fig. 3. Adding biochar
caused a significant increase in the panicle density by 72%,
136%, and 129% under 1,qq. Iy, and Iy, irrigation regimes in
first year, and 85%. 89%, and 143% under the same condition
in second year. On the other hand, applying compost signifi-
cantly increased the panicle density by 42%, 63%, and 38%
under Iygg, s, and L irrigation regimes in 2020, and 48%,
28%. and 53% under the same condition in 202 1. The highest
numbers of spikelets per panicle also were obained by bio-
char application which were increased under [, 1. and L,
regimes in first year by 38%, 39%, and 60%, and in second
year by 505, 4040, and 88%. Also, applying compost caused
a significant increase in spikelets per panicle by under I;gg,
L. and L regimes in 2000 by 18%, 39%. and 27%, and in
2021 by 26%, 2%, and 25%. The highest recorded height

O30 Bx1

Splkelets (Per panlcle)

o

Graln yleld (kg ha)

CE B C & B ¢ X B C

him b La

Ag.2 Eifects of bealments and irmigation regimes in bwo years on a panicles, b spikelets, © heighl, and d grain yield. Control, bicchar, and com-
s are: represented by CK, B, and C. respectively. Ermor bars indicate standard ermors of the mean (a=3)
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in all irrigation regimes was obtained from biochar-treated
=0il and there was no significant difference batween biochar
trestments in three irmigation regimes and two years. The
second highest height was obtained from compost-treated
s0il in Iy, The height of plants treated by compost sig-
nificantly decreased with increasing irrigation stress in both
years. There wasn'l significant difference between bwo years.

Using biochar affected by irrigation regimes showed
significantly different results in grain yield. Applying hio-
char cansed to increase in grain yield under g, s, and Ly
regimes by 31%. 61%, and 35% in first year, and by 36%,
B6%, and 30r% increase in second year. In the first year, com-
post-treated soil in 1, and 1, regimes cansed (o increase of
14%., and 29% in grain yield compared to control. While, in
I, regime result showed a 7% decrease in grain yield com-
pared to control. Similar wo first year, Iygg, by regimes caused
o 2046, 29% increase in grain yield in compost-treated soil
and Iy cavsed 1o 38% decreaze in grain yield compared to
control in second year. Also, in Ly, there was significant dif-
ferent between compost-treated soil in two years,

Tahle 3 shows the amount of evaporation, precipitation
and irrigation water in 5-day periods and their total for
T0 days of measurement in two years. In 2000 and 2021,
the total amount of evaporation from the pan was 2874 and
3282 mm, respectively, and the total rainfall was 46.8 and
395 mm in 70 days. Also, the total amount of irrigation
waler including precipitation and evaporation in the first
year for treatments [ygg, Ly, and Ly, was 348 8, 2738, and
1928 mm, and in the second year was 3495, 273.5, and
1995 mm.

Applying biochar had a significant effect on WUE in
all irrigation regimes {p < 0.01) (Fig. 4). Results showed
that using biochar significantly increased WUE in order to
decreasing irrigation regimes. There was no significant dif-
ference between two years. While applying compost, WUE
exhibited a declining tendency with a reduction in irrigation
regimes. Also, in Ly, regime, the WUE in compost-treated
soil in 2020 significantly decreased in 2021.

Adding biochar to soil significantly enhanced NO,™-N
and CEC under different irrigation regimes {p-<0.01)
(Fig. 5). Im 2020, the highest values of NO, N under 1,5,
I, and 15 regimes were observed by applying biochar with
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increases of 2006, 212%, and 333% compared to the coatrol,
respectively. There was no significant difference between
2020 and 021 in MO, N values under biochar treatment.
Also, applying compost significantly increased NO; —N by
135%, 162%., and 216% compared to the control under 1.,
I35, amd I+ regimes in 2020, Similar to biochar there was no
significant difference between 2020 and 2021 in MO, N
walues under compost treatment. About CEC, both biochar
and compost treatments significantly increased CEC of soil
compared to control. The highest value of CEC was obtained
from application of biochar withowt any significant differ-
ence between irrigation regimes and years. Also, the second
highest CEC value was related to compost-treated soil.

Discussion
Soll molsture

The application of biochar at higher moisture stress (Isq)
was mone effective than compost for increasing FC, PWP,
and AWC. It can he explained from two aspects. The large
internal surface area and the highly porous structure of
biochar caused a direct influence on =oil moisture doe to
retaining water by capillary force (Alghamdi et al. 2020).
This improves overall soil surface area and =oil porosity
(Besalatpour et al. 201 3), decreases soil bulk density (Zhou
et al. 2020, enhances soil water storage, and reduces thereby
waler stress of plants (Brinicky et al. 202 1. This argument
is supported by the fact that biochar has a four-fold larger
specific surface area than compost. This could be due 1o the
filling of the micropones in compaost with other organic mat-
ter such as humic substances {Wallace ef al. 2020), morganic

material such as heavy metals {Besalatpour et al. 2013), and
microorganisms (Dwean et al. 20000, which naturally reduced
the specific surface area. Regardless of the significance of
binchar's porosity in soil waler storage, the zeta potential
plays an important role with negative charges on the surface
by which hydrated cationic ions were absorbed (Alghamdi
et al. 202(0). These procedures which represent appropriate
adsorption characteristics are effective for the amelioration
of nutrient and water storage in soils amended with biochars
(Brinicky et al. 2021; Zhou et al. 2020).

Om the other hand, change in s0il structure is an indirect
effect of binchar which consequently affect the water reten-
tion capacity of the soil (Besalatpour et al. 201 3; Ghorbani
et al. 2019). In the soil, biochar can act as a suitable binding
agent, connecting soil micre-aggregates to produce macno-
aggregates (Wallace et al. 2020). This can also lead o an
increase in the diameter of the soil aggregates in biochar
amended soils (Zhow et al. 2020, and thus, altering the dis-
tribution of pore size (Besalatpour et al. 2013). This is due o
hinchar's slow decomposition in the long run (Brinicky et al.
2021). When compared o compost, biochar has a greater
/N ratio. This indicates more stability against decomposi-
tion and the formation of more stable organo-mineral com-
pounds on surface of soil aggregates and thus increases soil
miisture storage (Besalatpour et al. 201 3; Islam et al. 2021).
This explains why biocher efficiency is more stable in the
second year than compost. On the contrary, water repellency
a5 a3 result of using compost has been reported in some stud-
ies (Duan et al. 2020; Mafez et al. 2005). It can be 2 result of
imeversible drying processes in soil which is rich in organic
matter (Besalatpour et al. 2003). It has been founded in a
sandy soil, that although compost application increased soil
organic matter, it was insufficient io increase plant available
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waler (Islam et al. 2021). The increase in polentially min-
emalized M in the amended soils can also result in higher
plant growth and consequently also higher water consump-
tion {Duan et al. 2020). Owverall, it has been shown by some
studies that applying compost with other organic materials
such as biochar had a much better effectiveness in increas-
ing the water storage in s0il compared to sole application of
compost (Mafez et al. 2015). The combination of compost
produced from sewage sludge and biochar is an example
reported by some stdies (Duan et al. 2000; Uringer et al.
20200 It has been proven that the addition of biochar in the
=0il shows a dual behavior, which means that in addition to
increasing water retention, it also makes water repellency
mare likely (Mafiex et al. 201 5). Therefore, in order to fiorm
2 halance between water storage and repellency, it is neces-
=ary o choose the most efficient irrigation method (Voelkner
et al. W019)

Crop yleld and water use efficlency

Total nitrogen and exchangeable cations in compost are
much higher than in biochar, which indicates a higher nutri-
ent supply by compost. Despite the better nutrient supplies
with compost, crop characteristics and WUE improved by
using biochar in each three irrigation regimes. Thiz may be
related to distinguished intrinsic characteristics of treatments
dise o the pyrolysis and composting processes. Biochar and
compost properties vary widely depending on the feedstock
(Ghorbani et al. 202 1). It has been demonstraled that com-
post and biochar are rich with orzanic matter and nutrient
storage which will encourage the growth of many benefit
microorganisms, which have the ability to produce varions
organic acids compounds that are supporting mutrient avail-
ahility or promoting plant growth (Chuo et al. 2007; Major
et al. 2020; B. Sharma et al. 2017; Tian et al. 2019; Velli
et al_ 202 ). Nevertheless, these two types of organic materi-
als are not the =ame in terms of intrinsic properties and envi-
ronmental impacts. Besides being rich in notrients, compost
may also contain harmful substances. Based on the intrinsic
characteristics of compost and biochar, their application as
=0il amendments may result in different amounts of bioavail-
ahle forms of potentially toxic elements (PTE) including
Cd, Pb, and Zn {Amirahmadi et al. 2020; Qi et al. 2020).
‘With repeated applications, compost-derived FTE can con-
taminate the soil and sccumulate in crops o levels that pose
a risk to human and amnimal health (Fang et al. 2017). The
increase in Cd, Co, Zn, and Pb in plants dee 1o applying
compost in higher levels has been widely reported in pre-
wious studies (Zheljazkov and Warman 2004 Perezmurcia
et al. 2006), while biochar benefits in the immobilization
of heavy metals like Cd and Zn in polluted soil due o its
improved absorption capabilities (Chagas et al. 2021 ). How-
ever, in the context of potential contamination, e.g., by heavy
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meetals and organic pollutants, it is important o monitor the
amount and quality of compost added to soil {Feng et al.
2014; H. Liu 2016). Therefore, monitoring the quality and
the dose of compost, based on legal recommendations, is
necessary prior o application thereof in the environment.

Om the other hand, in addition to the many benefits of
compost from the notrient siorage aspect, there is also an
increase in chemical and microbiological risks (Major et al.
2020, The addition of compost to soil boosted the durability
of Salmonella enterica, which accumulated in some plants.
This corroborates the potential threat of compost for plants
(De Lucia et al. 2013). The resulls of a 3-year field study
on arable land showed that using compost caused an acou-
mulation of Cu and Zn in soil from 0 to 20 cm depth (Wei
& Lin 2005). The anthors emphasized that compost should
be applied to the soil at < 20 tha . Also, it's been reported
that applying fresh compost to s0il can notably influence
the dissipation of polycyclic aromatic hydmcarbons (PAHS)
in soils, planted with Festura arundinaces, which sccumu-
lated PAH= in it= tissues (Feng et al. 2014). Furthermorne,
increasing pH is another potential risk of overdosing com-
post usage, which may not always be suitable for all plants
(De Lucia et al. 2013). Applying compost alone is insuf-
ficient to boost the level of wheat yield (Major et al. 2020).
Usnally, the mineralization of organic M in compost needs a
long time to be available for plant aptake (Feng et al. 2004).
Applying compost derived from sewage sludge in combina-
tion with biochar to sandy soil increased plant growth doe
to higher nutrient availability and microbial activity (Ceme
et al. 2021).

Biochar is characterized by its higher content of maone
stable organic carbon compounds compared o compost, and
thus it slowly decomposes in the soil (Sun et al. 2016; Yue
et al. 201 7). Thereby, it becomes more effective in improv-
ing the soil physicochemical properties (Chagas et al. 2021)
Becanse of the potential of biochar in pesticide sorption and
carhon sequestration, it has been suggested preferably than
compost applications in some studies (Cerne ot al. 2021;
Zhang et al. 2015; Zoghlami et al. 202 1). The porous struc-
ture and higher CEC of the biochar are the main factors
determining its sorption potential (Ren et al. 2018; Fielitska
et al. 2015). It has been proven that the potential of plants
to take up PTE will be increased when they are grown in
compost-amended soils (B. Sharma et al. 2007), possibly
due o the increased leach ability of compost-derived PFTE
(Lo et al. 2021), whereas it's been reporied that the risk of
Cu, Mi, and Zn keaching from biochar amended soil is bow
(Lv et al. 2021 ; Méndez et al. 2012). Hence, the leach ability
of compost can be considered &= another reason for much
hwer values of MOy N, and exchangeahle cations (K, Ca,
and Mg) in soil. For this reason, it has been advised thay
compost is allowed as a =oil conditioner in woodland and
park areas, not for crop production (Cerne et al. 2021). Our
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results of soil analysis clearly show that applying biochar
increased accessibility of MOy -M and exchange cations in
the oot area. As a result, the developed absorbent charac-
teristics of binchar play a key role in improving water and
mutrient storage and then directly boosting WUE and plant
growth. This claim is supporied by a considerable drop in
mitratz and carbon in the second year compared to the first
year in compost-treated =oils in Iy, while these parameters
have stayed stable in biochar-treated soils throughout time.

Conclusion

‘While compost and biochar are widely used by farmers as
sources of nutrient= and growth promoters for rice, the dif-
ference in their efficiency under moisture stress conditions
i= notable. Both biochar and compost are increasing nutrient
availability for plants; however, compost is faced with prob-
lems such as structural instability, high degradability, and
low specific surface area which has little opportunity to form
organo-mineral structures with soil particles. On the other
hand, biochar, relying on all of those factoms, increases the
aggregation and porous structures into the soil, thus increas-
ing the water holding capacity especially under insufficient
waler stress and environmental pollution. It is obviows that
the use of agriculiural inputs for plants with Aooding condi-
tions such a5 rice, regandless of the factors affecting avail-
able water, caused an increase in the cost of production and
operation process and reduced water use efficiency. The
importance of this issue becomes clearer when rice cultiva-
tion is done under stress. The resalt of this study can be a
step forward in terms of socic-economical aspects of agri-
cuoltural residues and farmers” decision to convert them into
compost or biochar. Given that the kind of feedstock and
pyrolysis settings directly affect the physical and chemical
properties of biochar, it is worth investigating how different
binchars produced from various feedstocks and under differ-
ent pyrolysis conditions affect soil water retention.

Acknowledgements The authors gratefully acknowledge Rice
Reseanch Institute of Iran, Rashi, Iran, for providing the site for experi-
menl and laboralory measurements. Also, the asthors would like o

thank (ke University of South Bohemias in BudEjovice, Ceechia,
progect GAJU O85/200E, lor the inancial suppori of this study.

References

Acharjee TK, Lsdwig F, van Halzema G, Hellegers P, Supil 1 (2017}
Fulure changes i waler requirements of Bono rice in the boe off
climale change in North-West Agric Waler Manzg
194 1T2- 183, hitpsfidoiong/ 10 1016 agwal 201 705,008

Alghamdi AG, Alkhasha A, Ibrahim HM (2020} Effect of biochar
jparticle size on waler retention and availahbility in o sandy loam

sail. J Sandi Chem Soc 24(12): 104210540, hitps:ifdoi.org/10.
1016} jmcs. 2020. 1 1.003

Amirzhmadi E, Mok d Hojjati 5, K C, Gharbanil M,
Biparva P {020} The podential clfectivencs of biochar applica-
tion ko reduce soil od bioavailability and nak seedling
prowth. Appl Sci 10{100:3410. hitps-ifdoi.org! 103 390 app 10
103410

Axcadi H, Ghorbani M, Rezaei Rachii M, Abrishambesh 5, Amirsh-
madi E, Chengrong C, Gorji M (2021} Application of rice husk
binchar for achieving sustainable agricullure and environment.
Rice Sci TH(4)c325-343. hitps:Idoiorg/ 10U 101 6f.rsci. 2021 .05.
0o

Agkm T, Aygiin § (301 §) Does hazelnui busk compost (HHC) effect on
Eurasiam J Sail Sci (EFSS), T(1), B7T-92. hiips:doi org/10. 1 8393
cjss. 337212

Aslani F, Juraimi AS_ Ahmad-Hamdani MS, Hashemi FS, Amiral
Alam M (2016} Conirod of weeds in glasshowse and rice ficld
conditions by phyiodoxic effects of Tinospora crispa (L) Hook. [
& Thomson leaves. Chilean J Agric Res Té{4):432 440, hitps:if
doi.org 1 04067507 1 B- 5839201 GO0 00006

Bereita AN, Silbermann AY, Paladimo L., Torres D, Bassahum [, Muos-
selli R, Garcia-Lamohie A (2014) Soil lexiune analyses using.
a hydrometer: modification of the Bouyouoos method. Ciencia
« Investigaciin Agraria 41(2)c25-6. hitps:fidoi.org!1 04067/
SOTIR- 162020 1400020001 3

Besalatpour AA, Ayoubi 5, Hajabbasi MA, Mosaddeghi MR, Schu-
lin B {201 3) Estimating wel soil aggregaic stability from casily
availshle properties i a highly mosntainous walershed. CATENA
1 ﬂ-ﬂhﬂpﬂﬁmmp'm.lﬂlwljmml

B T {1060 Dy i of nitrogen in soil by the Kjeldahl
method. § Agric Sci 35{1k:11-33. hi.p:.ﬂ"hmgﬂﬂ.lﬂ-l?.lﬂml
BI9GO00Z 15T

Brimicky M, Datta R, Holatko 1, Biclska L., Gusiatin ZM, Kucerik
1. Hammerschmiedt T, Danish 5, Radziemska M, Mrvoova L.
Fahod 5, Kintl A, Sudoma M, Akmed N, Pecina ¥V (2021} A criti-
cal review of the possible adverse elfects of biochar in the soil
environmenl Sci Tolal Environ 796145756, hitpsfidoi.ong/10.
1016 scitobemy 2021148756

Cemne M, Palfi I, Major N, Packovié I, Perkovic 1, UFila 7, Filipovic
¥. Romic M, Goreta Ban S, Jafimavic R, Benedik L., Heath DI,
hnml}ﬂmﬂmwmmwm

om the phybosce ol | ially lomic ele-

micnils and nﬁmdﬁsbmwlmm
203: 112055, hittps:idoi.crg/ 10101 6. jenvman X211 12955

Chagas JKM, de Figuciredo OC, da Silva I, Paz-Ferreiro J {20215 The
residual effect of sewage sludpe biochar on soil avilsbility and
binaccumulation of heavy melals: Evidence from a three-year
field experimend. | Environ Manage 279 111824, hitpsidoi ong
10U 10 & jenvmnan. HI20.1 11824

Chu 5, Wu I}, Liang LL., Zhong F, Hu ¥, Hu X, Lai C, Zeog 5
(2017 Municipal sewage shudge composl promodes Mangil-
era persiciforma tree growlh with no risk of heavy melal con-
tamination of soil. Sci Rep T(1)k1 3408 hitps-Fdoi_org/ 1010387
=4 1 59801 T-1 3895y

Dane JH, Hopmans JW (1018) 3.3.2 Laborstory, pp. 675-T20. hitps:i7
doi.orgi10.21 Mfsssabook ser’5.4.c25

DasS .Tmn!Sl' I:hS Kml'lﬂﬂ‘lﬂt‘mwmdmll:m
swime manure in a submerged rice paddy. Fronl Microbiol. hitps:
doiorg1 0. 3389 T mich. 201701702

De Lucia B, GMEWLBMLWIJJEIE:IIM-
fierenl rales ol i organic dh an urban sail prop-
eriies, growth and nulrient sislus of three Medilermnean native
hedge species. Urban For Urban Green 141537545, huipsif
doi.org1 0. 1016 ufug, 201 3.07 008

£) Springer

109



56

Paddy and Water Environment [2023) 2147-58

Duan X-Y, Can Y, Lin T-Z, Li L. Wang B, Wang X-I} (2020) Nulxi-
enl stability and sorplion of sewage sludge biochar prepaned
rom co-pyrolysis of sewapge sludge and sialksimineral maleri-
als. Environ Pollul Bioavailab 32(1:12-18. bitps=¥doiorg/10.
10EN2GEISFH0. 2009, 1 TI0259

Erama FG, Temkegna TA, Asfaw 3L (2019) Effect of agro indus-
Irial wasies compost on soil kealth and onion yields improve-
menls: sludy al Bield condition. Int J Recycl Org Wasie Agric
B{S1E161-171. hitps:Fdoiorgf1 0. 1007/ =20093-019-0286-2

Fahad 5, Bajwa AA, Naxir U, Anjum 5A, Faroog A, Zobaib A, Sadia
&, Nasim W, Adkins 5, Sawd 5, Ihsan MEZ, Albarby H, W C,
‘Wang I}, Huang ] (2017} Crop production under drought and
heal siress: pland resp and i Franl
Plant Sci. hl.l.pr.l'ﬂ'du.nrp"lllmwfpls.'lﬂl 701147

Fang W, Delapp RC, Kosson DS, van der Slool HA, Liu J [mm
Release of heavy Imll]! rln.rl:! bong- Ium kand

i phere 1689:2T1-280. hitps:doi.
ocg;ﬂﬂ.lﬂlﬁij.:h:mspbﬂﬂﬂ'lﬁ.l 1086
Femg L., MLMLWII}EBMHWE aromalic
hydrocarbans in soil amended with sewage shudpe composL
Int Biodelerior Biodegradation 95: 200207, hitps:Vdoi.org/10.
'II]Iﬁ:'j.ib-in-d.Il}ld..Dtl.ﬂ'II

Gl i M, Ami i E, K (2021} In-sim biochar
production associsled with paddies: direct imvolvement off farm-
ers im greenhouse gases redoction policies besides increasing.
mulricols availability and rice production. Land Degrad Dey
I14):3893- 39K, hitpsFdoiorg/10. 102 dr 4006

Ghortani M, Assdi H, Abrishamkesh 5 (2019) Effiects of rice busk
hiachar on selecled soil propertics and nitrale keaching in loamy
sand and clay soil. Ini Soil Waler Conserv Res T{3)-258-265.
hitps:idod.ong 1010166 swor. 200 9.05.005

Hussain 5, Sharma ¥, Arya VM, Sharma KE, Rao C5 (2019) Towal
organic and inorganic carbon in soils under different land
usefland cover sysiems in Lhe foothill Himalayas. CATENA
1E2:104 104 hitps:iidoiorg/ 10,101 66 catena W19 104104

khmlvlLI' Jiamg F, Guo Z, Peng X (3021} Does biochar application
mprove soil aggregalion? A mels iz, Soil Tillage Res
209: 104926, hitps:#doiong/ 10,1006/ sl 20200 104926

Ismail AM. lobnzon DE. Ella ES, Vergara GV, Baliayar AM {3012)
Adaplation lx Dooding during and seedling growth
iin rice and weeds, and implications for crop establishment. Aol
PLANTS. hitps_idoi_orgf10. 1093/achplapl=019

Katayama N, Baba Y0, Kusumoio ¥, Tanaka K (2015) A review
of posl-war changes in rice Brming and biodiversily in Japan.
Agric Syst 1327384, hitps-iidoi.org/ 1010 6f.ag=y.2014.09.
ool

Kramz CN, McLaughlin RA, Jobmson A, Miller GG, Heitman JL (2000)
The effects of compasl incorpombion on soil physical properties
ini mrham soils — 2 i iewe. J Environ Manape 261:1 10209
hitps:ifdoiorg 100106, jonyman. 20201 10309

Lala ¥erma 5, Marschmer P (201 3) Composl effects on microbial bio-
mass and sail P poods as alfecied by particle sive and soil proper-
e § Soil Sci Plant Nutriit Ahesd hitps-doi org/104067S0T18-
9516201 3005000036

Levidow L., Zaccaria I, Maia B, Yivas E, Todorovic M, Scardigno
A (2014) Improving waler-cificion] immigation: Prospects and dil-
ficulties of innovative practices. Agric Waler Manag 146:84 04,
hitpeifdoiorg 10U 10167 agwal 2014.07.012

Li L, Zhang ¥-J, Novak A, Yang Y, Wang J (2021} Role of biochar im
improving sandy soil waler retention and resilience o drosghi
Wiater | 3(4):407. hips-doiong/10. 3390w | 3040407

Lim H (2016} Achilles heel of environmental risk from recycling of
shudpe Lo soil ax amendmenl: a summary in recend ben years
(20072016} Wasic Manage 56:575-583. hitpsziidoi.org/10.
100 Gl wearsrmam. 20016.05. 028

£) Springer

Liu Y, Wan K, Tao Y, Li Z, Zhang G, Li 5, Chen F (2013) Carbon
dioxide fux from rice paddy soils in central chinac elfects of imler-
mitlend looding and draiming cycles. PLoS ONE B{Te56562.
hitps:ifdoi.org 101371

Lo H, Chen X-H, Mo C-H, Huang Y-H, He M-Y, Li Y-W, Feng N-X,
Katsoyiannis A, Cai Q-Y (2021} Occwrrence and dissipalion
mechanism of organic during the c img ol sew-
ape sludpe: a crilical review. Biores Technol 328: 124847, hitps:
dioi.oeg 10101 6 bioriech. 202 1. 124847

Lu W, Cheng W, Fhang Z, Xin X, Wang X (2016} Differences in rice
waler consumplion and yield under four irmigation schedules in
cenitral filim Provimce China. Paddy Water Environ 14{4)c473-480.
hitpe:ifdoi.org 0. 100710333 01505169

L¥ ¥, #hao X, Sha ¥, Chang H, Zhao 5, Liu 5 {2021} Effect of
biochar on the mi and leaching of in black
soil. Paddy Waler Environ 19(1):1-9. hitps-fidoi_org 10. 1007/
=1 0333020008 15-6

Maijor M, Schiersiaedi 1, Jechalke 5, Nesme 1, Ban SG, Cerne M,

I amd

in soil. Microorganismes B(7): Imhq::\"ﬂm.ngl'llljm'lnm
organismsB0T 1)

Ménder A, Gémez A, Pax-Ferreiro 1, Gasot G (2012) Eifects of scw-
age sludge biochar on plant metal availability afer application i
a Mediterrancan soil. Chemosphene B91 113541359, hibps-i¥
dioi_orgf1 0101 6/} chemosphere 2101 205,092

Morita 5, Wada H, Maisue ¥ (20016) Counlermeasures for heal dam-
age in rice grain guality under climale change. Plant Prod Sc
T 111, bty i orgs 10, 10E00 34394300 2005 1128114

Munera-Echewerri J1, Martinsen V, Strand LT, Fivanovic ¥, Comelis-
sen G, Mulder | (A E) Cafion exchange capacily of biochar an
urgenl method modiication. Sci Tolal Environ 642:190-197.
hitpe:ifdoi org 10U 101 6/ scivoters. 2015.06.01 7

N.hmnmnmmanmmu_nnghms
(2015) Sewape sludpe « ing: qualily
cultural application. Environ Monil Azsess 187(1 1700, hl.ps.l'.l‘
dhosi.org 1 0. 100775 1066 1 -1 5-4940-5

Paradelo B, Basanta B, Barral MT (2019) Waler-bolding capacily
and plaml growth im © hased suk dified wilh
polysorylamide, puar gum or benlonile. Sci Hortic 243:344349
hitpe:ifdoiorg 10U 1016/ scicnta 201808 (46

Pascual ¥, Wang Y-M ({2016) Impact of waler management on rice
waricties, yickl, and waler productivity under the sysiem of rice
indensification in Southern Taiwan. Waler 51 3. hitpesdai_org/

O3 I SN DD
Pereemurcia M, Moral B, M fles 1, P i A, Paredes
C(2006) Use off compasted shudge in media for

sEwagE
beoooali. Biores Techmal 97(1c123- 130, hitpsfidoi.org/ 1 0 1006,
biariech. 00502005

Pizzeghello [, Bellin L, Nardi 8, Francioso 0, Squarting A, Concheri
G (2021} Wood-based compost alfects soil fertility and the con-
lend of available forms of nulrienls in vi and ficld-scale
agroecosysiems. Agronomy 11(3):518. hitpsfdod.org/ 1033900
agronamy | 10530518

Pratiwi EPA, Shinogi Y (20146) Rice husk biochar application to paddy
snil amd iits effects on soil physical properties, plant growth, and
methane emission. Paddy Waler Environ, |4(4)3:321-532. hitps:if
doi.org1 01007/ 10333015052 1=

Q0 G, Jia Y, Lin W, Wei Y, Du B, Fang W, Guo Y, lku-F N’u‘r Fiou
), Liu J {20205 Leaching behavior and ical risk
dmﬂs-mmmwmm
shudge composl under acid precipilation based on lysimeter -
als. Chemosphere 24%: 126212, hitps:¥doi.ong/10. 101 &/.chemao
sphere. HI20.1 26212

Qian 7, Tamg L., Zhuang 3, Fou ¥, Fu [}, Chen X {20200 Effects of
biochar amendmenis on soil waler nedention characleristics of

110



Paddy and Water Envirnment [2003) 21-47-58

57

red soil al south China. Biochar 2(4)-479-488. hitps:doiorg!
10 T T 2T 7 3020 D0NGE -w

Rajkovich 5, Enders A, Hanley K, Hyland C, Zimmerman AR,
Lebmann J (2012} Corn growth and nitrogen nubrilion alier
additions of biochars with varying propertics 1o a lemperate
soil. Biol Fertil Soils 48(3):271-284. hitps:Vdoi.ong/ 10010077
s3T4-011-0624-T

Razaghi F, Obour PR, Arthur E (2020 Does biochar improve soil
waler redention? A ic Review and Mela-Analysis. Geo-
derma 361:114055. hups=f'doiorg/ 1010167, geoderma. 2019,
114055

Ren X, Sun M, Wang F, Ithﬂ-Hmlﬂ]EImlnl':g-B-
lizld =oil on biodher's properties and ils i Envi-
ron Pollur 242:1580_1886. hitps: Il‘dm.m!ﬂ[l Iﬂl-ﬁlj.:npol
2018.07.078

S-ngp-.lrﬂmlt M&mﬂw&[ﬂlﬁm“

e rice wealer

-d-:h#n use :ﬁcnq. Huhl'_‘yd Jngmn:npl. 1203325
341. hops:ifdoiorg 101007/ 1 P0E-021- 101536

Sooll Jansimg M, Mahichi F, Ix yake R (2020 Sustainahle iniga-
lion mamapemend in paddy rice agriculisne: a comparalive case
study of Karangasem Indonesio and Kunizsaki Fxpan. Susixinabil-

ity TH{31180
Sharma B, Sarkar A, Singh P. Singh RP 2017} Agriculusral wiliza-
lion of biosolids: a review an ial effects on soil and plant

growm. Waste Manag 64:117_1 32 bitps:idoi_ong 10,1016/ was-
man 2017.03.002

‘Sharma P, Abrol ¥, Sharma ¥, Chaddha 5, Srimivasa Rao C, Ganic AQ),
Ingo Helll [, El-Sheikh MA, Mansoor 5 (2021) Effectiveness of
bﬂﬂmm:msﬂwm
crap yield and ¥ refurns in i
Biol Sci 28{12):7530. 7549, H.q::.ﬁ'h.m-g"lﬂ.lﬂlﬁljsml
09,043

Subedi B, Taupe N, Pelissenti 3, Petruzeelli L, Bertora C, Leahy 11,
Grignani C {2016) Greenhouse psmm-lmlpq:ﬂ'hﬂ
Falkmwing dmenl with derived E
of pyrolysis iemperaiure and leedsiock Lype. lEl'rnnI

acidic sandy soil. Agyonomy 01001612 hitps:iidoi.ong 1033907
agronamy 10101612

WVelli P, Manolikaki 1, Diamsdopoulos E (002 1) Effect of biochar pro-
duced from sewape sludge on lomalo (Solanum lycopersioum L)
growth, soil chemical propertics and heavy metal concenlmlions.
J Envwiron Manag 207- 113325 higpssfidoi.org/ 100 1016/ jenymmn.
2021.113325

Vaoelkner A, Diercks C, Horn B (2019} Companed impact of com-
pund ﬁpﬂm p‘mgd&uuﬂ hyydrophobicity of sails

ition. Dz Bodenkulr J Land

H-mg Fund Environ ?D[]}:#T-.ST huipsiidoi. org10L24TRS
ok 20 GUOD0

‘Wallace I, Almond P, Carrick 8, Thomas 5 (200 Targeting changes
iin soil porosity throwgh modifcation of compost sioe and appli-
caitiom raie. Sail Res 38(3):268. hitps:idod.org/1 0L10T 1SR 19170

‘Wang [, Li C, Parikh 51, Scow KM (2009 Impact of binchar on waler
redention of two agri soils — 2 mulli-scale analysis. Geo-
derma 340: 185191, hitps:/doi.ongf 10. 1016, geoderma. 2019,
01012

Wei Y, Lin Y (2005) Effecis of sewage sludpe composl application
on crops and cropland in a 3-year Mield study. Chemosphere
SMPE1257-1265. hitpsidod.crgl 10,101 6.chemosphere. 2004

11052
hO_IﬁLMTB—HmZN’-Jm}EmH’mm
on Nuorescence = and ph characieristics of

drip Errigation in rice. Water 1 {1289, hitps-fdoi_org 1033907
wl I OZRY

Yang X, hang 5, Ju M, Liu L. (2009) Preparation and modifcation off
Ihinchar malerials and their application in soil remediation. Appl
B T 365, hitpe:¥doi ong 103 390 app07 1365

Yo 0L, Raichle B, Sink S {3013} Inypact off hiochar on the water hold-
ingg capacity of koamy sand soil. Ind J Encrgy Environ Eng $(1):44.
hups:ifdod.org 10,1 1B&2251 -6532-4-44

Yoe ¥, CuiL, Lin Q, Li G, #hao X (2017) Eficiency of sewage shudpe
iochar in improving wrhan soil properties and promoling grass
gmlﬂh.ﬂunnqinu 173:551-556. hitp=idoi.org/10.10167.

]ﬁmw&.lﬂlﬂ}mﬁ]lilﬂm

Sun H, Zhang H, Min I, Feng ¥, 5hi W (2016) Controlled-release
lertilizer, floating duckweed, and hinchar affect ammonia volstili-
walion and nitrous oxide cmission from rice paddy Belds irmgated
with mibmogen-rich wasicwaler. Waer Environ 14(1) 105
111, hitps:ifdod.org 10. 1007/ 10333-015-0482-2

Tan X. Shao I, Liu H. Yang F. KIIIC.T-QII m]]-'iEIlﬂ:lsol'
aliernale welling and drying i ‘on peroal and

phere. 201 7.01 0596
Zhgl La F, ¥hang H, Skao L, Chen [, He P (2015) Multiscale
visualization of the structwrl and chamcieristic changes of sewage
shudpr hinchar oriented lowands polential agrosomic and environ-
menlal implication. Sci Rep S{11c9406. hitps:/fdoi.ongf 10. 1 038/
srepladiG
Zhang X, #hang X, Lv 5, Shi L. Wang R (20200 Migration and trans-
Tormation of cadmium in rice - =oil under different nitrogen
im poly llic sulfide mining areax. Sci Rep 10012418,

hchg-p-ddrﬁ:tk.?ﬂymuﬁnim T1{1-4}:381-395.
01007 s 10333-012-0328-0
Tian ¥, Cwi L, Lin (), Li G, Zhaeo X (2019) The sewage sludge biochar

all low pyrolysis had heller impr in urban
sodl and turfl grass. Agronomy 9(3):156. hitps-ifdoi org/ 1033000
agronomy 00156

Tournassal C, Greneche J-M, Tisserand I, Chardel L (2004) The Lila-
lion of clay minerals. § Colloid Interface Sci 273(1224-233.
Thipe-ifdoi org1 U101 &/ jois 200311021

Tu VH, Can NI}, Takahashi Y, Yabe M (2018} Water use cficincy
in rice production: implications for clinate change adapiation in
lthe viclmamese mekong della. Process Integr Optim Sustxinah
2(3):221-238. hitpsifdoi org 101 007/=4 1660-018-DO3E-1

Uno T, Tajima R, Suruki K, Nizhida M, o T, Saio M (2021) Rice
yickds and the clfecl of woed manapement in an ongamic produc-
lion system with wimler Sooding. Flant Prod Sci 240404056417,
hitps:ifdoiorg/1 0L 1080V :43943K 2020, 1 BESED S

WUzingger M, Takddcs T, Sxili-Kowiics T, Radimsdky L, Ptey A, Drasko-
vl:E.Sﬁ::-\HHpN.MﬂH.F-IzE.K‘uI Rekizi
M (2080} Fertility impact of sep and ¢ d

hmﬁm1mm1m1

Fhao ¥, Thang C, Li F, Gao 5, Zhang J (2020) Elfect of compost
and imorgamic fertiliver on organic carbon and activities of carbon
cycle exrymes in aggregales of an inlensively coltivated Vertisnl.
PLoS ONE 15{3):e0F2644. hitps-doiong/10. 137 Ljournal pone.
09644

mmmmmm]mmq-ﬂm
lion of copper, manganese, and xinc in soil following
ol two composis 1o fowr crops. Envinon Pollet 131{2)-187-195.
hitps:ifdod.org 10101 & covpol 200402007

Zhou 5, hll-LBlJ,Zh-g_l Riya 5, Hosomi M (20200 Effect of

tion of
in paddy =oil using 15M trcing. Soil Tillage Res 300: 104610,
hitps:ifdod.orgf 10 1016 SGEIL2000. 104610

Ficlidska A, Oleszcuk P, Charmas B, Skubisrewska-Ficha I, Pasiec-
ma-Palkowska 5 (201 5) Effect of sewage sludpe properties on the
himchar characieristic. 1 Anal Appl Pyral 112200 -213. hitp:doi.
ar/ 1010167 jazp. 2015.01.025

Foghl RL, Hechmi 5, Weghlani B, Jedidi N, Moussa M (2021}

with biochar, sewage sludpe composl and bacierial inocula on

Bmcha:knwdfmmdmmd-ﬂg:mﬂmnl

£) Springer

111



Paddy and Water Environment [2023) 2147-58

iemperature pymolysis on biochars™ chemical properties and phy-
ntoicity. J Chem 202 1:1- 14, hitps:fdoi.orgf 101 153520217 B182
41

‘Springer Nature orits licensor holds exclusive rights wo this anticle under

ap ing ag) wilhi Lhe {s) or other rig {=);
author sell-archiving of the acoepled manuscripl version of this article
is solely poverned by the torms of such publishing agreemenl and
applicable law.

112



Publikace 7: Srovnani vlivu biocharu a zeolitu na pidni hydrologické

indexy a ristové charakteristiky ryze

Ghorbani, M., Amirahmadi, E., Konvalina, P., Moudry, J., Barta, J., Kopecky, M., ...
& Bucur, R. D. (2022). Comparative Influence of Biochar and Zeolite on Soil Hydro-
logical Indices and Growth Characteristics of Corn (Zea mays L.). Water, 14(21),
3506. DOI: 10.3390/w14213506.

Hydrologickym charakteristikdm ptd po aplikaci biocharu se vénuje i tento ¢lanek.
Studovan byl zejména obsah pidni vlhkosti a vyvoj rostlin kukufice v zavislosti na
oSetfeni. Tentokrat byl biochar (z ryZzové slamy, teplota pyrolyzy 500 °C) srovnavan
se zeolitem, ktery se fadi mezi krystalické hlinitokfemicitany (Mortazavi et al., 2021)
a je taktéz povazovan za vhodnou latku zlepsujici hydrologické charakteristiky pad
(Szatanik-Kloc et al., 2021). Jako modelova plodina byla vybrana kukufice seta. Na-
dobovy experiment byl uskute¢nén v roce 2020 v Iranu s hlinitopis¢itou pudou. Zkou-
méany byly dvé aplikaéni davky (5 a 10 t-ha™l).

Vysledky ukézaly, ze po ptidani biocharu do hlinitopiséité pudy bylo dosazeno
lepsich vysledka v dusledku pfiznivych vlastnosti biocharu — vysoky specificky po-
vrch, vysoka iontovyménna kapacita, pritomnost funkénich skupin na povrchu bio-
charu. Biochar, diky svému pozitivnimu vlivu na pidni strukturu, pomohl vytvofit ide-
alni podminky pro tvorbu a vyvoj kofeni a rist rostlin.

Prekvapivym zjiSténim byl negativni vliv vyssi davky zeolitu na ptdni struk-
turu (nejen oproti biocharu, ale 1 kontrolni variant¢). Pravdépodobné v disledku své
hrubosti ptisobil zeolit na rozpad ptdnich agregati, ¢imz zvySoval ztraty vody a v di-

sledku toho byl sledovan negativni dopad také na vyvoj rostlin.
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Abstract: Biochar and senlite, due to their porous structure, are supposed fo be appropriate soil
amendments Eq:ﬂcia"}r in agr.icu|hn-.1| areas with a lack of water or unsuitable soils with coarse
hexture. Two soil additions that are intended o assist an increase soil water content (AWC) ane biochar
amd menlite. With this aim, the effects of biochar and mllitl:afhﬂrlevchufﬁ:uullﬂﬂu"(knmm
B5, B0, #5, anllﬂl]]lm.-mﬂ Ilydrulngi:] mﬂmmﬂyumsmu&mmmw
in this study. The: results showed that the application of BS and B10 significantly improved AWC
by%%ardmdnmhlilmﬁhsmﬂ mi:ru—mldnu:eo—_plm 'I'I'l:applimiimnl:ﬂimldzlﬂ,
arznciated with an increase of macno-pores insoil, enhanced saturated hydraulic conductivity (Ks)
Thl?l?uardﬂ?uamlmml bz, The hiaﬂ'nd:?niﬁcnnﬁu:mmlmwﬁshtdm
in =il obtained from B10 had an increase of 171% and 197% ower the control. Biochar treatments
|:l.'||'|f.':i|:|1=|1|.|:‘l:|I affected plant grrmlh fesstunes and shoot mutrient content, whilst zeolite treatments
hdm:imp:u:l:ﬂuli:mlﬂl lema_n_:a'rurl than that of binchar. Observations: indicate that biochar
greatly boosted mutrient availability and water retention in the soil by raising the share of micro- and
ma:m—l:u:mrl:?ndivﬂj.udna lﬂl*.}lﬂ:llﬂ'th‘lphnlw‘uwﬂ'l Inl:r:mﬂ'nﬁlhelrvcla”:rildur
application from 5 to 1P would have more positive effects on the water available in the soil and on
Phnt:ultsjmlnunrh'ﬂ,ﬂthjshnﬁ:d wﬁ&nlﬂﬂﬁhpmﬁdudmhmuﬂ
adl:'ing Ma* jons o the =oil cansed &Edi-c]mnimufsuil parh'rJE:, this desctruction of soil =tructure,
imcreasing Ks and water ks and consequently a reduction in plant growth.

Keywornds: water mildrili.}r; fiesled capacity; soil mpmty;mil amendment

1. Introduction

The soil's structure, which is ils most important factor, is primarily responsible for the
soil’s ability o provide moisture, nulrients, aeration, a habital for microorganisms, and
a suitable environment for the growth of plant roots [1-5]. Porosity, bulk density, pore
size distribution, hydraulic conductivity, and ultimately the amount of water accessible
for plant roots are all dramatically altered by changes in soil structure, which is defined as
a change in the arrangement of organic and inorganic particles [6,7]. However, extreme
hydrological events including prolonged droughis, extraordinarily high precipitation, and
frequent wet—dry cycles have risen due to global climate change [8]. As a resull, there
may be more uncertainty over global agricultural production. Increasing the soil's ability

Wiater 2022, 14, 3506. hittps:/ fdolorg/ W90, widT13506
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to retain water can boost the resilience of agroecosystems and the water-dependent soil
microbial ecosystems [9]. Today, it is advised to apply amendments to alter the soil structure
in order to address the numerous ssues related o waler resources in agriculture and boost
the productivity of low waler soils [ 10-12]. Due to their porous nature, zeolile and biochar
are two examples of amendment materials that appear to have the capacity to alter soil
misture conditions | 13-16].

Zeolites are classified as crystalline aluminosilicates and play a significant rode in soil
amendments by enhancing soil aeration, nutrient availability, and plant production [ 17].
Along with the more than &0 known naturally cccurring zeolites, the International Zieolite
Association has certified more than 230 distinct zeolites and zeolype frameworks [ 18]
Zeolites are a common substance that can be used as a low-cost modification to reduce
heavy metal toxicity [19,20]. Clinoptilolite is one of the most significant natural zeoliles
and is also extremely common [21]. Zeolites have an open three-dimensional structure that
allows them o store waler and improve nuirient availability for plants [22,23]. Additionally,
zeolites have a high calion exchange capacity (CEC) [13,24]. Due to its high ion-exchange
capacity and porous siructure, natural zeolite is suggested for removing or stabilizing

metals from soil that has been anthropogenically contaminated with Cd, Zn, Pb,
and Mi [25]. Due to ils porous nature, zeolite has been shown in several studies o have
good impacts on minimizing nitrate leaching and promoling crop development [26,17].
According to reports, the use of zeolile can increase the nuirients and waler availability for
plant roots due bo ils contribution Lo soil aggregation and boosting soil CEC [28,29].

Binchar, a stable carbon compound produced by the pyrolysis process, because of its
polential as an agricullural soil stabilizer, has received particular attention in a number
of studies on plant nutrition [30,31]. The inherent qualities of biochar, such as its high
specific surface area, high porosity, and accessibility to nutrients, which make it a price-
less and multifaceted soil modifier, enable the management of agricultural residues, the
enhancement of the physicochemical characteristics of soil, the reduction of air, soil, and
groundwater pollution, and the enhancement of plant growth [32]. The use of biochar can
improve the arrangement of soil particles, as well as the physical and chemical properties
of the soil, such as noticeably decreasing soil bulk density [33], increasing soil porosity bo
aid in plant growth and development [3], and encouraging crop nubrient uptake to boost
crop yield [31]. It has been shown that biochar may greatly increase the water conductivity
and field water retention capacity of farmed soils [35]. Additionally, biochar can raise
soil pH, especially in acidic soils [36], as well as nuirient absorption and cation exchange
capacily sorplion characteristics [37]. Base cations found in binchar can form calionic
bridges with clay and organic particles to combine them, improving the soil's structural
conditions [38]. Mumerous studies have also claimed that biochar produced through slow
pyrolysis increases the ansount of water that is readily available (AWC) in soils with both
fine and course textures [39-42]. AWC is aclually the most critical aspect in irrigation
schemes; for instance, with a higher AWC, the amount of irrigation water used and the
walering interval may be lowered. The moisture level of the soil was improved by the use
of biochar |39,40].

Agroecosystems and water-dependent soil microbial communities may become miore
adaptable as a result of optimizing soil water content [43,44]. It is crucial to use practical
and ecological methods 1o increase soil fertility. Despite several studies on the impact
of zeolite and biochar on the physical and chemical characteristics of soil, there has not
yel been a comparison of these two amendments. The most apparent similarity between
these twio amendments is that they both have porous structures. However, despile the
significance of this issue in conserving soil moisture, a thorough examination of each one’s
impact on soil hydraulic indices has gone unreported. On the other hand, since plant
growth has previously gone unnoticed, it is the simplest approach o assess each one’s
effectiveness. This study was carried oul o compare the effects of zeolile and biochar on
soil physical characteristics, particularly moisture content and com plant development
efficiency in response o soils treated with these amendments.
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2. Materials and Methods

2.1. Experimental Procedure

The pot experiment was carried oul in a greenhouse at the Facully of Agriculture,
University of Guilan in Rasht, Iran (37°11'59.3" N 49°38'54.6" E) from the beginning
of June to the end of August 2020. Throughout the trial, the average day and nighttime
temperalures were 23.6 “C and 15.7 °C, respectively. Relative humidity was 75% on average.
The treatments were created in a complelely randomized form with three duplicates.
The Zea mays L. (corn) cultivar Single Cross 704 was the target plant for the analysis of
changes in growth trails. Unbroken grains of the same size and color were cleaned in
distilled water, sterilized for approximately 15 min in a solution of sodium hypochlorite at a
10F% concentration, and then dried by air. After that, the grains were seeded in 6-kg plastic
pois. The type of soil that was used was sandy loam. In each pot, 5 grains were sowed at
a depth of 30 mm. M, P, and K were applied at levels of 480 kg N ha " (1.15 g N/pot, in
the form of urea), 3.6 kg Pha " (0,126 g P/pot, in the form of calcium superphosphate),
and 9.6 kg K ha 7 {0313 g K/pot, in the form of potassium chloride), respectively, as
base fertilizers. Feolite and biochar were used as reatments, and they were applied at
two different amounts of 5and 10tha ', or 12.1 and 24.2 g/ pot, respectively. The following,
treatments were used: Control (no zeolite or biochar), BS, B10, Z5, and Z10. The reatrments
and soils were uniformly combined three days prior I planting.

By pyrolyzing rice straw at 500 *C in a muffle furnace, biochar is created. Under the
brand name Anzymile, zeolite was supplied by the Afrand Tosca Company. In Table 1,
some characteristics of soil, biochar, and zeolile are listed.

Table 1. Chemical characteristios of soil and applied materials.

pH CEC o Ca® Mg Ma® Available F Available K Mo BEA
mal™ kg 1) () kg femol® kg ) femal™ kg (ke ) fmpkg T P g
Banl (7] ot (L] 4nl B2 3 2RT 5 [ -] na
Bechar 342 [ 1% 524 59 385 I35 il F. .51 ¥
i &1 (1= - 77 23 458 131 A s TRI

Motefs): CBC: cation exchange capacity; (4 organic carbon; Ca®: exchangeable caloum; Mg™: eschange
abile . Ma®: prable sodium; F: phosphorus, K- pota ; Mg bokal nitrogen; S5A: spocific

surface ares.

2.2 Soil Measurements

At the end of the experiment, soil characleristics were evalualed using the following
methods: pH and electrical conductivity (EC) by 1:1 (soil: water) solution, and soil organic
matter (M) was estimated by multiplying soil (C by 1.72 (Van Bemmelen factor) [45].
Cation exchange capacity (CEC) was measured by ammonium acetate extraction [31] and
the: sail’s specific surface area (S5A) was calculated using the ethylene glycol monoethyl
ether (EGME) adsorption method [46]. The soil total porosity (TP) was determined using
the following equation after the soil bulk density (BD) was measured using the clod

method [47]:
TP =100 = (1 —%),
]

where TP iz the tolal porosity (%), Dy iarhes.oilbulkdensiry(?m #); and Dy is the soil
particle density (g cm *), which was assumed to be 265g cm .

The wet aggregale size distribulion was evaluated using the wel-sieving technique.
Following air drying, soils were given a 24-h lap waler soak. The soil was placed on a sel
of sieves with sizes of 2, 1, 05, 025, and (L053 mim, and the sieving process was carried
outl for 10 min at a rate of 35 vibrations per minute (along a 38.1 mm amplitude). Afler
wel-shaking in each sieve, the residual material was carefully removed and dried at 105 *C.
The weight ratio of aggregates from each filter to the otal weight of aggregates was used o
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calculate the aggregate size distribution. Using the wet sieving data [48], the mean weight
diameter (MWD) of the soil aggrepates was calculated as follows:

MWD =Y Tiwi

where Xi is the average diameter of the aggregates remaining on each sieve, Wi is the
weight ratio of aggregales per sieve to the otal weight of the soil used, n is the number of
sieves used.

Inductively coupled plasma optical emission spectrophotometry (PerkinElmer Optima
7300 V) was used to measure the quantity of soluble base cations (Ca?* and Mg?*), and a
flame photometer was used 1o measure Ma' (M410 Sherwood). The sodium absorption
ratio (SAR) was then determined using, the formula:

I
m:ﬁxlﬂl

Before removing the plant from the soil at the end of the experiment, intact soil cores
(10 cm in diameter) were obtained o measure the saturated hydraulic conductivity (Ks) at
0-5 c depth and the soil walter retention curve. Pressure plate equipment and porous plate
funnels were used 1o calculate the soil water retention curves [49]. The applied lensions
were 0, —10, —33, —100, —300, —500, and — 1500 kPa, respectively, which equates o, 2,
25, 3,35, 3.7, and 42 pF (log, matric potential). The field capacity (FC)and the permanent
wilting point (PWF) were calculated to be —33 and —1500 kPa, respectively. There were
three replications carried oul. The difference between FC and PWF was used to compule
the available water content (AWC). The soil water retention curve was used to determine
the wolume of macro-pores (=10 m), meso-pores ((L.2-10 m), and micro-pores (<2 m),
which correspond o <25 pF, 2.5-4.2 pF, and 4.2 pF [50]. The Ks was determined in a
laboralory setting using the constant-head method at 0.1 kFa pressure by applying a steady
hydraulic head o the top of water-saturated cores [51]

2.3 Plont Measurements

Al the end of the growing season, the plants” height and growth were measured. After
harvest, at the project’s conclusion, the weight of the biomass was reconded (30 July 2020).
Allter the project was completed, the plants were cleaned in distilled water, chopped into
shoots and roots, and then placed at 70 °C until they reached a consistent weight. The
ront samiples were first stained in methyl violet solution and then scanned by the Delta-T
SCAN Image Analysis System to determine the root’s length, surface area, and average
diameter [52]. After the digestion and distillation processes, the total nitrogen (N) content
of the shoot was determined using, the titration technique with the Kjeldahl system. Flame
photometry at an absorption wavelength of 7665 nm was used to quantify potassium (K),
and spectrophotometry was ulilized to calculate the proportion of phosphorus (F) [53]

24, Data Analysis

A one-way analysis of variance (ANOVA) was carried oul o determine the importance
of variations in soil properties between various treatments. After the least significant
difference (LSD) testat p <{L05, lowercase letlers in the figures denote statistically significant
differences. All igures were crealed in Excel 2020 and all data were analyzed wsing 5P55 24.

3. Resulls
3.1. Changes in Soil Characleristics

There was a significant difference between the biochar and zeolite treatments, and
adding trealmenis considerably altered the physio-chemical Features of the soil (p < 0.05)
(Table 2). The highest pH was associated o BID with 136 unils more than the control
(6.53). Applying zeolite had no significant influence on the pH of the soil. All biochar and
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zeolile reatments considerably raised soil CEC; however, B10 induced the maximum CEC
with an amount of 139 cneole kg 1. BS-related CEC came in second place with a value of
115 cmole kg ', With concentrations of 38 and &0 cmol kg ', 75 and Z10 revealed CEC
lewels that were much lower than biochar treatments. Application of biochar resulted in a
considerable increase in (M, with B5 and B10 seeing increases of 50% and 93% over controls,
respectively. Zeolite use did not significantly alter the OM of the soil. In comparison Lo the
control, the soil SAR in zeolile-treated soils increased by 65% and 143%, respectively, in
Z5 and Z10. The addition of biochar had no significant impact on soil SAR. In contrast,
zeolite-treated soils did not substantially differ from the control in terms of soil BDY; adding
biochar significantly reduced the quantity of BD. B10 and Z10 significantly increased soil
porosity by 33% and 22% more than the control, respectively. Additionally, B5 and B0 use
resulted in considerable changes o MWD, a measure of soil aggregation, with increases of
79% and 166% in comparison o the control. Z10 application resulted in a 48% reduction in
soil MWD when compared o the control. Both binchar and zeolite treatments significantly
increased soil surface area and the highest surface area was achieved from soil treated with
B10, which had a surface area of 315 m® g 1.

Table 2. Soil charscteristios under biochar and seolite reatments.

plt CEC s SAR ED ™ MWD S84
female kg ') %) fmeq 11 g amT) (%) mm im® g1

C L 5" OLEF e xz- 142* 411 L1750 nee
B5 Ak 151" 131k awme 1330 493b 1mb ik
B0 Taar 1392 1e* ARRC ink S48* 1512 5
5 il kL1 ase Siet 141* aak LTS h i
all] e 597 L0 759" 13 5.2 ab s e

Moteiz): CBC: cation exchange capaciby; O arg; matter; SAR: sodium adsonption rabic; BL: bulk density;

TP intal porosity; MWILE mean weight di : 85A: specific surface arca. Thiffy 1 letlers indi

i i mcans (p < (L5,
3.2 Changes in Soil Hydrologyeal Indics

The pore size distribution of the soil significantly changed after the application of
zeolite and biochar (p < 0.05) (Figure 1). The resulls revealed that applying biochar at a
high rate (B10) increased the proportion of soil micro-pores by 33% compared to the control.
Other treatments, however, failed o significantly alter the micro-pores. When it comes
Lo meso-pores, applying biochar at both rates resulted in a 38% and 54% increase in the
proportion of pores compared to the control. Zeolite soil treatment did not significantly
alter the control in this region of pores. On the other hand, a considerable increase in the
zeolite rate (Z10) led to a 61% rise in the proportion of macro-pores in comparison Lo the
control. However, applying biochar had little impact on macro-pores.
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Figure 1. Effect of treatments on soil pure size distribution. Different b letters with the same

color indicate significant differences between means (p < 0.05).

Treatments and rates substantially altered the soil water retention curve (p < 0.05)
(Figure 2). Results revealed that applying treatments had no significant impact on soil PWF;
however, adding B10 caused a 47% rise in the FC point above that of the control, which
was considerably significant. Furthermore, B5 significantly enhanced soil FC by 29% above
the control. Although zeolite treatments increased soil FC, the effect was not significant.
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Figure 2. Effect of treatments on soil water retention curve. Different lowercase letters indicate
significant differences between means (p < 0.05).

Treatments had a substantial impact on the soil’s available water content (AWC;
p < 0.05) (Figure 3). The B10 treatment showed the highest AWC, with a 76% increase over
the control. Additionally, B5 was associated with the second-highest AWC, with a 48%
increase above that of the control. There was no noticeable difference between the added
zeolite at both doses and the control.
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Figure 3. Effect of treat s on soil available water content (AWC)L Different kowercase betters
indicate significant differences between means (p < 0L05)

Both types of treatments had a significant impact on the soil’s saturated hydraulic
conductivity (Ks) (p < 0.05) (Figure 4). With increases of 174% and 303% over the control,
respectively, the #5 and Z10 showed the highest Ks, and there was a significant difference
between them. B5 and B10, which increased Ks by 104% and 145% respectively, produced a

noliceable difference from the control. Additionally, there were no significant variations
across the biochar treatments.
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Figure 4. Effect of treatments on soil saborsted Ilyd.lauli: nndudi\ril}r {Ks). Different hvwermse
betters indicate significant differences between means (p < 0.05).

3.3. Changes in Plant Growih

There was a substantial difference between the biochar and zeolile treatments, and
adding treatments significantly allered the features of plant development (p < 0L05) (Table 3).
Based on the findings of the root study, BID significantly outperformed other treatments
in terms of improving dry weight, total length, and rool area. However, there was no
discernible difference between Z5 and Z11; the application of biochar significantly increased
root area and overall length. There was no discernible difference between treatmenis for
root diameter. When biochar was added to a plant shoot analysis, the shoot dry weight
rose considerably in BS and BI0, respectively, by 11% and 19% abowe the control. However,
there was no significant variance between Z5 and Z10 and the control in terms of shoot
dry weight. Similar to how zeolite treatrments had litthe impact on shoot dry weight, they
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akso had little impact on shoot length. On the other side, B5 and B10 significantly increased
by 18% and 30% over the control, respectively. BS, BI0, and Z5 significantly changed the
nitrogen content of the shools by increasing it by 113%, 179%, and 35%, respectively, in
comparison b the control. Similar to nitrogen, the largest amount of shoot phosphorus
was also obtained from B10 (220% more than the control). In the potassium case, B5 and
Bl significantly increased the potassium levels in the shoot (55% and 9% more than the
control), whereas zeolite reatments did not significantly vary from the conbrol.

Tabile 3. Effect of biochar and seolite trestments on plant growth characteristics.

Eool Dry Kool Total Kl Shoot Diry Shol
Kool Arca L ¥ K
‘Wizkght Length fem®) DMameter Wlghit Length 1 0 5 1
g} fem) {mm & fem) img g mg g (g g
[ s~ g [ L oass 141+ P (= FET 9%l *
BS [ i B B ooes 1560 asE 134.4% Gl.g" 14755
By [L i Tk a1 = a8 = N 175 Fags 1812
Fad om* 5817 e s 143 Tabe /1T »ic U5«
Fall] [T il © i B [k o 144 e [ x4 s

Modefs): M nitrogen; P phosphores; K: polassium.  Treatments with same letters in cach column have not
significant differcnoe with cach other {p < (L5

4. Discussion

(bservations reveal that applying biochar as opposed 1o zeolile significantly changed
the soil’s structure, increasing the availability of nutrients, waler retention, and ultimately
plant growth. The improvement of soil aggregation in soils treated with biochar can be
used o explain the inilial cause of this modification. MWD is a crucial variable that is
directly connected to the quality of the soil structure [41]. By enhancing plant rooting
and venlilation, decreasing bulk density, expanding specific surface area, and increasing,
waler availability, the MWD represents a high concentration of macroaggregates larger than
2 mm and the resistance of aggregates to degradation [11]. These factors contribule to a
good soil structure for plant growth [54,55]. Additionally, the accumulation of soil organic
malter is posilively impacted by biochar, which can increase the quanlity and availability
of soil organic matter, consequently boosting the number of soil aggregates and thereafler
MWD [56,57]. Soil aggregation improved as the rate of biochar increased [ 15]. Howewer,
the primary functional groups in biochar, including the hydroxyl, carboxyl, and benzene
rings, give il a significant adsorption ability and a substantial ion exchange capacity | 58]
‘When these unique light energy groups are combined with soil, they may absorb more
organic matier from the seil solution and raise the amount of seil organic matter |59]. The
biological activity in the application layer, the soil particle ratio, and the properties of soil
waler lransport can all be improved by using some carbon-containing organic matler as a
carbon source for microbial energy [60]. These are the primary causes of the boost in soil
CEC and OM following the application of biochar [61]. However, the formation of bridges
by cations between clay and (OM particles lead to aggregation [62]. A detailed overview of
the initial properties of biochar and zeolite (Table 1) reveals thal the specific surface area
and CEC of binchar are significantly higher than those of zeolile. These inherent qualities
of biochar may emphasize the overall interaction between biochar particles and soil organic
matter that led to aggregation. One of the causes of a rise in pH in scils treated with biochar
may also be biochar’s high CEC [63]. In fact, because there are more exchangeable siles and
fewer possible acidic sites, the a t of exchangeable Al and soluble Fe in the biochar-
treated soils tends to decrease [64]. In comparison o zeolite treatment, this demonstrated
the ability of biochar as a soil amendment o rectify medium acidity. Numerous studies
have shown that adding more biochar to the soil significantly enhances 55A [65]. This
could happen as a resull of the binchar’s ting pores. Fine pores in biochar with a size
of 50 nm play a significant part in extending surface area [66]. This is mostly reliant on
the temperature at which biochar was produced during pyrolysis. The results show that
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the ideal pyrolysis lemperature for producing biochar with the greatest possible specific
surface area is between 450 and 550 °C [58]. The temperature used in this investigation bo
create binchar was 500 “C. Additionally, increased sodium adsorplion ratio (SAR) values
in zeolite reatments indicate significant Ma' addition o soil. It is evident from Table 1
that zeolite inherently contains far more Ma' cation than biochar. Zeolite allows soil o
provide Ma' in exchangeable form, which then substilutes Ca?' and Mg?' adsorbed on
the soil dlays and ultimately leads to soil particle dispersion [67]. This dispersion leads
Lo the breakdown of soil aggregation since the flocculation of clay particles is one of the
fundamental prerequisites for the development of aggregates. This may possibly be the
cause of the MWD decline with increasing zeolite treatment |68]. Another explanation is
that when the amount of zeolite, which contains particles between 2.5 and 5 mm in size,
rises, the smoothness and aggregation between the soil matrix particles declines and, as a
result, the soil structure deleriorates |6%). The large amount of drainage water with rising
zeolite lewels during, irrigation served as additional support for this hypothesis. As a result,
more than 7% of the irrigation water discharged from the Z10-containing pots originated
from their base. This is an obvious illusiration of how the structure of the soil is destroyed
when there is a high zeolile concentration.

Significant biochar addition led to the best improvement in soil overall porosity
(Table 2). Additionally, certain differences emerged when the pore size distributions for
zeolite and biochar were compared (Figure 1). A fundamental and important factor in
soil aeration, root development, the transfer and storage of soil water and cations is pore
size distribution [24]. However, zenlite enhanced the fraction of macro- and, somewhal,
micro-pores; biochar treatment significantly raised the share of micro- and meso-pores.
It is obvious that the smaller pores in soil structure are what keep waler in the soil and
prevent it from draining [70]. The presence of micro-pores helps light-textured soils hold
onto water better. However, the waler in the micro-pores may be kept there so firmly
that it is challenging for the planis o access il. Meso-pores offer grealer aeralion and
drainage, which makes it easier for plants to access water [71]. The application of binchar
offers sufficient quantities of both types of pores o improve the soil’s physical properties
and boost the quantity of waler that is accessible to plants [72]. The main cause of the
observed increase in soil water availability (Figure 3), which is strongly affected by pore
size distribution, and water content near field capacity (Figure 2), is this phenomenon [40].
Om the other hand, the application of zeolite substantially enhanced the percentage of
macro-pores. However, pores that do nol develop capillary menisci and, as a resull, do not
hold waler against grawvily, are referred to as macro-pores [73]. Macro-pores can be found in
fissures, fractures, rolted roots, earthworm channels, and interaggregate gaps [74]. In fact,
a larger proportion of macro-pores in zeolite-treated soil increased hydraulic conductivily,
which resulted in water loss and a reduction in the amount of water accessible o the rool
zone |[75]. This is the primary cause of the rise in saturated hydraulic conductivity that
occurred when zeolite application rates increased from Z5 1o Z10 (Figure 4).

When compared to zeolite, binchar had a better effect on plant development (Table 3).
This response was probably brought on by fundamental changes in soil structure, soil
CEC, and nutrients contained on the biochar's surface |24]. Mumerous studies have
demanstrated that soil structure has an impact on plant establishment and the development
of growth characteristics [76,77]. A crucial element in the stabilization of soil aggregales,
the production of soil aggregates, and eventually the growth of plants, was enhanced soil
structure, which also increased the OC (Table 2) [37]. In reaction o increased aggregales,
plant roots can change their allocation mechanisms and they can develop in high MWD
soil [78]. The key factor increasing plant root properties in biochar-treated soil is because
of this. Additionally, the high surface area of biochar allows for high CEC and increases
nutrient availability in soil [64]. Therefore, it is evident that plants have a greater chance
of absorbing essential nulrients from biochar absorption siles in soil that has been realed
with biochar. Omn the other hand, the amount of accessible water in the soil has a direct
impact on the growth of plant weight and height |6,7]. The rate at which water percolates
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up larger pores increases, along with the loss of accessible water and nutrients for plant
ronts [9]. According to reports, adding 2 1o 8 g of zeolite per kilogram of soil is enough o
stop nutrient leaching in sandy loam soils caused by fast water flow [75]. As a resull, Z5
has been more effective than Z10 at feeding the plant nutrients (Table 3). This is due to the
waler moving al the fastest rate near the center of big pores [79]. However, when positively
charged surfaces are present, cation exclusion lakes place [#0]. Such surfaces eject calions,
which then collect in the middle of pores. The average cation movement will be quicker
than the average waler movement because the highest water flow velocity oocurs in the
middle of pores [31]. While binchar treatments with micro- and meso-pores enhanced AWC
and reduced the volume of irfigated water from draining, they also kept nulrients and
calions close to the mots, which positively impacted plant development. Numerous studies
have revealed that a greater Na' concentration in soils upsets the nulritional balance and
interferes with the control of csmotic pressure in plant tissues [67]. Based on these lindings,
zeolite provided an extra Na' cation source to the soil-plant system in this study, increasing
the Na' /Ca® ratio [68]. The accumulation of Na' ions in plants would be boosted by a
rise in the Ma® /Ca?' ratio in the root environment, which would subsequently impact the
Ma+ concentration in the shoots as well as the Na' /Ca®" and MNa' /K" ratios of the roots
and shoots [67]. The use of zeolite, however, has been shown Lo improve plant biomass
by improving nutrient retention and preventing nutrient loss through leaching, acconding,
o certain studies |82, 83]. According to earlier research, adding zeolite to heavy soils (clay
loam and clay) with more tiny holes alters their size and form, improving soil structure and
waler transmission, which in tum promotes plant development [79]. This development will
undoubledly stop walerlogging in dense soil textures. On the other hand, adding zeolite at
a high rale can significantly enhance hydraulic conductivity (Ks) in sandy loam (the type of
soil utilized here) soil with bigger pores |75]. AN, and 5i), tetrahedrals produce an open
latfice structure with pores and channels as a resull of the zeolite structure, which improves
waler mobility in the zeolite structure |83]. Therefore, by including zeolite in the soil, new
water pathways may develop [30]. Thus, zeolile treatment increases hydraulic conductivity
in sandy loam soils wilth a coarse lexture [81]. Zeolite application at low rates would be
acceplable in fine texture soils o reduce hydraulic conductivity and water transferability,
which reduces deep percolation and soil water loss [79].

5. Conclusions

Lhilizing the proper soil amendment ensures that the soil structure will improve and
that the water content accessible o the plant will increase o ils maximum. The findings
shiow that, because of ils unique structural characleristics, adding biochar to a sandy loam
soil is obviously betler than doing so with zeolite. High specific surface area, high exchange
capacity, and a variely of functional groups on the surface of binchar contribule o the
majority of this superiority, which in turn leads to the formation of micre and meso-pores
in soil treated with biochar. Ideal circumstances for the formation and development of
ronts and plant growth are provided by the availability of a high percentage of water and
nulrients in the fine soil pores, as well as by the enhancement of soil aggregation. The
quality of soil structure, waler retention, and plant development are all improved by using
maore binchar, although using more zeolite does have drawbacks. In fact, due o their
coarseness, natural zeolite particles damage soil structure, disperse soil particles, increase
waler loss, and thus have a negative impact on plant development characteristics. Hence,
in order to increase the effectiveness of irrigation waler and agricultural fertilizers in soils
wilh structural concerns and insufficient waler supply, proper use of soil amendments al a
precise application level is crucial.
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Publikace 8: PredbéZna zjisténi o fotosysntéze a bioakumulaci kadmia
v ryzi (Oryza sativa L.) a kukufici (Zea mays L.) za pouZiti biocharu

vyrobeného ze slamy pochazejici z C3 a C4 rostlin

Ghorbani, M., Konvalina, P., Neugschwandtner, R. W., Kopecky, M., Amirahmadi,
E., Moudry Jr, J., & Mensik, L. (2022). Preliminary Findings on Cadmium Bioac-
cumulation and Photosynthesis in Rice (Oryza sativa L.) and Maize (Zea mays L.)
Using Biochar Made from C3-and C4-Originated Straw. Plants, 11(11), 1424. DOI:
10.3390/plants11111424.

Vyskyt tézkych kov v zemédélskych pidach mtize byt vaznym problémem z hlediska
environmentalniho i z pohledu lidského zdravi. I v malém mnozstvi mohou naruSovat
vyvoj rostlin (Amirahmadi et al., 2020). Jednim z tézkych kovt, ktery ma negativni
ucinky na ekosystémy i bezpecnost potravinového fetézce je kadmium (Oni et al.,
2019). Do pady se mize dostavat naptiklad prostiednictvim aplikovanych odpadnich
vod ¢i mineralnim hnojenim. DtleZitou roli pfi aktivité¢ kadmia v ptidé ma pH. S ros-
touci hodnotou pH klesa jeho rozpustnost. Naopak pti hodnotach nizsich nez 5 mize
byt ve vEtsi mife ptijimano rostlinami.

Kadmium v pudé¢ je schopno negativné ovliviiovat délku kofent a pocet listd
rostlin (Haider et al., 2021), metabolismus sacharidi (Gorovtsov et al., 2020) i foto-
synteticky systém (Parmar et al., 2013). Bylo prokazano, ze biochar miize imobilizovat
tézké kovy v pidé a tim snizovat jejich toxicitu (Amirahmadi et al., 2020; Beesley a
Marmiroli, 2011).

Ryze a kukufice jsou povaZzovany v lidské vyzivé za zdkladni plodiny. Proto je
dilezité zabyvat se vlivem toxicity t€Zkych kovili na sniZovani u¢innosti fotosyntézy u
téchto rostlin. Hlavnim tuc¢elem této studie bylo zjistit, zda existuje rozdil v ucincich
biocharti vyrobenych z rostlin C3 a C4 (20 t-ha™!) na pfenos kadmia do rostlin a na
rychlost fotosyntézy rostlin ryze a kukuftice. Biochary byly vyrabény pfi teploté 450
°C po dobu dvou hodin z ryzové a kukufi¢né slamy. Experiment zahrnoval kromé kon-
trolni varianty, kterou byla neznecisténa jilovita ptida, také kadmiem kontaminovanou
ptdu (20 mg-kg™?).

Oba zkouman¢ biochary mély rizné chemické a absorpéni vlastnosti. Biochar

vyrobeny z ryzové slamy Uc¢innéji podporoval fotosyntézu ryze i kukufice. Rovnéz
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ucinngji zabranoval bioakumulaci kadmia do rostlin. Mél niz§i pomér C/N, podstatné
veétsi povrchovou plochu a také kationtovou vymeénnou kapacitu. Pouziti tohoto typu
biocharu se v jilovitych padach s vy$§im obsahem kadmia tedy jevi jako vhodné fe-
Seni. Zavéry této prace by vSak mély byt povazovany za predbézné. Dalsi aspekty této

problematiky by bylo Zadouci ovéfit dlouhodobymi polnimi pokusy.
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Abstract: Lfrldn'riarﬂina the: structural differmoes: between feedstocks is oritical for biochar effec-
tiveness in plant growth. To examine the efficency of biochars with unique physiological structurnes:
in a cadmiom {Cd]—]m]lubd =nill, rice and maie a3 m'ld.l':ﬁplmbs,am well as b\iud'taral:ltmhd
from thedr rescidues:, defined a= BC3 amd E:ﬂ,wmuﬁ]izud_'l'hezq)ﬂ'imurl imwolved a comtrol and
acdylhhlﬂ{mmgig"]wiﬂlmbicdurappl‘ﬁﬁﬂnlﬂ applications of each type of biochar
(20t ha— '} anl-Pu"ulnd urunPn"uh:l:' soil. In rice and maiee fields, BC3 al:P]ﬂbun led to e
highest value of cation exchange capacity (CEC), with increases of 162% and 115%, nespectively, over
the comitrol, while CEC im:r:n.md.l:y 110M% and 7T1% with BC4 in the roe and maize field, rz?u:liv:ly.
Asulnpam:l o the: control, BC3 and BOA |:|:mn|=l:im||ya|.|urmtl hP&hynﬂlehcm (P oof rice
I:ly 116% and m,rupa:ﬁvzly; amd ruamel:!,' 7% and 31%. BCS and BC4 rdpﬁﬁmrrﬂydacrﬂmu.l
the: Cd transder coefficient in rice by5-|?¢ amd PG and in luauml:v,' A5% and 21%. Overall, BC3 is
preferned over BUA for establizhing rice and maize in Cd-polluted soil, as it has a lower C/N ratio,
a ::wu:i:lmah]y J'lia:hl:r surface area, and meone notable alkaline featunes: sudh asa lriah:r CEC and
nutrient storage.

Keywords: waste management; sustainable agriculbare; matrient storage; plant growth

1. Introduction

In order to improve pholosynithesis and plant growth, the application of binchar
has been widely conducted in cropping systems in recent years [1,2]. Sewveral factors
increase plant photosynthesis following binchar addition, such as the higher availability
of waler and nutrients (especially nitrogen), the higher cation exchange capacity (CEC)
and porosity of the soil, more active mi anisms, as well a3 the immobilization of boxic
metals |3,4]. The type of feedstock and its C/N ralio is an important factor as they directly
affect the forming of the porous structure and absorbent characteristics of the binchar
during the pyrolysis process [4,5]. There are contemporary reports on the effects of biochar
derived from different types of feedstocks on photosynthesis and plant growth [5,6]. For
example, wood residues, bamboo, and plant stems are relatively hard feedstocks with
a C/N ratio = 50. Consequently, their degradability in the pyrolysis process is lower than
that of feedstocks such as rice hull, rice straw, or wheal straw |7]. Thereby, the potential
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effectiveness of biochar derived from feedstocks with a higher C/N ratio will decrease
in the root zone as the number of negative charges and functional groups on the biochar
surface is lbower [B].

On the other hand, two main types of photosynthetic structures (3 and C4 planits)
can have different responses o biochar. C4 plants have a more advanced mechanism for
photosynthesis and stabilization of atmospheric carbon dioxide than C3 plants due o
their physical structure |9]. C3 plants, such as rice or wheal, fix OO directly from the
atmosphere and in mesophyll cells, while in C4 plants, such as maize or sugarcane, that
process is conducted in specialized mesophyll and bundle sheath cells bo participale in
photosynthesis that is anatomically and biochemically distinct [ 10]. Typically, C4 plants
have a 50% higher efficiency in pholosynthesis rate (Pn) than C3 plants |9].

Regarding the role of soil metal toxicity in reducing plant photosynithesis efficiency,
it should be noted that biochar addition o soil is also considered for preventing plants
from heavy metal toxicity [11,12]. The concentration and toxicity of heavy metals have
been widely considered in recent years due to the specific environmental problems. they
cause. The presence of heavy metals in soils, even in very low amounts, disrupts plant
functions [12]. Cadmium (Cd) is one of the heavy metals that constitutes negative effects
on ecosystems and food chain health [13]. Cd is entering into the soil through employing
insecticides, irrigation with wastewaler, and fertilization, as well as via metal retrieval
industries. It has been widely shown that the presence of Cd in the soil causes reduction in
plant growth, such as a reduction in root length and leaf number [ 14], and disturbances in
the carbohiydrate metabolism [11] and the photosynthetic system |3]. Prevention of chloro-
phiyll synthesis is the main result of Cd bicaccumulation that is exhibiled with biomass
deficit and Pn reduction | 15]. Cd stress furthermore alters stomatal movements, ion home-
oslasis, respiration in planis, and also prohibils the activities of enzymes [ 16]. Typically,
the existing methods for reducing negative effects on plant growth are, however, costly
and applicable to remediate small areas | 12]. For example, enhanced phytoremediation of
Pb-and Cd-contaminated agricultural soil with agricultural crops seemed not to be suilable
im a reasonable time [17]. Furthermore, there is the risk of destruction of soil structure,
disruption of soil biological activities, and environmental pollution [14]. Therefore, it is
essential o provide a reliable and cheap method that minimizes conlamination at low costs
and is relatively fast without adverse effects on envi tal health [ 16,18]. It has been
widely shown that biochar can trap heavy metals in the soil and thus reduce their toxicity
by relying on its unique characteristics such as high porosity and surface area [ 12,15].

It is apparent from earlier research that binchar can promote plant growth in heavy-
metal-contaminated soils by immobilizing heavy metals. As a resull, a main purpose
of this study was o determine whether there is a difference in the effects of BC3 and
BC4 on Cd mobilization, and if so, how large that difference is. Furthermore, because of
their physiological variations, the response of rice and maize to Cd contamination can be
interesting. However, a shudy comparing the responses of (3 and C4 plants to the addition
of biochar has been overlooked thus far. Additionally, there has been insufficient research
on the influence of homogeneous and heterogeneous biochar on the response of C3 and C4
plants. Homogeneous biochar is defined as the basic feedstock for biochar that is similar o
treated plants (for example, rice straw binchar (BC3) applied to sail where rice is cultivated).
Heterogeneous binchar is defined as the basic feedstock for biochar that differs from the
treated plants (for examiple, rice straw biochar applied to soil where maize is cultivated).
Therefore, we aimed to investigate the efficiency of rice and maize as 3 and C4 plants
in response Lo the application biochars which are also produced from rice or maize siraw.
In this context, the hypothesis of this study was that binchars produced from C3 and C4
residues guarantee plant growth in Cd-contaminated soil. Additionally, it was expected
that the application of l'wo bischars would increase the pholosynthesis rate of the plants
due o its beneficial effects.
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2. Results

2.1. Soil Properties

Biochar application in maize and rice fields significantly altered all soil properties
(p < 0.01) (Table 1). The highest pH was found in BC3 + Cd-trealed soil on both maize and
rice fields, with a 2.51 and 3.01-unit increase in the rice field and maize field, respectively,
as compared to the control. In rice fields, BC3 caused the greatest CEC value of 2.3 m-.nl('}
kg ' (162% increase compared Lo the control). With a value of 17.9 cmol(”) kg 7, BC4
application had the second highest CEC (110% increase compared o the control). BC3
and BC4 generated a considerable increase in CEC in the maize field by 115 and 71%,
respectively, when compared to control. In the rice field, BC3 enhanced the walue of
exchangeable K', Ca®', and Mg?' by 484, 310, and 218%, respectively, compared 1o the
control, and in the maize feld, by 196, 127, and 195%, respectively. Both BC3 and BC4
Ireatments significantly increased (C in the rice field, bul there was no significant difference
between BC3 and BC4. BC3 has the highest concentration of OC, at 2.13%. Additionally, in
the maize field, the OC was highest with 2 23% after BC3 application.

Table 1. Chemical properties of soil as affected by tr affter four hs (end of experiment]).
Exchangeable Catlons
Tratments  PH CEC iemal kg T) femal™ Lg 1) OCE) Nimgkg ') Pimgkg ) Kimgks ™
K Ca Mg
Rice field
Contral 5an @ HAG T 2244 A4 064 106" T o A 19°
Cd polhated 5124 5634 a5 ® LIk 15" gt n4 mad wr
B3 [T a3 131 a7 Ly b i3 T 81 17
B3+ Cd 75" 151k hEl R L 7k 153 13 b Sab 142®
B4 bl © 1756 Gk pRAe RENb 154 130 sk L T *
BC4 +Cd il ® L B 414° S48° 525° im* st 4748 138"
Riee fizld
Contral 4974 LA 2194 434 3494 1z L Y 144°
Cd polluted 5um 4 B wiFe 115" Lo e L e e
B3 [T 194° has " Lo ns* b b las® Lk 1w
B3+ Cd T 172k 513k [ 751b i i ink 52 1t
B4 ala® 1550 ime opt  Fimb 1AFY ik St 1k
BC4 +Cd 7" 103 o src 5147 167" 11a® 5330 176"
mmmmmmmmpﬁmemmn hgndlnmn.N' mlmﬁm O cocygen., IO
and BC4: biochar producsd froms rioe and maize straw, nesg g Ineach

lekters
show significant differences off means (p < 0L} 'T'h:tnhmml‘mm.fm tharer neplicates (o= 3). BCE roe
‘binchar, BC4: maiee biochar, BCS + Cdt mce biochar + cadmdam, and BC4 + Cd: mades biochar & cadminme

The highest total N levels in the rice field were associated with BC3 and BC4 appli-
cation, with values of 168 and 136 mg kg 1 respectively. The amount of N decreased
dramatically in the Cd-polluted soil when compared to the control (69%). The concentra-
tions of available P and K were also significantly raised when BC3 and BCA treatments were
used. The highest availability of P and K was related to BC3 with an increase of 141% and
1%, respectively, compared to the control. BC3 + Cd and BC4 + Cd showed a significant
decrease in P concentration compared o their corresponding treatments (BC3 and BC4)
wilth values of 54.3 and 474 mg kg . Similar to P, values of K in BC3 + Cd and BC4 + Cd
reatments were significantly lower than BC3 and BC4 with values of 142 and 138 mg kg, 1
respectively. In addition, the Cd-polluted treatment resulted in a substantial drop in both
soil parameters (P and K) when compared to the control {with a 28% and 27% decrease for
P and K, respectively).

In the maize feld, the BC3 and BC4 treatments resulted in substantial differences in
N, F, and K when compared to the control, as well as a significant difference between BC3
and BC4. The highest values of N, P and K were related to BC3 with a 92%, 83%, and 33%
increase compared (o the control, respectively. BC3 + Cd revealed a significant decrease
compared bo its corresponding treatment (BC3) with a reduction of 27% in N, 18% in F,
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and 9% in K. In addition, & compared to the control, the Cd-polluted treatment generaled
a significant difference in N, F, and K, with a 38%, 45%, and 28% decrease, respectively.

22 Plant Growth and Photosynthesiz Role

In rice and maize fields, biochar application significantly boosted plant growth metrics
(p < 0.01) (Figure 1). In the rice feld, BC3 and BC4 indeced a considerable increase in shoot
dry weight of 57% and 34%, respectively, and 42% and 25% in the maize field. The shoot
dry weight of rice and maize was reduced by 19% and 34% in the Cd-polluled treatment,
respectively, as compared to the control (Figure 1a).
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Figure 1. Influence of biochar and Cd trestments on shook weight (a), plant height (b), leaf area (c), and
EHm'q_:h)r]I inclex {d]mnczuidmmn:fidd:mrepmhﬁtﬁuf 3 and L"I-lebs,n:q)u:liv:ly.
Significant differences of means ane shown by different uppercase ketters for rice and lowercase letters
fmrrniz:{p{llﬂ'l}. The values are means L S0 from Ih.rc::rl:pﬁmh:i{n:ﬂn}. B rice biochar,
BCA: maize binchar, BCS 4 Cd- rice biochar + cadmium, and BOA + Cd: maize binchar + csdmium.

The addition of BC3 boosted the rice height o 81 cm, resulling in a 62 percent increase
abowve the control, while the plant height after BC4 application was 67 cm. Moreover, the
maize plant height was the highest with BC3, with a value of 91 cm and a 40f% increase
owver control. Additionally, with a value of 79 cm and a 21% increase above the control, BC4
produced the second greatest plant height. Cd-polluted treatment resulted in a significant
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decrease in either rice and maize plants with 22% and 17% decrease compared Lo the control,
respectively (Figure 1b).

In the rice field, BC3 and BC4 generated a considerable increase in leaf area of 84%
and 57%, respectively, and 68% and 37% in the maize field. The Cd-polluted treatment
caused a significant decrease in leaf area of rice and maize by 26% and 31% compared o
control (Figure 1c).

BC3 and BCA considerably enhanced the chlorophyll content in the rice field by 140%
and %7%, respectively, and the value of chlorophyll content was significantly greater with
BC3 than with BC4. The chlorophyll content significantly decreased in the Cd-polluted
treatment by 3Z% compared to the control. BC3 resulted in a considerable increase in
chlorophyll content of 67% in the maize field, and BC4 came in second with a 39% gain
ower the control. Both BC3 + Cd and BC4 + Cd showed a significant decrease compared 1o
their corresponding treatments (BC3 and BC4) (Figure 1d).

Rice and maize photosynthetic rates (Pn) were significantly affected by the two types
of biochar (p < 0.01) (Figure 2). BC3 had the highest value of Pn of rice, with a 116% increase
abowe the control. The second highest value was related o BC4 with an 80% increase
compared to the control. Pn was significantly greater with BC3 (2212 C0z pmol m 25 T)
than with BC4 (1843 OOy pmol m 25 ). BC3 + Cd and BC4+Cd treatmenis resulted in
a significant decrease in Pn compared to their corresponding treatments (BC3 and BC4)
with values of 174 and 145 mg kg " OOy pmol m 25 1. Additionally, the Cd-polluted
treatment showed a significant difference in Pn with a 38% decrease compared 1o the
control. In addition, in maize, the Pn was significantly higher with BC3 than with BCA.
The highest Pn value was observed with BC3 with a 67% increase compared o the conbrol.
BC4 application resulted in the second highest Pn value with a 31% increase compared
Lo the control. The Po in the BC3 + Cd and BC4 + Cd treatments was significantly lower
compared Io their comesponding treatments (BC3 and BC4). Additionally, the Pn in the
Cd-polluted treatment exhibited a substantial difference, with a 61% drop compared o
the conbrol.
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Figure 2. Effects of biochar and csdmium trestments on photosynthesis rabe (Pn) inorioe and maize
field as IEPtneﬂﬂzlimnl:l'Baml | Flanl:s.. r|=1:|:|:l:i\'=|:|r {means 1 stondand emmor). f;ianiﬁum}
differences of means ane shown by different uppencase betters for rice and lowercase lethers for maize
{p < L) The valoe: ane mmiﬂJhm&mr@'ﬁh{n:S}.HﬁﬂcrﬁrHrﬂnn BCA: maiae
binschar, BC3 + Cdk: rice biochar + cadmium, and BCA + Cd: maize biochar + cadmiom.

The Pn increased with the N concentration in the soil, with a stronger increase in the
maize field. A positive coeffident of determination between N and Pn was oblained in the
rice field (R = 0192) and the maize field (R? = 0.43) (Figure 3).
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Figure 3. Effects of biochar and csdmium trestments on photosynthesis rate (Pn) in rice and maise
field as representatives of C3 and C4 planks, respectively (means 1 standard ermor). Significant
differences of means ane shown by different capital letters for rice and lowercrse letters for maise
p = 0T}

2.3. Cd Biveccurulation Factor and Transfer Coefficient

The Cd transfer coefficient was considerably altered by biochar application (p < 0U01)
(Figure 4a). BC3 and BC4 significantly reduced the Cd transfer coefficient in rice by 54%
and 3% decrease compared Lo the control, respectively. With a value of 0.75, the highest
Cd transfer coefficient was related o Cd-polluted treatment (277% increase compared Lo
control). BC3 treatment resulted in the lowest Cd transfer coefficient in maize, with a 45%
reduction compared to the control and BCA had the second lowest Cd transfer coefficient,
with a reduction of 21% when compared o control. Similar to rice, the maximum Cd
transfier coefficient was found from Cd-polluted treatment, with a 30 percent increase abowve
the control.
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Figure 4. Effects of biochar and cadmium treatments on Cd bicscoumulation {a) and trans-
fer coefficient (b) in rice and maiee Hd.-:aﬂrq:tmﬂﬂzhmufﬁmldcﬂphnh. req:‘u:l:ivdy
(means 1 stndard error). Significant differences of means ane shown by different uppercase let-
tu’sfmﬁc:mﬂimmﬁ:ﬂ:mfmmaiz{pdﬂ.ﬂl]. The: values are means 1 S from three
replicates (= 3). BC3: rice biochar, BCA: maize biochar, BC3 + Cd: rice biochar + cadmium, and
B + Cd: maiee biochar + cxdmium.
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Rice and maize binaccumulation of Cd was significantly reduced after biochar treat-
ment (p < 0.01) (Figure 4b). Both types of biochar reduced Cd bicaccumulation in rice,
although BC3 had the lowest Cd bioaccumulation, with a 41% reduction when compared
o the control. BC3, which has a lower bioaccumulation than BCY, differed significantly
from BC4. In addition, BC3 had the lowest Cd bicaccumulation in maize, with a 49%
reduction compared to the control. The Cd-polluted treatment resulted in the largest Cd
binaccumulation in both plants, with increases of 19 and 227%, respectively, as compared o
the conbrol.

3. Discussion

The application of biochar positively increased pH, CEC, and exchangeable calions
in the experimental fields which had basically an acidic nature. As the research site is
lecated in a tropical region and thereby generally influenced by high precipitation and
temperature, il is exposed o the loss of basic cations [ 19]. Biochars produced from crop
residues are here able lo prevent re-acidification of acidic soils by boosting, the soil pH-
buffering capacity [20]. Large surface area of biochar with considerable functional groups
(for example, carboxylic and phenolic groups) is the key factor to increasing, the pH of
biochar [5]. Furthermonre, it contains different mineral nutrients in its ash including basic
cations (K', Ca®', and Mg?' ). Therefore, biochar can potentially buffer soil pH by adding,
basic cations and consuming protons with negatively charged functional groups [21]. BC3
had a higher ash content compared to BC4 and consequently a higher CEC and higher
walues for basic cations, surface area, and pH. This is the main reason why the application
of BC3 considerably better ameliorated the acidic soils than BC4 in both felds. Cd-biochar
treatments significantly increased pH compared 1o the control. These resulls are in line with
some previous studies which reported that using Cal-containing biochar in Cd-polluted
reatment caused an increase in soil pH due o dissolving Ca() and release of OH-ions into
the soil solution [ 16,20]. In addition, the availability of M, F, and K also sharply increased
in BC3 and BC4 reatments. This can be explained by the more porous structure and high
surface area in BC3 than BCA. During pyrolysis, volatile compounds are released in the form
of gases, which can generale a particularly porous honeycomb structure as well as increase
the surface area of biochar. As a consequence, water and nutrient storage in e soil will be
improved by applying biachar. In contrast, treatments that contain Cd showed negative
effects on OM and N, F, and K availability. This means that Cd challenges for absorption of
several mineral nutrients with the same chemical properties such as Ca?' and Mg?' in the
oot zone, thereby causing a mineral deficiency [12]. Moreover, the accessibility of nitrates,
phosphate potash, and sulfates in soil, which do not hawve the same chemical characteristics
as (d, is prevented by the Cd bioaccumulation. A decrease in macronultrients in the tissue
due to high concentrations of Cd has been reported in previous pieces of literature [16,20].

The application of BC3 to both plants significantly reduced the bicaccumulation and
the transformation of Cd compared o BC4. Typically, biochar application in agricultural
soil induces important surface characteristics changes due o a consequence of biochemical
interplays, which are correlated with improving, the adsorption behavior of cations [7].
Binchar has many functional groups such as carboxylate and hydroxyl groups [15] and
has the potential for electrostatic interaction [22], ion exchange [21], and a strong surface
complex with heavy metals [23]. Therefore, those intrinsic adsorbent properties in biochar
play an important role in stabilizing Cd and increasing the concentration of non-absorbable
Cd in the soil [21]. Thus, a decrease in Cd uptake in planis is expected [12] due o the
surface characteristics of biochar |21,24]. This is the main reason why BC3 application
reduced binaccumulation of Cd in rice and maize by 41% and 49%, while the reduction
with BC4 in rice and maize fields was at 22% and 16% compared to control. Next to the
higher surface area and CEC, B3 also resulted in an increase in the chlorophyll contents
and photosynthesis activity compared to BC4, further supporting, the higher suitability
of BC3. It has been reported that biochar from rice residues caused an immobilization of
Cd by 97% in the soil [15], while biochar derived from wood residues, bamboo, maize

136



Plants 2022, 17, 1424

Bod 12

stem, and nutshells stabilized Cd less by 60% [25,26]. This can be related to the lower C/N
ratio of rice husks compared 1o that of other feedstocks. A high C/N ratio of the feedstock
causes the incomplete formation of adsorplion properties at the biochar surface during the
pyrolysis process and thus reduces Cd immobilization in soil [27]. The lower C/N ralio of
BC3 than that of BC4 can confirm this hypothesis. BC3 also reduced the Cd ransformation
towards grains significantly more than BC4 which was the desired result. Moreover, it
has been proven that rice husk biochar incorporation in soil provides silicon (Si) and other
nuirients and improves their mobility in soils under Cd stress [15]. In fact, the addition
of biochar from rice residues significantly contributes to nutrient cycling in the soil-plant
system and mitigates Cd translocation and its deleterious effect on rice growth [25].

The addition of BC3 specifically increases the growth of rice and maize. The positive
growih responses were attributed directly by biochar-supplied nutrients [3]. In this study,
biochar BC3 provided maore available nutrients (Ca, Mg, K, and N) and higher EC than
BCA4. The EC value represents the value of water-soluble nutrients [22]. Consequently, the
improved nutrient contents in the soil such as available Ca, Mg, and K could enhance mutri-
ent uptake and benefit plant growth [29]. Smaller shoot dry weight in Cd-contaminated
treatment was probably due to the toxic Cd concentrations in plants [ 12], which lead to a
disturbance in the metabolic processes [30]. When no Cd treatment was applied, BC3 could
add sufficient nutrients into the soil. This is because of the high surface area of binchar
produced from rice husk that can ameliorate Cd inxicity by stabilization of itin soil [21,24].
Increasing the plant height and leaf area resulted in an increase in the shoot dry weight
due to preventing Cd uptake by plant roots. The application of biochar prevented the
disruptive effect of Cd and increased the amount of chlorophyll in the leal by decreasing,
the Cd bioaccumulation in the plant and the ransfer coefficient.

Cd concentration in plants caused interference with the chlorophyll synthesis process,
disrupting it [3]. It is also possible that biochar improves the photosynthesis of hydmo-
carbon malerials and increases the production of biomass by increasing the amount of
chlorophyll content [31].

The pholosynthesis rate of both planis significantly increased with application of
binchar, especially of BC3. This increase could be considered as a consequence of improw-
ing high leaf area and chlorophyll content following BCS application. BC3 significantly
increased Pn in rice and maize by 116% and 66% compared to the control, while increases
in the Pn of rice and maize after the application of BC4 were at 80% and 31% compared o
the control. The better performance of BC3 is related o ils high surface area and nutrient
storage than BC4. In biochars analyzing, the amount of M and NOs  -N input with BC3
(218 kg N ha 1 and 1.96 kg MOy -M ha 1) was consequently higher than that from BC4
{90 kg M ha " and 1.32 kg N0y -N more). There was a significant posilive correlation
between N in the sail and the Pn of rice. It has been proven that with an increase in total N
in the soil and thereafter an increase in the N concentration in the plant, both a higher leaf
area and chlorophyll content can be expected |3.32]. Typically, the presence of the rubisco
enzyme as well as the N concentration are higher in C3 than in C4 plants [30]. It shows
a larger N store in pholosynthetic enzymes and a higher N demand of C3 plants than of
C4 plants. Hence, the enhancement in the W uptake by the plant and the prevention of N
leaching from the soil due o applying biochar | 3] are helpful for boosting the photosymithe-
sis and plant growth of C3 plants compared to C4 plants. Previous studies have shown
that C4 plants tend 1o have lower waler potential shortage and stomatal conductance than
(3 planis [32]. Hence, C4 plants cannot as much use the advantages of biochar application
as (3 plants, which is supported by our resulls of the higher biochar-induced increase in
P for rice but lower increases in this parameter for maize.

4. Materials and Methods
4.1. Soil, Plant, and Biochar Preparation

The study was conducted in 2020 at the Agriculiural Technology and Malural Re-
sources Development Center (37°1172.5" N 49°3%36.6" E) in Gilan, Iran. Some environ-
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mental parameters of study area are presented in Table 2. Rice and maize were selected
as representatives of C3 and C4 planis, respectively, for the evaluation of their response
to biochar application to Cd-contaminated soil. Two types of biochar were also produced
Froen residues of the selected plants (rice or maize straw), called hereafter BC3 and BCA, by
a rolary fumace. Afler about two hours of slow pyrolysis at 450 “C, cooking was completed
by sprinkling water on the biochar {see Ghorbani et al,, 2021 for details). To achieve the
Cd-contaminated soil, cadmium nitrate (Cd{NOy);) solution at 20 mg kg ? soil (equal o
448 g per m® soil with a depth of 15 cm and a bulk density of 1.68 g m ?) was spiked 1o
the soil one week before planting. Al the same time, biochar types were manually spread
on the research field ata rateof 20tha ' and homogeneously mixed by tractor plowing
into the lopsoil (25 cm). The experiment involved a control and a Cd-polluted soil without
binchar application, and applications of each type of biochar on Cd-polluted or unpolluted
soil. Consequently, six lreatments were performed and named: control, Cd-polluted, BC3,
BC3 + Cd, BC4, and BC4 + Cd.

Table 2. Envimonmental description of the study are,

Site Froperty Description
General climate Humid temperate continental monsoon climate
J’Dl’ﬂﬁEEﬂl’I’l’lJﬂ] :irl::lnpuahnl:{"cj 172
Frost-free period (day) 0
Average annual precipitation (mm) 1359
Duration of sunshine :hynal"l] 19383
Parent makerial Fluvial allhuvium
Chy minerals Mau'nlr mica and mwontmaoril lonibe
Suil classification (WHE) Hrdraa:": anthresol
Sl tillage system Histation

Rice (Oryza sativa L) ov. Hashemi and maize (Zea mays L) ov. Single Cross 74 were
grown in April 2020 in two separate fields but close o each other on the same soil with day
texture. Therefore, for each field, 18 plots including, 6 treatmenis and 3 replications were
performed (36 plots in total for both fields). Plot size was 20 m? {4 m = 5 m).

4.2 Soil and Biochar Analysis

According to the USDA soil laxonomy system the experimented soils were calcified
in anthrosols and some soil properties were analyzed before and at the end of experiment
by following methods: soil pH and electrical conductivity (EC) in a 1:1 (wrp) soil o waler
ralio; soil texture by hydrometer (Beretta et al., 2014); organic carbon (OC) by wet oxida-
tion [33]; ntal nitrogen (M) by Kjeldahl [34]; and CEC by ammonium acelale extraction
(Tournassat et al, 2004). Exchangeable K', Ca?*, and Mg were analyzed using a 550 ratio
of soil:ammonium acetate (NH A Hbulfered solution at pH 7, in which the basic cations
adsorbed in soil were replaced by NH, ' ions [35] and measured by spectrscope (ICP-OES,
PerkinElmer). The atomic absorption method was used for Cd measuring |36] (Table 3).

Table 3. Selected properties of soil and biochar.

Froperty Rice Field ~ Maize Field B3 BCA
pH 572 568 BT 785

EC {dSm—1) 0. 1B 063 nsz

CEC {emale kg 1) TR 895 157 19.4
Specific surface area (m” g~') - - 23 364
Organic C (%) 113 106 56 16.1

H (%) - - 27 3H2

€3 (%) - - 182 59

M (%) 067 0156 119 [T

/N ratio - - ) 72
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Table 3. Cimt.
Property Rice Field  Maize Field BC3 BCA
MNO5-N (g kg~") 0028 0o 008 iz
Exchangeable K (emol® kg ") I8 27 2555 1138
i Ca (omolt! kg 1) 392 412 3034 121
f"—"ﬂ““ﬂﬂkb;r;ﬁ femalh an aa 287 B8
Ash comtent (%) A 193

Samad (%) B 95 - -

Silt (o) 36 352 - -

Clay (%) S9H 553 - -

Teexture Clay Clay - -

T electrical conductivily, UL cation exchange capacity, L- carban, 11 hydrogen, - nitrgen, L oxygen. B

Biochar properties were measured as following methods: pH and BC by 1:20 {wo)
biochar o water ratio [37]; carbon (C), hydrogen (H), and nitrogen (M) by the elemental
analyzer (Perkin Elmer 2400 IT); CEC and exchangeable calions by ammonium acetate
method [38] and specific surface area by the Brunner, Emmetl, and Teller (BET) proce-
dure [39] (Table 3).

4.3. Sampling and Measurements

According to [40], the photosynthetic rate was analyzed in five selected plants per
plot in week 13 after the start of the experiment using a portable photosynthesis device
(Li-6A00XT, NE, LUSA). The chlorophyll index was determined by a 508 SPAD chlorophyll
meter and the beal area was measured with the Delta-T (Divises Lid., Hatfield, UK). After
four months (at the harvest lime), one square meter of plants was harvested diagonally
from each plot and the height of plants was measured by a T-ruler. Harvested plants, after
washing, were placed for 48 h in a 60 °C oven. Plant samples (shoots and rools) were
powdered with a laboratory mill Cd analysis.

The: transier coefficient of Cd and the bicaccumulation factor of Cd were calculated by
Equations (1) and (2) [36] as follows:

This is example 1 of an equation:

Transfer coefficient = (mg of Cd in the shoot)/(mg of Cd in the root) (1
Bisaccumulation factor = (mg of Cd in the soil) /{mg of Cd in the plant) )
4.4 Data Analysis

The statistical analysis of the effects of two types of biochar and Cd pollution on
plant growth were performed in two-factorial arrangement in a completely randomized
design with three replicates. The triplicate data of selected soil properties and growth
characteristics were subjected to analysis using the 2-way ANOVA lest, conducted by SP5S
230 software. Treatment means were separated using the least significant difference best.
Least-square means were used bo Lest for significant differences among the trealments at
P <001, Linear regression analysis was performed to investigate the relationships among
photosynthesis rate (Pn) and total soil nitrogen (W) using Excel 2018.

5. Conclusions

Rice and maize are considered staple crops for their uses, including, food for humans
and feed for animals. Howewver, soil acidity and Cd pollution are constraints for rice and
maize cultivation. In the current study, biochars derived from rice or maize residues have
different chemical properties and absorbent characteristics. Biochar produced from rice
straw was more efficient compared to biochar for improving, phatosynthesis characteristics
of both rice and maize in acidic soil and for mitigating Cd bioaccumulation. In fact, it can
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be said that the mere use of biochar does not guarantee an improvement in plant growth
characteristics under stressful conditions. In other words, differentiation of feedstocks in
terms of the ratio of C/MN and the degree of degradability is a determining factor in the
establishment of the plant in the contaminated environment, the availability of an adequate
nutritional source for the plant, and plant growth. Therefore, with regard to the wide range
of agricultural products, the efficient use of rice straw biochar can be a step forward in the
proper management of agricultural residues. These findings can be regarded as preliminary,
and future long-term studies may shed light on additional facels of the ssue.

Aunthor Contributs i lizzaki MG thusdod RY MG, and EA software, MG
validation, PK., RW.M., J.M.). arﬂMLhﬂul lysiz, M.(L; investigation, MG and EA; e
soumes, PE. mld._l.M'_j...clzh curation, FLW.N. and MLE; wrihng—uris;ina] :Ilahpmpmaﬁun, MG
writing —review and editing, FK. and EW.N; visualization, M.G; supervision, MLG.; project admin-
Ectration, MG ﬁ.-dn“acql.'nrﬁn PE. amd LM All ansthasrs: have nead :ndaslmd 'D“!F.‘llm
wersion of the manuscript.

Funding: This nesearch was supported by University of South Bohemia in Ceskéé BudEovice ([GAJU
D85,/ 2022/ 7}, by the research plan of the Ministry of Agriculture of the Crech Republic (No. ROMIE)
and a project of the Ministry of Regional Develog of the Czech Republic (project Mo, 322).

Data Availability Statement: Not applicalhe.

Acknowledgments: The authaors gratefully acknow ledge the Agricultural Technology and Natural
Hﬂouun:::l.h:luPnﬂl:Cuﬂn'h Kazht, lran furwnﬁlﬁﬂ!nh‘u’ﬂ!spﬂinuﬂxﬂl Hn-inry
s remenks.

Conflicts of Interest: The authors dedane no conflick of inbenest.

References

1. Liw, &; Demisie, W.; Zhang, M. Simulabed degradation of biochar and its ¢ tial i kal implicati Enwiroe. Pollut.
13, 179, 146-152. [CrussHed] [Pubbed]

2 Cihorbamid, M.; Amdrak i, E; X i K. In-situ bioct & iak 'M&Pdducﬂundmﬂvmdﬁmm

T

1.

1z

1

im greenhouwse goses reduction policies besides increasing n.l.rh1=n.lx-m|h.h|1llyand rice: production. Land Degrad. Dec. 2021, 32,
FBYG-390. [CrossRef]
Lius, X.;ﬂ'luu,j.,' Chi..Z;Zl'mE,j.; Li, L; ﬂms,x.;zi'ns,j.;(h@ K.; Bian, K.; Pan, (.. Biochar Frrvnd.ﬂd. Firmitesd benefits
for rice yiedd and greenhouse gas mitigation six years following an amendment in a fertile rice paddy. Catena 209, 179,
A28, [CrosscBef]
'Ii.n'u:ql'...ﬁ.; Sokolowska, £ Boguta, I Hinchar Phyxin:d‘lemimlpu'upﬂ'liﬂ: I‘jrrl.iysiltu'rlm‘h.lr: amd feed=tock kind effects.
Rew. Emotrom. Sci. BaoTechmol. 2020, 19, 191-215. [CrossBef]
Farrar, M.B.; Wallace, H.M.; Xu, C-Y; Np.ly':n..'f.'l'.N.; Tavakkoli, Ii;jur_pl'l,. 5.; Bai, 5.H. Short-ferm effects nfmgm-'m'irml
enriched biochar fertiliser on ginger yield and nutrient cycling, | Soils Sediments 2009, 19, 668682, [CrossRef]
Nwm'l'.'l'.N._‘ Wkl lones, HLBAL; X, -Y; Mg, 2 ; Farrar, MLE; jneoq)h,ﬁ,, Van Zwieten, L; Bai, 5.H. Short-term effecks: of AT
mimeral binchar and mﬁ.mrfu'hlum mni:mgmcm pdmtpdluhm}nﬂ'ﬂ:i.ﬂ-,aru.l nitrogen lne:ﬂ’iciﬂ:qr. |- Soels Sedimerts
N7, 17, ZT63-TT7A. [CrossRed]
Asadi, H.; Ghorbani, M.; Recaei-Rashti, M.; Abrist ke=sh, 5.; Acmviral di, E; Uﬂﬁm‘ﬁ . l'.‘i.n'ji.. ML .ﬁ.FPIimﬁ.n of Kioe
Husk Biochar for Achieving Sustainable Agricultune and Environment. Rioe Sci. 2021, 28, 325-343. [CrossBef]
Giles, MLE.; Lhnie"..'r.].; Bﬂm, LC:nnPul.rm.l driven differences i M2 and N2 emiscion from soil; the robe of substrate v
efficiency and the microbial commumity. Seil Baol. Biochem. 2007, 106, %0-96. [CrossEef]

E; Li, B.; Seneweera, 5. Zong, ¥; Li, EY.; Han, ¥.; Hao, X. Photosynthesis and yield response io elevated CO2, C4 plank foxtail
millet behaves .-n'mihﬂ, 3 xixcu:i. Plimt 5ci. 2019, 285, 239-M7. Il'..'n'r.ﬁHr.FI
He, ¥ Yao, Y Ji, ¥ Deng, |; Zhou, G.; Liu, K.; Shao, | Zhou, Lo; Li, N; Zhouo, X et al. Biochar amendment boosts photosynthesis
amd biomass in O 3 but most 4P|ar|.bc: A Eklulxrniheix. GCR Hinl:rx&rm 12, 65617, [T.:r:m.-:['tuﬂ
Corowvt=oy, ALV, Minkina, T.M.; Mandzhieva, 55, Perelomaoy, LV Snju, (i Ffamulima, LV Rajput, V13 Sushkova, 5.0
Bahan, 10 Yao, |. The mechani=m= of biochar interasctions with microe ¥ i i savil. Ereedy CGrochem.  Health 2000, 42,
2952518, [Crosskied] [PubMed]
Amirahmadi, E; Hojjati, 5.M.; Kammann, C.; Ghorbani, M.; Biparva, I The Potential Effectiveness of Biochar Application to
Kedhce Soil Cd Bim\'!i]dli'il}' and Encourage Oak Smdlilﬁrmmﬂl. .l.ppl. Sei 2000, 70, 30 [CrossBef]
Oni, BA; Crrieghbe, O Olawole, (00, Significance of biochar application to the environment and economy. Arn. Agric. Sa. 2019,
64, 232136, [CroesHief]

140



Plants 2022, 17, 1424 12012

14

15

16

17.

18

19

21

g

ESHEH

=

Haider, EUL; Liqun, C; Coulter, J.A_; Cheema, SA; W, |.; Zhang, K; Wenjun, M.; Faroog, M. Cadmium foxicity in planks
ImPud:an:l rermadistion mt*m Ferdvxicl. Frecgrom, Sq‘. 2021, 211, 1T18ET. [T.:nmlh.'ﬂ
Ahmad, M.; Ahmad, M_; Usman, A KA AI-I'urq',hﬁ';;!Lbdd‘HJhnA.;OL Y5.; Al-Wabel, Mj.l)dzpah'lm-du'ivnd binchar
compusites with silica and seolite: Synthesis, characterization and implication for carbon stability and recalcitrant potential.
Empiron. Geocher. Health 2009, 47, 1687-17M. [CrossHef]
Fhang, X.; Zhang, X; Lv, 5; Shi, L; Wang, K. Migration and transformation of cadmium in rice—Soil under different nitrogen
mlur:ﬂin]_:uly.rn:h“ir sl fides mnnmg areas. S0 Rq:! A, T, 1-10. [{:nml{uﬂ

nicltner, BOW; Thostos, 12; Komarek, ML ; Szakova, | Jakoubkova, L("_'h:luically Enhanced I"l‘l}rﬁuhnctin of Kisk
Elements from a Contaminated .H.Erii:ulh:lml Soil Lf:insZuM.;psand Triticiem gestioume: Performance and Meta | Mobilization
Chver a Thres Year Period. bt | Pﬁ;ﬁumﬂi'. 2012, 14, T54-T71. [CrossHef]
Chorbani, M.; Asadi, H.; Abrishambkesh, 5. Effects of rice husk biochar on selected soil properties and nitrabe leaching in loamy
seanad and.claynlil. Iref. Sl Woter Comesere. Res. 3019, 7, 258-265. [L:D‘HL““L*]
Cornedissen,, Ci.; Murida, MUL; Hale, 5 E.; Martinsen, V; Silvani, L.; Mulder, . I':ld:ing pussitive: effect of binchar o crop ridd amd
suil acidity during five growth seasons in an Indonesian Ultisol. Sei. Tital Enoiron. 2008, 634, 561-568. [CrossRef]
Fhu, ¥; Ma,j.,ﬂl:n, F; ¥u, B Hua, [:.;ﬂur“, 5. Remediation of Soil Pollated with Cd ina Mniﬁr“ Area Ll.sdr“ Thixmarea-
Mexlified Biochar. It . Emsiran. Mes. Public Health 2000, 17, 7654. [CrossRef]
Van Poucke, K; A.irmutﬂ'l,j.; Maseseele, B; Ok, Y5 Meers, E; Tack, EM.G. Chemical stabiliztion of Cd-contarmimasted soil
using biochar. Appl. Geochem. 2018, 85, 122-14). [CrosHef]
Bamdad, H.; Pal:lan'i, S Mac{:_h.:urrie,‘i_ Hawbald, Lﬁ'lutljr of mrfa:hebruFlﬂly amd m'l:rus!n f'und:icl'uﬁzinﬁuf bivschars:
M‘mlh‘rl‘l‘llkﬁl‘ﬁﬂrPl‘lnd‘l. Carben 2021, 171, 161-171L [‘.:HHL‘GHI.'f]
Rameani, PMLA; Khan, W-U-1; Igbal, ML; Kavsar, 5; Ali, 5; Rizwan, M_; Virk, Z A Effect of different amendments on rioe
(Dryeen sution 1) growrth, yield, mutrient uptake and grain quality in Ni-contsminated soil. Excinm. Sci. Polbet, Res. 3016, 73,
1RSES- TR, [ iet]
Yamg, X; Zhang, 5. Ju, M.; Lin, L. Preparation and Modification of Biochar Materials and their Application in Soil Remediation.
Appl. Sci. 2019, 9, 1365, [CroesHed]
Huff, ML} Kumar, 5; Lee, |.W. Comparative analysis of pinewood, peanut shell, and bamboo bigmass derived biochars produced
wia hy:'ruihﬂ'mal comvesrsion and Prn:l,:i.u. |- Environ. Mamag. 2004, 746, 305-308. [CrossHef]
Ali, A Guo, D #hang, Y., Sun, X; fiang, 5 Guo, £; Huang, H; Liang, W, Li, K; Zhang, £ Using bamboo biochar with
for the stabilization and P'l]rh.iulicit,' reduction ||f}lsw:|r skl i mime-comtaminated soils of China, So Kep. BT, 7, 1-12
€ ruessbtet] [Pubhed)
Alkchorabedesh, H M. Sedesi MLE; Battaglia, ML Shami, A; Jalal, R5; Alhammad, BA; Alrmubsird, KE; Al-Saif, A M. Biochar and Hs
B Impacts in Soil hality and Fertility, Mutrient Lesching and Crop Productivity: A Review. Agromony 2021, 17, 995, [CnesBef]
Fan, F; Li, ¥; Chapman, 5.).; Khan, 5.; Yao, H. Microbial utilization of rice straw and its derived biochar in a paddy soil.
S Titul Ercirom. B016, 559, 15-23. [Crosshed]
\hﬁ, L.; Bolan, NS\.;TW 13; Hona, 1. Green immaobilization |fho|:'l:rr=lz|bs-u:inga|.ka]iltm}uu:ﬂl rice husk biochar: Effects
of pymlysis temperature and KOH concentration. Sei. Tobal Erotron. 2020, 720, 137584, [CrossHef]
B=hmasod, K.;Baqu}w. MLA-A; Xu, KK Influemoes clfrihuﬂ:n feertilizer forms amd mvﬁawﬁﬂum o soil md'umF prq_::rhﬂs
and maize growth on an acidic Ultisol. Arch. Agron. Smil Sci. 2008, 64, B34-649. [CrossEef]
Lusechini, IP; Q.nl]lanl, K. Deloea, TH.; Vamerali, T Jomas, 10 Do binchar wlﬂlim alter Iﬂ\r,' mistal ﬂ}rr:llmn;m :3ri|:u|1.1|l
sanil? Agric. Erosyst. Environ. 2004, 184, 149-157. [ ref]
Purakayastha, T; Das, K.; Gaskin, ).; Harris, K; Smith, |; Kumari, 5. Effect of pyrolysis temperatunes: on stability and priming
effects of (3 and C4 hind'lar:aFPIiﬂl o v different soils. Sod Tallege M. 2006, 155, 107115 [CrossBef]
Hussain, 5.; Sharma, V.; Arya, Y.M_; Sharma, KK Kao, C5. Total organic and inorganic carbon in soils under different land
= land cover xy:luns in thue foothill H-Il'lilhrﬂ Cudersa 2019, 182, TIM104. IL.'an:-.FI
\'“:i:':d‘lrﬁkj, K.L.; Barbana, 1XM. Modifiation of the K'Fh:hh] NONGEEn I'Iﬂ:l'DFﬂ method to mchode bovine milk concentrabes
anud milks from other species. |. Dairy Sei. 2005, 98, 7510-7526. [CrossHed]
Tourmerzat, C; Greneche, |-.; Teeamand, 1; Charkd, L. The Gitrabion of day minerab || Collosd nferfice S, 2004, 273, 204 238, [Croesited]
Carter, 5.; Shackley, 5 Sohi, 5.; Suy, T.B; Haefele, 5. The Impact of Biochar Application on Soil Properties and Plant Growth of
Pot Girown Lettuce (Lachor sattoa) and f_alﬂ:ase { Brassdon chinersis). Agromemmy 2013, 3, AM-418. [CromsBef]
Kaibmidi,S;Emlﬂx,ﬂ;HmhﬁK_;HﬁuﬂJL;"' MK Leh -j.l'_"mgruwﬂiarulnimnu‘h'ilinaﬂn'
additions of biochars with varying properties to a temperate soil. Biol. Ferfil. Sols 2012, 48, 271-284. [CrossRef]
Munera-Foheverr, ). Martimsen, V., Strand, L.; Fvamovic, V.; Cormelissen, G Mulder, I Cation l:DCI'IEI’lF mra:il)' of
biochar: An urgent method modification. S Total Emoiron. 2008, 642, 190-197. [Crosskef]
Subsedi, K.; Taupe, N; Pelisseth, 5.; Petraceelli, L; Bertora, C; Leshy, .. Grignani, C. Grent issione: anad soil propertie:
Hlminﬁml:lﬂrl:ﬂ: with manure-derived biochars: Inﬂmdwﬂﬂrﬂs“ﬂhﬂmﬂfﬂcﬂnﬁl type. |- Encinm. Moy
2016, T66, T3-HE. [CrossHe]
Maosharmd, M.; Uddin, K.; Sulaiman, MLE; Mia, 5.; Shamsuezaman, 5.0, Hﬂluc. ANA. Combined Applimﬁmd: Rice Husk
Biochar and Lime Incresses Phosphorus Availability and Maize Yield in an Acidic Soil. Agricubther 2001, 17, 793, [CrossHef]

141



Publikace 9: Podpora udrzitelného zemédélstvi a zmirnéni emisi skle-
nikovych plyni pomoci biocharu ziskaného z Cistirenskych kali—re-

view

Ghorbani, M., Konvalina, P., Walkiewicz, A., Neugschwandtner, R. W., Kopecky, M.,
Zamanian, K., ... & Bucur, D. (2023). Feasibility of Biochar Derived from Sewage
Sludge to Promote Sustainable Agriculture and Mitigate GHG Emissions—A Review.
International Journal of Environmental Research and Public Health, 19(19), 12983.
DOI: 10.3390/ijerph191912983.

Mnozstvi odpadni vody se v celosvétovém pruméru za posledni desetileti dramaticky
zvysilo. Oc¢ekava se, ze tento trend bude pokra¢ovat a mnozstvi tekutych odpadt bude
v nasledujicich letech naddle vyrazné€ vzristat (Goldan et al., 2022). V Evropské unii
je trend sice opacny, ale produkce kanalizacniho kalu klesa jen nepatrné. V roce 2020
bylo v EU vyprodukovano 8,7 milionti tun suchého kanaliza¢niho kalu (Vavrova et
al., 2023). Hmotnost a objem kanaliza¢nich kalt je proto nutné redukovat.

Velmi diskutovanym tématem je likvidace kanaliza¢nich kali prostfednictvim
pyrolyzy za soucasného vzniku biocharu. Kaly totiz obsahuji kromé Zadoucich a vyu-
zitelnych organickych latek pestrou smés Skodlivin (t€zké kovy, fyziologicky t¢inné
organické latky atd.). Technologie pyrolyzy umoZiiuje nejen vyznamné minimalizovat
objem Cistirenskych kaltl, ale také likvidovat parazity a patogeny, sniZzovat obsah ne-
bezpe¢nych organickych latek a také imobilizovat t€zké kovy, které v Cistirenskych
kalech mohou byt pfitomny (Devi a Saroha, 2014).

Biochar z tohoto materialu se vSak od biocharu z lignocelul6zovych hmot vy-
razn¢ li$i. Obsah uhliku v pevném produktu po pyrolyze kall je znacn€ proménlivy,
obvykle se pohybuje v rozmezi 3 az 30 % (Lu et al., 2013; Qiu et al., 2015; Wagqas et
al., 2014; Yuan et al., 2016; Zielinska and Oleszczuk, 2015). Biochar obsahuje ziviny
jako P, N, K a organické latky, které zlepSuji urodnost plidy a jeji mikrobialni aktivitu.
Nékteti autofi (napt. Waqas et al., 2014) oceniuji pfednosti biocharu proti aplikaci su-
rového Cistirenského kalu z hlediska bioakumulace polycyklickych aromatickych uh-
lovodikll a potencidlné toxickych prvkid — dochdzi ke znaéné redukci téchto latek.
Mnozi autofi srovnavaji fyzikalné-chemické vlastnosti surovych kalll a biocharu (Ag-

rafioti et al., 2013; Liu et al., 2014). Bylo zjisténo, ze tézké kovy Cr, Cu, Ni, Pb a Zn
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jsou fixovany, imobilizovany a zlstavaji v biocharu potencialné stabilni. I kdyZz sa-
motna pyrolyza tézké kovy znacné imobilizuje, pro kadmium to plati jen ¢astecné.

V tomto pfispévku je formou review zkouména ptiprava biocharu z Cistiren-
skych kalt a jeji dopady na vlastnosti pudy, zdravi rostlin, vyplavovani zivin a emise
sklenikovych plynti. K tipInému pochopeni vyhod a nevyhod biocharu z ¢istirenskych
kalt jako dopliku piidy jsou zapotiebi dalsi studie a dlouhodobé praktické pokusy v

terénu.

143



T Inbermational foumal of
Environmeniol Research

and Public Health

by

Review

Feasibility of Biochar Derived from Sewage Sludge to
Promote Sustainable Agriculture and Mitigate GHG
Emissions—A Review

Mohammad Ghorbani 1*, Petr Konvalina 1, Anna Walkiewicz 20, Reinh.

d W. N T diner 3

o "

Marek Kopecky ', Kazem Zamanian *, Wei-Hsin Chen 557 and Daniel Bucur ®

check for
updates

Whalkimwic, A: W 3 .

1 Department of Agroconsystems, Faculty of Agriculture and Technology, University of South Bobiemia in
Ceske Budejrwice, Branifiovska 1645,/ 310, 370 06 Ceske Bodejowioe, Crech Republic

S of Matural stry, In af Ag Paolish Acad of &
Dindwiadcrzalnia 4, 20 290 Luoblin, Poland
* Dep of Crop & | off A Uni af N i B and Lifie 5

Wienna, Konrd Larenz Strade 24, 3430 Talln, Austria
4 Department of Soil Scicnoe of Temperate Boosysiems, Ceorg August University of Costtingen, iisgenwey 2,
TN Chttingen, Cormarny
*  Department of A
Tadran FNN, Taiwan

and Asbronaubi

Matinral Cheng, Kung, University, University Road SA0001,

®  Rescarch Conter for Smart S ble Circular B Tunghai U y. Taichung, 407, Taiwan

7 Departmenit of Mechanical Eng . Nakicnal Chir ¥i U y o Technalogy, Taichanyg, 411, Taiwan

*  Departmenit of Pedotechnics, Faculty of Ags Tasi U y of Lifie S 3+ Mihail Sad
Allesy, 700490 Tasi, Romania

* Cornesy tjowce

Abstract: Szwaw::hldaz (55) has been connected to a variety of #nbd environmenial Frribl:rn-:.
A ing the risk of various disposal techmigques can be quite useful in recommending appropriste

W, Kok, ML; Famaniian, K.
Chun, W-HL; Bunnas, [, Frossibsility of
Bicwhar Driviad fnom Sewapy: Shalg:
ot Prusenash: Sustainaby Agraulur:
anl Mitigpat GHG Emissiuns.— &
Faviw, Int. . Fnoinn. R Publi
Vil 20E2, 15, 12563 hatpee
oo HLASH)perph 19191 2963
Avademic it Paul B

o ——

Rexwivenk IF Septemlnr HEE2
Aczephnk B Ochuber HIZ2
Publishend: 110 Cctuieer HEEF

Publishers Mot MOF] sty reutral
with ruyganl tor jurisivtional i in
pubiliduil mags and il afEl
o

cc)  Lh)

Copyright: £ M07 by B authon.
Licemar MDFI, Bascl, Seitvarland.
This arfich b an upam s artice
distritrutd et g berne aned
vonditivms of the Creative: Commen
Attributivn {0C BY) o (hitgee/ [
ativnommens oy oz

The prep i st age shudge biochar (S5B) and its impacts on soil characteristics,
plant health, nutrient keaching, and greenhowse gas emissions (GHOx) are criically neviewed in
this :ﬁully. Cnn‘:a'rinslhe features of 558 obtained at various F}Tﬂ'j’)ﬂ.‘l temperature revenled
El‘lu'ls:rinilxchn‘u:nhl content. I.Jmn'l‘l}u.lmﬂ:nfﬂrbm mﬁnh‘lﬂﬂipmhlﬂhi#ﬂ'mﬂym
femperatunes point to the existence of more anmatic carbon molecobes. Additionally, the preparation
of S5B has an imcreased ash content, 3 hower r'-ld,:rﬂalﬁslu-mnﬁmmmaml{dhrimh
mmn]pﬂ'x-l:m.pﬂ:hlm The mﬂdwiclc]_:uhlﬁal nl:.':\..‘:ullputalﬂ C(h—nquival:nlmrbﬂ'urmh A5
wmpﬂﬂmhﬁ:li#ﬂhlpwhﬁmuﬂI:Dmrrmd'b?ualmmsurﬂﬂhunk[hluﬂh:
a futuristic strategy and cope with the quantity of abundant global 55. According to estimations,
hmnﬂmkmm@tmﬂ mujﬂde‘l)z-Eqanisuiﬂtnwﬂeanmd 'I'J.'inrillinnh.!ud:ymlid
(M 5] and 14,139 teragrams: (Tg), repectively, in 2000 This quantity will rise to about 138 M DS
maﬂeﬂudvaml 'IEMETE c{)!ﬂlmiﬂilﬂ i IS0, a A% increase. In this nean:L I:lEl'le-IlE
uﬂwuhnmmhﬂmywmpmhhylﬁﬁﬁrgmmﬁlpnﬂlﬁng
binchar and employing it in local agriculture. o completely comprebend the benefits and drawbacks
ﬂ%xanilmﬁmﬁnﬂ-r:ﬁﬂylnlwm:Pplimﬁurmn(.'ﬁﬂis m.luirul_

Keywords: wdrmsurmharhnc,\dﬂ;(‘im i sl | k FLunHlsuH:h

1. Introduction

Organic matter makes up about 50-70% of solid waste 55 1], which contains 33.4%
protein, 6.6% lipid and 3.3% carbohydrale on an organic basis, and is highly susceptible
o decomposition due to the low contents of lignin and cellulose [2]. As a resull of the
release of hazardous metals and organic pollutants, as well as the emission of GHGs, 55
has a high potential fior causing environmental deterioration [3,4]. In 2020, the volume of
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miunicipal wastewater generaled annually worldwide was estimated to be 360-380 Jam? 5]
It is estimated thal more than three-quarters of this amount enters surface and groundwater
without treatment [6]. Drying causes the waler conlent to decrease, leaving around 2% of
the wastewaler that is solid and known as sewage sludge [7]. There is not an exact ansount
of global 55 at the moment, and all available data are presented from different countries and
in different years. The estimated rate of dry solid 55 on a global scale in 2018 was 45 million
tons [8]. This outcome was obtained by taking into account the two billion people who
were part of municipal wastewaler sanitation systems with secondary treatment facilities.
Therefore, managing a considerable and steadily rising amount of 55 is the top pricrity for
both developed and emerging countries. There are now many technigues o handle 55, but
none of them are without drawbacks. According to their annual budgets, technological
capabilities, populalion sizes, and rates of development, many countries often use each
of these techniques. Due Lo a lack of legal and financial resources, 55 management has
received little attention throughout a considerable portion of the world (including several
nalions in South America and Africa). As a resull, several disposal methods, including
landfilling, incineration, and dumping into the sea [%,10], have been used as the easiest
Ccommon practices, causing negative effects on the environment, espedally through GHG
emissions into the atnosphere. Strict laws in Europe have led some EL countries (such as
‘Germany and the Netherlands) to ban the landfilling of 55 | 11], while 50% of 55 is managed
by landfilling in the United States [12]. Around 35% of 55 is used as fertilizer in Europe and
the United States |1,13] In Japan, 70% of 55 is managed by incineration. Maore than half of
the 55 in South Korea is dumped into the sea [14]. Additionally, the incineration of 55 in
Finland produced 2307 tons of COy-eq emissions [9]. The resulls of GHG emission shudies
in Greece showed that 2883 tons of CHj are released from 55 landiill sites annually [10].

The Sewage Sludge Directive 86/ 278 /EEC supports the use of 55 in agricul ture since it
i5 the most promising method for utilizing this waste material due o ils substantial concen-
trations of macronutrients and organic materials. Additionally, interest in organic farming,
is rising as a resull of the harmiful effects of conventional fertilizer on the emvironment [ 15].
Some papers show that 55 has a positive effect on plant yields because of itls dear macronu-
trient content | 16]. Additionally, the majority of publications [9,17] are concentrated on the
harmiful impacts of 55, such as the potential transfer of viruses, pesticides, heavy metals,
and other contaminants. Nitrate and other contaminants may, therefore, penetrale the soil
minre deeply when released without being treated | 18-20]

Various feedstock are used nowadays for the production of biochar, including crop
residues, woody malerials, green wastes, and animal manures | 21,22]. Numerous studies
have been conducted on the production of biochar from 55, its characterization, and the
evaluation of ils impact on s0il and crop qualities. Although there are reviews on the
characteristics of biochar and its use in soil [23-25], a special assessment on 558 is still
necessary because of its enormous polential for large-scale production and the mitigation
of environmental hazards. This review combines studies on the approximate volume of
the world's 55 production, as well as the feasibility of using 55 to support sustainable
agriculture. The socioceconomic perspective of S5B production in comparison with other
typical 55 disposal management methods is also considered. The scope and substance of
the review are summarized in Figure 1.

145



It |. Erpiron. Res. Public [lealth 7oz, 19, 17963 ol

I"-'-‘-\'\
[ -
g
R —
— : Emer = g
" 1 L - - 1
P P — - - " =
Lngwg e ikt TR Cemped Bt
N 5 N - . S >
= Ly i i Fahy © g i s s
Tl s, Py e - Vg R
Ty, naey Tty ey « gy e i
wasree e i [ e bamargede e
e ] :
Rt sy V-
[pesa-—— - Erdargerig o e + Sap b w e
e ] e St o o b ey
[ "
oo ]
e 8 s - MUk s e pyecinh

e
- o B DR | s

Coamen ) (" Monioring and ™ (o
CD i ==
{H_.:m,.:__) B {: [— :)_
T e

e

Figure 1. Summary of scope and content of the review f g o e
'mdiq:mal mFImkuanmu:' ni&lmminapiﬂuhn
2. Importance of 55 as Feedstock for Biochar Production
Sewage sludge (55) as a huge soil C stock is a byproduct of wastewaler. The presence
of various pollutants, including heavy metals in 55, has irreversible destructive effects on
the environment [20,26]. A significant portion of the world"s 55 is produced in East Asia,
Europe and North America [11]. China anmually produces over 13 Mt DS year " (million
tons dry solid per year) of 55 [27]. In the United States, annual 55 production has reached
almost 8 Mt DS year 1 28] Additionally, the amount of 55 produced in the European
Union per year was 10 Mt D5 in 2006, and 11.5 Mt DS in 2015 [29,30]. Alternatively, 55
could be utilized in a wide range of manners, including land reclamation, horticulure
and landscaping, industrial operations, and energy recovery |31,32]. Heavy metal con-
lamination and nutrient surpluses in 55 affect organisms in more than simply agriculiural
soils. They also penetrate groundwalter, surface walerways, and nearby ecosystems, in-
cluding protected natural areas, through leaching, run-off, and volatilization [33]. Because
these places are naturally uncontaminated and are typically acclimated o low nulrient
supply, this can seripusly damage the structure and biodiversity of organisms [34]. As
a consequence, in environmental protection processes, limiting heavy metal exportation
paths and preventing their development should be a top goal. The concentration of 55
organic contaminants, including as heavy metals and pathogens, may have significant
implications for human food safety and plant health [35]. Therefore, there is a need to
improve 55 treatment solutions to address the choice lowards oplions thal guarantes safety,
environment protection, economic advantages, and social sustainability. The conversion
of 55 into biochar through the pyrolysis process can resull in multiple aspects including
energy production, sustainable wasie recycling, the immobilization of heavy metals and
organic pollutants, C sequestration, improvements in soil quality, plant development, and
mitigating GGHG emissions [36].
3. 55B Production and Characterization

Pyrolysis and gasification have proven o be clean and cost-efficient solutions for 55
treatment [ 37-39]. As a resull, suitable techniques of minimizing 55 waste and then GHG
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emissions should be established. This will enhance soil functioning while also increasing,
carbon sequestration [40]. In many ways, converting, 55 to biochar can be advantageous for
environment. Some of themn are: reducing the volume of sludge abandoned, reducing the
cost of disposal, controlling, groundwaler pollutants, increasing, soil carbon sequestration,
and reducing GHG emissions | 16,41,42]. Pyrolysis and incineration, on the other hand, are
two thermal processes with various extents of efficiency. Incineration & the most studied
and used thermal procedures for 55 treatment right now. The circulating Auidized bed is
ideal for incinerating, dried 55 with a high heat calorific value [40]. The main advantages
of this technology are high energy efficiency, and relatively low investment compared
wilh other technologies. This technique, however, necessitales drying as a mandatory
pre-treatment [43]. Furthermore, ash is created during the incineration, which can indude
deposited heavy melals from the 55 [44]. As a consequence, il necessilates adequale
treatment in order o avoid environmental damage. Pyrolysis, on the other hand, is a
highly endothermic process that necessitates 100 KJel kg 1 D% [45,46]. This procedure also
necessitates the loss of moisture. In fact, in the incineration process, 55 is burned to produce
energy, bult in pyrolysis, energy is used to produce biochar as the final product. This could
be the basic pillar for the decreased use of pyrolysis. The immediate emission of GHGs into
the environment is reduced by turning the discarded 55 into biochar. By applying 558 to
the soil, we can expect another reduction in GHG emissions [38,42]. This mainly occurs
through the increase in carbon sequestration in soil [47]. In addition, no negative effects
of S5B application on the environment have been reported [48] Table 1 summarizes the
selected basic characteristics of 55 and 55B produced at different pyrolysis lenperatures.
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Table 1. Summary of selected properties of S5 and S58.
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d. Characteristics of S5B
4.1. PH

For biochars made from sewage sludge, an increase in pH is often seen as the pyrolysis
temperature rises. The pH range of the biochar oblained from sewage sludge ranges
from 10.0 to 13.0 at temperatures above 700 *C [42,50,53,61]. The content of inorganic
compaonents in the biochar as a result of the separation of metal salls from the organic
malrix at rising temperatures, dehydration associated with a reduction in acidic surface
groups during, thermal treatment, and polymerization,/ condensation reactions of aliphatic
compounds could all contribute to this increment [62]. Additionally, there is a strong,
positive relationship between the pH of 558 and the pyrolysis lemperature (Figure 2).

E2d

¥ = A AR AL

13

20 300 A S0 &0 a0 RO W 1004

Terpersture ["C]

Figure 2. Eegression relationships between pH and pyrolysis temperature.
4.2 Elemental Composition

C, H, O, N, F and K are the primary companents of 558, Pyrolysis temperabure
and the C and H contents in S5B reveal substantial positive and negative relationships,
respectively (Figure 3). Raising pyrolysis lemperature often causes an increase in the C
content of 558 [12]. Most noteworthy, however, is thal compared with 55, C in 558 is
mostly found in more stable forms. The H content of 558 reduces with rising pyrolysis
lemperalure, in contrast o C content, and in comparison to 55 (Figure 3 and Table 1).
H/C and O/ C ratios are useful measures for estimating, the degree of carbonization and
binchar production from starting, malerials |63]. By raising the lemperature of the pyrolysis
process, O and H levels fall during the moisture loss and decarboxylation processes,
which lowers the H/C and O/C ratios [48]. Increased H and O loss suggests the higher
carbonization of 55, higher biochar hydrophobicity, more fused aromatic ring formation,
and a harder C structure |#4]. The aromaticily and polarity of biochars are calculated
using the molar ratios of H/C and 0/C [63]. The level of aromatic C components in 558
increases when these ratios decrease. The resulls reveal a strong opposite relationship
between pyrolysis temperature and H/C ratio (Figure 3c). The lower hydrophilicity of
558 obtained at higher pyrolysis termperatures is d trated by a reduction in the H/C
ratio |65]. High-temperature (500 *C}, synthesized 558 is likewise highly aromatic and
highly carbonized |66]. Regarding the H/C ralip, it is recommended that biochar and
initial material be distinguished by a maximum value of 0.7 and that sool and binchar be
distinguished by a minimum value of 0.2 [64]. The ideal H/'C and O/C ratios for S5B are
found at pyrolysis temperatures between 350 “C and 500 °C, according to Table 1. To put
it another way, this lemperature range would be appropriate for the preparation of S5B.
To create a Van Krevelen diagram, molar H/C and O/ C ratios of 558 oblained al various
pyrolysis temperatures are ulilized (Figure 3d). Biochars with O/ C ratios more than (L&
and less than 0.2 have hali-lives of around 100 and more than 1000 years, respectively |&4].
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According to Figure 3, RHBs synthesized al various pyrolysis lemperatures (most often
wilh an (3/C ratio of (.2-0.6) have a hali-life of 100-1000 years.
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Figure 3. Mﬂﬁmﬂril: betwesn traits ‘urxewasl xludF bigschars: and their I:yru|y!n'x temperatune
and Van Krevelen ﬂiasram for rice: husk biochars an.lln:nd. at different p)'mlyxi.'i temperatures.
(a) C % vs. Temperatume; (b) H % vs. Temperature; () H/C % v Temperature; (d) H/C % vs. O4/C
5. Sewage Sludge Biochar as Soil Amendment

FPyrolylic processes with extensive applications may be used to produce biochar for a
reasonable price from a range of wastes [61]. 55B is applied as a soil additive because it
has a high porosity, broad surface area, high nutritional tent, and an llent waler-
storage capacity [25]. A portion of the pollutanits from the soil is eliminated when sewage
sludge is converted into biochar, and the bicavailability and mobility of heavy metals
are decreased [23]. Future developments in 558 are anlicipated o concentrate on the
uses for which it will be used, given that the quality and effectiveness of binchar varies
greatly depending on the source material and pyrolysis circumstances [24]. A crucial
factor for identifying S5B's possible application is ils composition [25]. Physical and
chemical characteristics of biochar can include bulk density, surface, electric conductiv-
ity, pH, cation-exchange capacity, mole raltio, concentration of different nutrients, and
contaminanits [37-39]. The application of S5B in the soil is a beneficial agricultural practice
that enhances soil's physical and chemical properties, decreases GH(G emissions, improves
the efficiency of using nulrients, increases crop productivity, decreases nulrient losses
through leaching, changes the content and availability of nutrients, reals contaminated
soils, decreases soil erosion, and improves soil structure and fertilizer efficiency [16,41,42].
The effects of 558 application on soil and plant growth are represented in Table 2.
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Table 2. Summary of selected data on fi‘iﬂ:f‘f:l:hf‘rummvinm|aspmba.

Effects Heferences
T emayme activity [47]
TpH, N, C, | binavailable As, Cr, Co, Mi, and Fb (but not Cd, Cuo, and #n) [58]
TN EK [67]
1 pH, EC | heavy metal uptake (Fb, £n) [59]
1N, C, F, amount of heavy metals but with low availability [65]
1 B Mg, CEC, base syturation [69]
B EC, pH [51]
TpH. N, C, &&EqnfmhalCum*mhﬁlﬁmﬂd [56]
Eﬂnclxmxuill:!mpu'ﬁec 1TpH, Iﬁ.ut:yine:ch\ntr hmhbmﬂlfhch:,ﬁmsq.
ammamnia-oxidizing archaea, and ammonia-oxidizing bacteria, [7m]
immudilization of Cr, MNi, and Cd
1 €, soil microbial biomass, | mobility of Cd, [6a]
TN EK [38]
T waker retention, I sorption [71]
1 field ﬂpﬂ:ily,wﬂﬁng puint, available water in coarse— amd
mesdiumn-texbared sl | bulk desity 172
ToN T [
1 shoot biomass Finyﬂdi*ﬁcﬂ(kyx:ﬂfh L. [58,74]
T growth and yield of garlic Allem sefioum L. [66]
1 growth and yield of Chinese cabbage [75]
1 turf grass growth [6]
1 con yield (59,691
Effects on plank growth 't biomass of Poa prafensis L. [56]
't biomass and yield of wheat {Tritioum aestum) [54]
1 biomass of Chinese cabbage [7a]
1 grain yield of rice; no change in grain yield of wheat [0]
T dry weight of the aboveground (stemes) and belowground (roots) omato (7]
(Solemmmn hypopersicum L.); the yield was not incressed significanthy .
o 1 00y emisssion depending on pyrolysis emp. [57.77]
. . 3 Mg emission and 1 CHg upke [54]
Efects on GHGs emissions. 7 oy 00 i fortilized sl 721
1 CHg and Ny ermissions ]

J- decrease and 12 increase.

The functional groups of the biochar used in this study were analyzed using a Fourier
transform infrared (FTIR) spectrophotometer in the mid-infrared region, from 4000 cm 1
oy 400 o '.leenaullr.nfliumgpumareslmmmﬁgmel.

Comparison between S5B and Sewage Sludge Compost (S50) for
ﬁgm:u]luﬂl Purposes

Agricultural conversion attempls to advantageously utilize the organic matter and
plant nutrition in biosolids, whereas landfilling and incineration constilule a one-way
fow of energy and material from production to disposal [11]. Biosolids obtain the major-
ity of their organic matter and nutrients from crops cultivated on agricultural fields | 79].
Binsolids are returned to the soil by land application, where they might be used Lo grow
mew crops [B0]. Composting is one of the ways of managing 55 which may be widely ap-
plied in agriculture, horticulture, and forestry o restore degraded land through supplying
high contents of organic matter and nutrients [1,33,79,81-83]. The process of composting is
an aerobic method during which biodegradables are decayed Lo stable humic components
with the participation of microorganisms [79,84]. The final compost product contains a high
amount of decomposed organic matter with low amounts of heavy metals and pathogens
compared with pure 55 [79]. Sewage sludge compost (55C) causes an improvement in
soils and plants when combined with various additives (bulking agents) during the com-
posting process, e.g., straw, bark, rice husk, sawdust, woodchips, and green and dry plant
wasles | 17,79,85]. 55(C and 558 are rich with organic matter and nutrient storage, encour-

151



Int. |. Ereviron. Res. Public Iealth 207, 19, 12963 Gof 3

aging the growth of many beneficial microorganisms, and these organisms have a good
ability to produce various organic acid compounds that help with nuirient availability or
promoting plant growth [38,73,86-88]. Nevertheless, these two types of organic malter are
nol the same in terms of intrinsic properties and environmental impact.

6.1, Nutrient Status

55C with rice husk resulted in substantial elevations in soil nitrogen and carbon,
as well as soluble organic C [79]. Similarly, the addition of digested 55 composted with
sawdust and wondehips affected N content in spodosol and oxisol soils, while S5C inhibited
mineral N production [85]. In contrast, S5B amendment is conductive o promoting,
carbon sequestration, enlarging soil carbon poals, and lessening, the emission of GHGs [53].
55 conlains various nulrients, especially potassium and phosphorous, which are potent
lertilizer sources [#7]. 558 could be a definitive source of F, and it contains a mix of inorganic
polyphosphates, along with intrinsically attached P [90]. The 55 becomes elevalted in
total P following carbonization [77]. This s due to the lower volatility of P during the
carbonization process, which normally entails temperatures ranging from 300 to 900 “C
in dry pyrolysis [91]. The enhancement of total P during carbonization, on the other
hand, is associated with increased P fixing in ash compounds [%2]. S5B contains one o
two orders of magnitude more total P than 55C [93]. It has been widely shown that 556
is most effective for increasing the sorption capacity of soils, outperforming S50 |%4].
Furthermaore, S5 preparation takes longer and involves extra logistics compared with 558,
which is practically ready after the pyrolysis process [83]. Biochar is characterized by its
higher content of stable organic carbon compounds compared with compost, and thus it
slowly decomposes in the soil [68]; thus, it becomes more effective al improving the soil’s
physiochemical properties [25].

6.2. Plant Growth

Compaost (produced from green waste and 55 from municipalities) added 1o sandy soil
in combination with biochar and plant growth-promoting rhizebacterial inoculum resulled
in higher P and K availability due to greater microbial activity [95]. Soil enrichment with
55C may improve conditions for plant growth and resull in slow mineralization and the
slow release of micronutrients from the compost, which are laken up by planis in very small
amounts, depending on the plant and soil conditions [33,34]. In addition to nuirient conlent,
the application of S5C may also creale better soil conditions through an increase in porosity
and bulk density, an improvement in mosture retention and aggregation, and an increase
in soil resilience due to organic matter addition [B1,85]. The positive effect of a proper dose
of 55C on plants has been confirmed in various species, e.g., Mangifera persiciforma [86],
Phaseolus vulgaris | %], Rhamnus [82], and Brassica oleracia |97]. 55C application (once or
twice per rolation cycle) considerably increased the soil content of accessible forms of
copper (Cu) and zine (Zn), which are essential for plant function, according o a study on
enriched brown podzolic soil [83]. S5C increased Zn and Mn levels in grains, whilst Fe and
Mi were accumulated in plant shoots [34]. It was reported that S5C addition resulted in an
increase in the leaf biomass of different trees ((Juercus aculissima, Lirisdendron tulipifera, and
Betula schmidlii) and changed the rees’ physiological par ters, with the simultaneous
accumulation of a safe level of heavy metals both in leaves and in soil [81]. A number
of cereals, tubers, rools, and fibers show positive response o 558 addition in tropical,
subtropical, and even lemperate regions [73].

6.3. Heary Metals and Pesticides

In addition to nutrients, wasle may also contain harmiul substances. Therefore, mon-
itoring, the quality and the dose of 550, based on legal recommendations, is necessary
prior o application thereof in the environmenl. Compaosting is a process by which environ-
mentally harmiul 55 changes ils properties and can be used as a soil additive, which is an
important part of circularity. Composting, limits the solubility and potential bicavailability
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of heavy melals in soils as a resull of their complexation in organic matier [79,%8]. However,
in the context of potential conlamination, e.g., by heavy metals and organic pollutanis, it is
important to monitor the amount and quality of S5C added to soil [99,100]. S5C and S58,
depending on their properties, may produce varying levels of binavailable forms of poten-
tially toxic elements (FTEs) such as Cd, Cr, and Zn when used as soil supplements [ 101].
With repeated applications, S5-derived PTE can contaminate the soil and accumulate in
crops o levels that pose a risk to human and animal health | 102,103]. In broceoli, applying,
550 o the soil resulted in greater levels of Cd and Pl [104]. Swiss chard has been shown o
absorb high amounis of Cu and Zn [105]. Due to its sorption mechanisms, biochar helps
lower high concentrations of soluble metals such as Cd and Zn from polluted soil |25].
Heavy metals were deposited in the topsoil (0-20 cm) of barley grains following, the appli-
cation of 55C, according to the findings of a three-year field study on farmland soil [ 106].
55C should be applied to agriculture al a low rate (150 tons per hectare), acoording, o the
authors. Likewise, it has been confirmed that fresh S5C content has an impact on the disper-
sion of polycyclic aromatic hydrocarbons (PAHS) in soils planted with Festuca arundinaces,
with accumulated PAH in ils tissues |99]. Although composting can effectively remove
some organic contaminants from 55, the levels of some recalcitrant organic pollutanis
(e.g-, polychorodibenzo-p-dioxins and polychorodibenzofurans (FCDD/Fs), polychlori-
nated biphenyl (PCBs), and perfluorinated compounds (PFCs)) sequestrated in organic
fractions may even increase after organic matter decomposition [17]. In addition to the
polential risk of contamination of soil and planis, 55C over-dosing can also increase pH,
which may notl always be suitable for all plants, as in the case of, e.g., the 45% dose of
compost applied to Rhamnws and Myrthus plants [82]. From an environmental standpoint,

is is seen as a viable bechnology for the advanlageous reuse of 55 [ 107]. 55 volume is
decreased by 8% after pyrolysis, and dangerous substances such as pathogenic organisms,
heavy metals, and organic and inorganic components are immobilized in biochar o prevent
leaching [61]. According o reports, 55B's heavy melals are effectively immobilized at
500 “C [66). Ass a result, the binchar produced by pyrolyzing 55 does not contain harmiful
pathogens and is rich in nutrients and carbon [61]. 558 has drawn the attention of most
T hers for minimizing heavy metal accumulate in crops [76] and its potential benefit
of nourishing soil in agriculture fields | 108]. The ash in S5B can have a considerable liming
impact, reducing soil acidity, Mn™, AP, and other heavy metal toxicities [91]. Various
researchers have shown that biochar produced through the pyrolysis method can totally
eliminale microorganisms, stabilize heavy metals in 55, and diminish mineral nutrient
bioavailability [38] In termes of pesticide filtration and carbon sequestration, biochar sur-
passes compost treatments [#]. 558 additions often enhance pesticide adsorplion in soil,
according to a wide number of studies | 108]. The key parameters influencing S5B's sorplion
capability are ils porous structure and chemical ch teristics [42]. The threat of Cu, Mi,
and Zn drainage from 55B-supplemented soil has been observed Lo be negligible [ 109].
Flanis growing on S5C-supplemented soils acquire more FTEs [87], presumably due o
compost-derived FTE's greater leaching ability [17]. As a resull, it has been recommended
that S5C could be used as a soil amendment in foresis but not on farmland [94). Owverall,
558 as a soil amendment appears more appropriate than S5C due o its ability to immobilize
and reduce FTEs.

6.4. Organic Pollutants

The use of S5C has some benefits for soils, plants, and circularity, but its introduction
into the soil requires strict qualitative and quantitative control according to the limits
specified in the current regulations. The microbiology of the soil could be altered by adding
compost bo il S5C-treated soils had higher levels of active microbial biomass than chemical
lertilizer-treated soils [87]. In a lailing environment, the enrichment of microbial comenunity
diversity and an increase in the richness of Proteobacteria and Ascomycols were found in a
treatment consisting of returning alfalfa green manure and 55C [33]. 55 loses pathogens
that are Killed in the thermophilic phase of the process by composting [79]; additionally, the
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use of 55C may minimize plant pathogens | 110]. However, on the other hand, in addition
o the many benefits of 535C, there is also an increase in chemical and microbiological
risks |88]. 55C enhanced the durability of Salmonella enterica, which invaded some planits,
demonstrating the importance of safety concerns [83]. In contrast, no negative effects on the
environment have been docurnented in the preparation of biochar from 55. In many ways,
converting 55 to biochar could be helpful o the environment. Some of them are: reducing,
the volume of sludge abandoned, reducing the cost of disposal, controlling, groundwalter
pollulants, increasing soil carbon sequestration, and reducing GHG emissions [ 111]

6.5. Processing

In addition to the economic aspects of S5C production and transport, ils use in agri-
culture may also be limited by the risk of contamination with heavy melals, pesticides,
insecticides, different organic pollutants, hormones, pharmaceuticals, and detergents,
which may be included in the food chain through soil and plants [17,7%,87]. On the other
hand, pyrolysis is an alternative technology that is dean and cost-efficient for trealing
organic wastes [46]. By luming 55 1o biochar, the volume of 55 could well be greatly
decreased while also controlling environmental contaminants [112].

7. Importance of 55 Conversion from the Perspective of GHG Emission Concerns
7.1. 558 Potential to Reduce GHG Emissions

There are already a number of misconceptions about how biochar affects soil nitrogen
fractions [113,114]. Biochar is also being sugpested as an “electron shultle™ for transferring
electrons to denitrifying bacteria | 115], advancing to the final phase in the denitrification. As
a consequence, Ny, as a greenhouse gas released mostly in agriculture, could be reduced.
(her invesligations and reviews have repeatedly verified this impact. The synthesis of
bacterial N0 reductase was boosted in a study with waler-saturaled soils treated with
biochar, resulting in a reduction in MNz() emissions. Most of the biochar treatments, on
average, decreased N0 emissions by 13% and 38%, respectively [114] This was observed
in a variety of invesligations using various feedstocks, binchar characteristics, and soil
properties. Due o the application of biochar, nitrale concenltrations were found Lo be
reduced by 12% on average [116]. Similarly, a study on calcaresus soil with biochar from Fir
sawdust revealed that emissions of soil-produced Ny were reduced by 37—47%, implying
that the breakdown of NzO o Ny was stimulated at the same time [117]. In fertilized soils,
the reduction in Nz(} emission due to S5B application even reached 879% [78].

In addition, the application of binchar to soils has mitigation potential throwgh decreas-
ing the emissions (or increasing the uptake) of other key GHGs. Studies of sole biochars
produced from different feedstocks have shown various ability to absorb CHy and C05
emissions [118,119]. It was reported thal potalo stem and raspberry stem biochars were
meore efficient in the removal of CHy than wood offcut biochar and sunflower husk biochar,
with lower C0); emissions at the same time | 118]. 558 affects soil properties, e g, increasing
pH, C, N, F, K, and water retention (Table 2), thus changing the conditions for microbial
activity. Improved aeration may enhance methanotroph activity through increased (0 and
(CHy diffusion and, consequently, increase CHja uplake [120]. By improving CHa oxida-
tion, biochar may help to offset GHGs. The impact of biochar on GHG emissions may be
influenced by its properties (e.g., pyrolysis temperature, feedstock, dose), as well as the
land use and soil moisture level [57,77,119-121]. Adding biochar reduced COy emissions in
non-saturated forest soil and improved CH, absorption in saturated soils [121] Microbial
lests confirmed that the stimulation of soil CH, uptake by binchar was correlated with
methanotroph abundance in the soil [118]. This effect was dependent on how long the
biochar stayed in the soil; nevertheless, it significantly increased CHy absorplion at 6%
WHC five years after the usage of the highest dose (3 Mg ha "). The presented resulls
concern biochar produced from many feedstocks; however, the effect of 558 on soil GHG is
still nost fully recognized and requires further research. The mitigating effect of S5B was
observed in a rice plantation, where ils addition to the soil reduced both CHy and NzO

154



Int. |. Ereviron. Res. Public Iealth 207, 19, 12963 120f23

emissions [58]. The effect of S5B on C0, emissions from oxisol was dependent on the
pyrolysis lemperature, and the emission rate increased after the addition of 558 produced at
300 *C and 400 “C, while it was reduced in the pyrolysis condition of 600 “C [77]. Similarly,
the enrichment of luvisol with 558 resulted in increased respiration (when pyrolysis was
at 400 “C), while the (0, emission rale was similar o the soil without the additive when
added 558 was produced at 600 “C |57]. According to reports, each tonne of dry 55 during
dehydration and pyrolysis operation produced around 1.5 t of COy-eq emissions, and
considering the final application approach of 558, at least 0.3 ¢ to 0.9 t of C(-eq emissions
where stored as stable carbon in 558 [ 122-124]. In comparison, under the same scenarios, the
net C outpuls from conventional 55 disposal managements reached at least 25 ¢ of O0y-eq
emisgions per tof dry 55 [122]. Hence, tuming 55 into S5B provides many benefils for the
C balance ower the conwventional disposal of 55. It has been reporied that the main variables
impacting C balance in the 55B soil systern are the waler and C contents of the 55 and the
use of dewalering agents [125]. This demonsirates pyrolysis” capacity for C sequestration
and offers crucial support for the management of 55.

7.2 Comparison between 558 and Other 55 Methods for Managing GHG Emissions
72 1. Landfilling

Landfilling is arguably the easiest approach in terms of disposal management | 126].
By concentrating 55 into a single site, landfilling avoids the release of any 55-borne contam-
inants or diseases | 127,128]. During landfilling. one of the common disposal management
methads, the release of GHGs is inevitable [129]. It has been proven that 55 landfll is
the main cause of leachate transfer to soil depth and direct (0 emission into the atmo-
sphere [130]. In landfills, organic wastes decompose anaerobically, releasing methane
(CHy) gas, which could be discharged into the atmosphere [131]. Other gases emitted by
landfills can emit offensive scents. It has been reported that landfilled 55 may also cause
emissions of 60L6 kg CHy t 7 [131). Low access to ocygen and low initial humidity play
an important role in intensifying GHG emissions [67,132]. In an anaerobic environment,
methanogens are a main determinant of CHa synthesis. A shortage of oxygen characterized
by the rapid decomposition of organic matter during the thermophilic phase (30-50 °C)
near the deposited 55 results in anaerobic areas [133]. Howewver, N2 is the culmination
of a number of reactions that include denitrification and partial nitrification during the
conwversion of NH; to N0y [ 134] The results of GHG emission studies in Greece showed
that 2883 tons of CHy are released from 55 landfill sites annually [10]

722 Incineration

Incineration, as a common disposal management method, plays a major role in the
direct release of (0 into the atmosphere | 1,9,10,18]. Incineration produces (0, and also
other volatile contaminanis into the atmosphere [135,136]. To remove fine particle matter
(fly ash) and volatile impurities from flue gasses, indnerators require complex systems [ 137].
55 incineration, which requires an oxygen-rich condition for the combustion of organic
matter, resulls in 0y emission [129]. As a consequence, incineration is one of the costly 55
remdoval alternatives. In Japan, 70% of 55 is managed by incineration | 138]. For examiple,
the incineration of 55 in Finland produced 237 tons of C0y-eq emissions 9]

723, Composting

In addition to the risks of S5C application o soil, an environmental problem is posed
by the emission of GHGs during the composting, process. The addition of magnesium
chloride is recommended for reducing, GHG emissions and conserving N during, 55 com-
posting [139]. Composting may resull in the release of about 10-15% of GHGs | 140]. For
example, about 26,326 kg OOy, 54 kg CH,, and (.37 kg NpO t ! 55 can be emitted via
compasting [ 141]. OO, emissions are unavoidable during, compaosting, when organic matter
mineralization, temperature, and pH are considerable [142], while CHy and Nz O emis-
sions are major GHGs. However, earlier research has shown that through organic waste
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composting, more than 3040 of total organic carbon and 70-74% of initial iotal nitrogen
are dissipated |143]. The majority of total organic carbon is dissipated in the form of C0;
emissions | 144], whereas 10—46% of total nitrogen is released in the form of NHy [145],
and 0.1-10% in the form of Na0 [146]. In addition, CHy emissions are a consequence of
anaernbic decomposition during composting [147]. Furthermore, it has been noted that
when composting malerial settles and some anaerobic pockets form inside the material,
between 0,01 and 0.03 percent of the initial total organic carbon is released in the form of
CHy [148].

724, Industrial Recovery

The reuse of 55 as building materials (such as bricks and cement) is a method for
the industrial recovery of 55 and dispesal management [149]. GHG emissions from the
production of bricks and cement are 365 and 89,015 kg COz-eqt ! 55, respectively [ 141].
Around 35% of 55 is used as fertilizer in Europe and the Uniled States [ 1,13]. Approximately
3269 kg C0y-eqt ' i produced in the process of converting S5 into fertilizer and using
chemical raw materials such as Hz500y, Na(JH, and NaCI(). The application of the produced
fertilizer also has the polential for CO5-eq emissions of as much as 31,135 kg © T o 55,

8. Socio-Economic Polential of 558

Because of the advanlages of using biochar, il is vital to think about the financial
elements of ils production and use. In practice, binchar is thought Io be less expensive than
other waste dispoaal methods [ 150]. It has been reported that the price of feedstock (LISD
6.71-110/ton) for the production of biochar from a variety of sources, such as agricultural
waste, wood residues, 55, and others, is significantly less than the eost of its production
(USD 51-5668/ 1on), which incdudes labor, storage, and other costs [151]. While the expense
of disposing, of 55 in landfills is assessed to be USD 195,000 per t per year [152]. The
expected market price for produced 558 is roughly USD 246/ ton, which is considerably
cheaper than the cost of manufactured activated carbon (USD 1500/ won) [153]. Al this
cost, annual expenses are covered by the proceeds from the sale of biochar. Additionally,
a significant and long-lasting invisible advantage of 55B is the avoidance of the cosls
associated with treating, transporting, and disposing of bio-waste, as well as any potenfial
environmental risks [154). On the other hand, ils manufacture allows for the use of a
variety of feedstocks, including 55, biowastes such as food waste [65], and fermentation
residues from a farm's biogas station [ 155], all of which contribute 1o the implementation of
a circular economy. According to reports, landfilling, does nolt require a significant financial
investment, but it does produce gas emissions, odors, and the pollution of subsurface
waler [156]. Pyrolysis and incineration are both energy-intensive, reduce 55 volume, and
destroy pathogens and odors; however, pyrolysis is less polluting and results in nutrient
buildup in bicchar. Given the advantages of applying 558 to soil, which include increased
yields and lower GHG emissions, this is an essential choice from both an environmental
and agricultural standpoint. 1t is alse worth mentioning that the environmental impact
of S5B applications is influenced by the scope of study, as long-term field lests may yield
better resulls than more frequent short-term laboratory studies, which eome with their
own set of expenses | 150]. Drying, storage tanks, pyrolysis reactors, cyclones, condensers,
and transport are all included in the expenses of 558 production phases [157]. Biochar
production involves similar phases regandless of the feedstock ulilized, which define stage-
specific prices. Storage, drying, post-processing, and storage are usually the next steps
after the substrate is delivered to the production site and before biochar is applied [ 158].
Because substrate availability and local variables have such a big impact on production
cosls, their contribution to the overall budget varies depending on the biomass and process
circumstances. Overall, the current challenge is o find ways o reduce the cost of producing
biochar and improve ils economy al various slages, such as using arboricultural arising,
reducing transportation costs by producing biochar on a smaller scale near feedstock
sources and application sites, or uwsing closed circuils, such as using the heat from a biogas
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combustion engine for pyrolysis [ 155,159,160]. Because the cost of the feedstock is such
a large part of the overall cost of producing biochar, it is economically reasonable o use
wasle such as 55. Synthesis gas and bio-oils are among the binenergy products of the
pyrolysis process. Breaking the bonds that bind the maolecules of biomass logether is
necessary o extract the chemical energy that is present in the biomass [161]. Synthesis gas
is primarily made up of (0 and Hz, with a little amount of COz and other molecules. [t
burns readily and has a lower energy density than natural gas | 162]. Synthesis gas can be
ulilized as a standalone energy source (for example, in gas turbines) or as an ingredient
for synthetic natural gas, petroleumn, or liquid fuel. The other bicenergy product is bio-oil,
which can be used as a substitute for fuel oil or heating oil | 163]. According o reports, the
yields of 558, tar, and syngas during pyrolysis conditions are roughly 56%, 26%, and 18%,
respectively [164]. Fast pyrolysis, which occurs at high temperatures (500-1000 °C) and
rapid healing rates (>2 Cs 1), releases a significant amount of bic-oil (75%), bingas (13%),
and biochar (12%) [165,166]. The resulting co-pyrolysis gas’ healing value was observed
o be significantly higher than that of natural gas, and it also contained no measurable
hazardous fumigants. To save energy and reduce potential tar and tail gas pollution,
the produced tar and syngas, with heat values of approximately 17-36 M] kg T 1e4]
and 11-22 M] kg 7 [167], respectively, were recycled as fuel alternatives for the pyrolysia
process [168]. However, due to 55 high humidity, pyrolyzing it by itselfl is not an energy-
efficient process. Dewalering before pyrolysis could significantly lower the energy required.
Due ko their abundant energy supply, wasle agricultural plastic films can be ulilized o
complement this approach. Plastic films are usually applied in soil fumigation | 16%]. They
are mostly buried in landfills, which is costly, inefficient, and destructive for the ecosysterm.
If 55 is co-pyrolyzed with high-energy-density substances, such as plastics with energy
densilies ranging from 33 to 46 M] kg it is predicted that the pyrolysis will become
actively sustainable without the need for external energy. Co-pyrolyzation could also creale
exira electricity to achieve farm operalions’ energy needs | 167].

9. Approximate Prediction of Global 55 and C02-eq Emissions from it in 2050

In recent decades, population growth has played an effective role in the production of
55 [18]. Annual 55 productivity and population increase were shown Lo have a Pearson
correlation coefficient of more than 0.75 (p < (L01), which indicates the inevitable effect
of population growth on 55 production [14]. Additionally, a correlation higher than (L8
(p <0.01) between population density and total GHG emissions was reported in [15]. To
calculate the worldwide COy-eq emissions emitted from 55, we used the world population
a5 a basis. There are lwo reasons for this: (1) Despite a limited number of case studies,
dala on 55 production capacity and disposal management from many developing and
undeveloped countries have not been reported due to a lack of thorough studies. For
example, a cdear capacity of annual 55 production is not available in populous countries
such as MNigeria, Ethiopia, and Egypt in Africa, and Indonesia, Pakistan, and Bangladesh.
(2) Some developed countries have not provided a new assessment of annual 55 production
in the last seven years [30]. COp-equivalent calculations could be used o calculate the
global warming potential (GWF) of three greenhouse gases (C0y, CHy, and NzO). Itis
simple o compute the tolal quantity of (O0y-eq emissions produced by using the coefficients
of 1, 25 and 298 COq-eq emissions for OOy, CHy, and Na0), respectively [29]. To evaluate
the current global capacity of 55 in C{0:;-eq emissions and o estimale the capacity for 2050,
we must first determine the total wolume of 55 produced globally. Then, by considering,
different management methods and the amount of (0b-eq emission in each approach, the
total COz-eq emissions emitted worldwide from 55 can be calculated.

According o statistics, the world’s population at the end of 2020 was 7.8 billion, and
this figure is predicted o rise by roughly 20% by 2050 [170,171]. Average waslewaler
and 55 production per capita and day are predicted to be 246 L and (L4 kg (dry solid),
respectively [172,173]. Based on hsistorical data from different countries and previous
studies, the contributions of dispesal methods to annual S5 production were assumed as
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follows: 26 to 70% by incineration (average 48%); 20 to 28% by landfill (average 24%); 14
to 207% by land application in agriculture, horticulture and forestry (average 17%); and 7
to 15% by other methods such as sea dumping, producing building material, and so on
(average 11%) [1,16,38,45,69,174-176]. The potential of four routes of SS management for
CO,-eq emission by tons COz-eqt ' DS (1 CO-eqt ) were considered as follows: 223.02t

t ! by incineration, 1.564 t COz-eqt ! by landfill, 31.125t COz-eqt ' by land
application, and 93.731 1 COy-eq t ! by other management methods [142]. Then, for each
continent, the proportion of the four S5 management methods to CO,-eq emissions was
computed as follows:

CO, t DS = M, (223.02) + M;(1.564) + M3(31.125) + M,(93.731) m

where M;, M, M3, and M represent the contribution percentages of incineration (48%),
landfill (24%), land application (17%), and other management methods (11%), respectively.

Figure 4 is a schematic prediction of SS production in million tons of dry solid per
ymt(Mlmyear ')dd&qmmmm&mmﬂg)lnmmm according to
the latest statistics of conti distrib

2

Fwt(mlwdﬁwdmmuhqummmmwmm
show the share of S5-prod byp age from 6 conti (North and South America,
lmmpe,Asa,Afna:nd(haama)mZm‘lembold bers of the doughnut graphs indi
the total S5 produced in 2020 (black), and the predicted values for 2050 (red) in million t DS. The bar
graphs show CO,-eq emissions from different 5SS managements in 2020 (yellow) and the predicted
values for 2060 (red) in Tg COz-eq t—! DS

Based on population statistics | 170] and the mean capacity of SS produced per capita [171],
the estimation has been made that about 115 Mt DS was produced worldwide in 2020
(Figure 2). Hence, in 2050, this figure will reach 138 Mt DS, due to a 20% increase in world
population [170]. Predictably, an increase in COz-eq emissions is inevitable, so that the COz-eq
emission of 14,139 Tg in 2020 will reach 16,985 Tg (20% increase) in 2050. With 70.4 Mt DS,
Asia was the world’s greatest producer of SS in 2020. This figure will increase to 84.5 Mt DS
by 2050. Moreover, 73% of all Asian SS is produced by China and India, with one-third of the
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global population [170]. According to calculations, the total (0y-eq emission value in Asia
was 8661 Tg in 2020, which will increase to at least 10,395 Tg in 2050,

Following Asia, Africa was the second-largest producer of 55 in the world with 2001 Mt
D5 and 2473 Tg C0p-eq emissions from it in 20X These amounts could reach 24.1 Mt
D5 of 55 and 1235 Tg C0y-eq emissions by 2050. Migeria, Ethiopia and Egypt, the three
most populous countries in Alfrica, produce 31% of the continent’s 55. The other Alrican
countries have an almost equal share of 55 production. Europe and North America have an
almost equal share in the production of 55 and, consequently, C(%-eq emissions in 220
and 2050. The calculated 55 production and COy-eq emissions for these continents in 2020
are about 8.8 Mt DS and about 1070 Tg, COy-eq, respectively. These numbers will increase
o 10.5 Mt DS and 1300 Tg COy-eq emissions in 2050. More than 50% of North American
55 and C0y-eq emissions are produced by the USA. Based on estimates, in 2020, South
America generated 63 Mt D5 of 55 and 775 Tg (0y-eq emissions, with 7.6 Mt DS and
935 Tg C(-eq emissions forecasted for 2050. In South America, Brazil is responsible for
half of this quantity. Finally, Oceania can be recognized as the producer of the lowest 55
and the corresponding emissions in the world with 0.63 and 0.76 Mt DS of 55 in 2020 and
2050, respectively, and about 78 and 94 Tg COz-eq emissions for the same years.

Based on population calculations, the seven major populated countries of the world,
i.e., China, India, the United States, Indonesia, Brazil, Japan, and Russia, have potential lo
produce half of the world's 55 and are responsible for O0y-eq emissions from it [7]. This
illusirates how crucial it is to lake sewage sludge management sericusly in risky counliries,
and by adopting ecologically friendly techniques such as biochar production in densely
populated regions, the amount of GHEG emissions will be greatly decreased.

10. Conclusions

Sewage sludge management strategies should be adopted based on correct facts,
such as population, local economy, and global view. Countries” economic conditions,
population growth rates, and adherence o intermational regulations all have a part in
determining which technical approaches should be used for sewage sludge management.
This review estimated that, based on current disposal '3 ts, C0y-eq emissi
derived from sewage sludge will rise bo 24% in 2050. However, 50% of sewage sludge
and related COy-eq emissions are produced by the seven most populous countries in
the world, and there is no doubt that governments, particularly in high-risk countries,
should implement datory sludg) igement enforcement standards. Developing
countries can also contribute o economic growth by using low-cost technologies such
as binchar production for agriculture in the region, as well as appropriately managing
sewage sludge and minimizing GHG emissions. To achieve this purpose, environmental
monitoring institutions must be mobilized, public awareness must be raised, particularly
among, farmers, and stringent global regulations must be enacted. Comparing this wasle
management method to other options already in use, such as incineration, or direct use in
agriculture, the conversion of sewage sludge into binchar can be more effective. Sewage
sludge biochar is of importance because it provides a variety of purposes, including
isolating (sequestering) carbon in the soil, lowering GHG emissions, enhancing soil quality,
amd acting as a prevenlative measure for environment degradation. Sewage sludge binchar
appears o have better soil amendment polential than sewage sludge compost because of ils
capacily to immobilize pathogens and heavy metals and inhibit plant uptake. Despile these
findings, a careful approach necessitates long-term research inlo crop responsiveness, soil
types, and varied enwvironmental variables. Such research will aid a better understanding,
of the risks associated with employing S5-derived biochar as a soil conditiomer.
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Publikace 10: Modifikovany biochar—nastroj pro ¢isténi odpadnich

vod

Kopecky, M., Kolat, L., Konvalina, P., Strunecky, O., Teodorescu, F., Mraz, P., ... &
Bucur, D. (2020). Modified Biochar—A Tool for Wastewater Treatment. Ener-
gies, 13(20), 5270. DOI: 10.3390/en13205270.

ProtoZze se fosfor v pudach vyskytuje v malém mnozstvi, anebo v rostlindm neptistup-
nych formach, mize byt limitujicim prvkem rostlinné produkce (Cleveland et al.,
2013). V rozvinutych zemich je proto samoziejmosti vyuzivani mineralnich hnojiv.
Loziska koncentrovanych fosfat jsou vSak omezena. Je tedy tieba nakladat s fosfo-
reénymi zdroji racionalné (Cordell et al., 2009).

Na druhé stran¢ je globalnim problémem eutrofizace zivotniho prostiedi,
zejména povrchovych vod (Le Moal et al., 2019). Z velké ¢asti je za ni zodpoveédné
prave nespravné pouzivani zemédé€lskych hnojiv, obzvlasté fosforecnych. Ackoli se v
zemeédelstvi pouziva obrovské mnozstvi téchto hnojiv, rozhodné neni zeméd¢€lska pro-
dukce jedinou cestou, kterou se fosfor do Zivotniho prostiedi dostava. Clovék denné
prostfednictvim mo¢i vyprodukuje praimémné 1 g Cistého fosforu (Vinneras et al.,
2006). V domacnostech je pouzivana fada produktt (zubni pasty, praci prasky) obsa-
hujicich fosfor, ktery kon¢i v odpadnich vodach. V priméru tedy na jednoho ¢lovéka
piipada zhruba 2,3 g fosforu za den (Comber et al., 2013).

V kalovych hospodarstvich Cistiren méstskych odpadnich vod vznika po anae-
robni stabilizaci kalu voda kalova obsahujici az stovky miligramt fosforu v jednom
litru. B&zné jsou koncentrace nizsi, obvykle v rozmezi 2,5-27 mg fosforu-1? (Syko-
rova et al., 2014). Je tedy zfejmé, ze méstské odpadni vody predstavuji zdroj P, jemuz
je tfeba vénovat pozornost a je nezbytné fosfor v maximalni mozné mire recyklovat.

Technologii k odstranéni ¢i recyklaci fosforu z odpadnich vod je vyvinuto
mnoho. V této studii byla testovana metoda, pii které byl pro recyklaci fosforu z ka-
lové vody vyuzit modifikovany biochar (nasyceny roztokem FeCls a poté neutralizo-
vany roztokem NaOH). Krom¢ toho byly testovany agrochemické vlastnosti kalové

vody z komunalni ¢istirny odpadnich vod a struvitu.

167



Potvrdil se predpoklad, Ze z agrochemického hlediska je kalova voda nejlepSim
zdrojem fosforu pro zeméd¢lské plodiny. Piesto jeji pouziti v mnoha zemich kompli-
kuji pravni predpisy a rizika kontaminace zeméd¢lské pudy. Proto bylo pozitivnim
zjisténim, Ze modifikovany biochar pojme tietinu mnozstvi fosforu obsazeného v
bézné pouzivaném zemedélském hnojivu — jednoduchém superfosfatu. Tento fosfor je
1épe ptistupny rostlinam nez struvit, ktery vznikéd spontanné pii nakladani s kalem.

Ovéfovanou technologii recyklace fosforu pomoci modifikovaného biocharu
Ize vyrobit dva druhy fosfore¢nych hnojiv: fosfore¢nan zelezity (moznost opakova-
ného pouziti filtru) a fosforem nasyceny biochar. Pozitivni vlastnosti biocharu na
pudni vlastnosti byly shrnuty v predchozim textu. Vysledky tohoto vyzkumu dokazuji,
ze navrzeny zpusob recyklace fosforu z odpadnich vod Ize aplikovat v technologické

praxi.
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Abstract: Global deposits of concentrated phosphates, which are a necessary source for the production
of phosphate fertilizers, are limited. These reserves keep getting thinner, and every day, large amounts
of phosphorus end up inwatercourses. In this study, we verified that modified biochar (saturated
with FeCly solution and then neutralized with NaOH solution) can adsorb significant amounts of
phosphorus from wastewater. Moreover, the agrochemical qualities of sludge water from a municipal
wastewater treatment plant, struvite, phosphorus-saturated biochar, and iron(III} phosphate from a
reused biochar filter were tested in this shudy. We determined the amount of mobile phosphorus
as well as the amount of extractable phosphorus and its five fractions. It was found that modified
biochar can hold one-third of the phosphorus amount contained in the commeonly used agricultural
fertilizer simple superphosphate (1 % 10° g of modified biochar captures up to 279 x 10° g of P).
Moreover, plants can more easily access phosphorus biochar fractions than struvite, which is formed
spontaneously during sludge management. The results of this research prove that the proposed
method of recycling phosphorus from wastewater can be applied in technological practice.

Keywords: biochar; fertilizer; iron(IIT) phosphate; phosphorus; purification; recycling; wastewater

1. Introduction

horus (F} is the 11th most abundant element in the Earth's surface (reaching approximately
4x 10" g of P) and is, therefore, not considered to be geochemically rare [1]. However, the lack
of highly concentrated phosphate reserves has been discussed [2] and, from a practical standpoint,
can be considered norrrenewable [3]. Phosphate deposits are also unevenly distributed worldwide [4].
For example, Morocco accounts for nearly 50% of natural P deposits [5].

About 90% of worldwide fossil phosphates are used for fertilizer production [6]. Mineral
fertilizers are used in intensive farming systems worldwide. At the turn of the millennium,
about 1 x 104 gP- ha~! was applied annually to agricultural land worldwide. In Europe, however,
this value was 2.5 X 104 g P - ha™! - year™! [7]. The total consumption of P fertilizers in the European
Union (EU-27} is almost 1.4 x 108 g - year~1 [8].

Energies 2020, 13, 5270; doi: 10.330en] 3205270 www.mdpicomfjoumalienergies
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Careless use of phosphorus fertilizers has led to eutrophication problems in developed and large
developing countries [9]. A major problem respeonsible for agrochemicals (incuding P) escaping from
fields is erosion [10]. This also is due to the fact that the efficiency of P fertilizer uptake by plants ranges
only from 10 to 25% [11]. Because of this, eutrophication is a global problem causing a decline in the
quality of both fresh and marine water worldwide [12]. The continuing high levels of phosphorus
keeching into water ecosystems will accelerate harmful processes such as algal blooms or hypoxia in
aquatic ecosystems [13], which will lead to significant ecosystem changes and to endangerment of a
significant number of species [14]. This is one of the most visible examples of biosphere changes due
to human activities [15].

The problems caused by excess phosphorus in the wild are, therefore, unquestionable. On the
other hand, phosphorus is a limited element for primary production in agricultural ecosystems [15],
and the availability of P in agricultural soils is becoming a global problem [17]. Phesphorus is limited
either because it is present in insufficient amounts in soils or in forms that are inaccessible to plants.
These factors subsequently lead to a decrease in agricultural production [18].

The P cycle in the soil, and consequently other parts in the environment, is influenced not only
by the intensity of sorption processes in the soil but also by the type and form of the phosphorus
source, the climate, the microbial activity of the soil, and the plants themselves. Complex edaphic
processes lead to P immeobilization in soil, hampering its timely and sufficient availability for uptake by
plants [19]. P can also accumulate significantly in soil despite the current decline in its plant-accessible
forms [20]. Therefore, balancing the complete soil system is the only reliable solution. This also takes
into account, in addition to omnidirectional inputs and outputs, P transformations and eycles in the
soil [21].

In the P cycle, including mining and processing, there are significant losses through its use and
consumption. In the face of P deficiency, it is a challenge to minimize these losses and use P asefficiently
as possible [22]. Estimates when reserves of P fossil resources will be depleted vary. For example,
Scholz and Wellmer [23] do net think this will happen in the coming decades. Cabeza et al. [24]
predicted that global P resources will be depleted in 70175 years. Cordell and White [1] discussed
in detail many aspects of P reserves, mining, and consumption, and they explained why it is almost
impossible to accurately predict the depletion of P reserves. However, there is general agreement that
depletion will take place sooner or later.

While agriculture is the largest consumer of non-renewable phosphorus sources, it is not the only
source of P ending up in water resources. For example, it is known that one person produces about 550
liters of urine per year [25], which contains about 365 g of P [26]. By converting this amount, we find
that the wasteswater of a city with 100,000 inhabitants contains 150 m? of urine per day with 1 x 108 g
of pure F. However, a number of products containing F are used in households (for example, washing
powders, toothpastes), which also reach the wastewater. Thus, on average, there is approximately
2.3 g of P for one person per day [27]. It is therefore clear that urban wastewater is a source of P that
needs to be addressed.

Sludge water is an even richer source of F. It is produced from wastewater during sludge
management in urban wastewater treatment plants after anaerobic sludge stabilization. It often contains
up to tens of g/L of F, although much lower concentrations are also common (2.5-27.0 g % 1072 P/L) [28].
Sewage sludge is a seemingly accessible source of P for soil fertilization. However, there is risk of soil
contamination; therefore, use of shadge is subject to strict legislation in developed countries. For this
reason, farmers have limited interest in the use of sewage sludge for fertilization [29].

Due to the above-mentioned reasons (limited reserves of P resources, eutrophication of water,
etc.), it is necessary to recycle P as much as possible. Especially in developed countries, but also in
developing countries, the issue of P recovery from wastewater has been given considerable attention.
A large number of technologies have already been developed for recycling F, or at least removing it
from wastewater. Only some of them are outlined below.
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Currently, precipitation of struvite (MgNHPOy - 6Ha0) from sludge water after anaerobic sludge
stabilization is considered the most promising method. Struvite is formed spontanecusly at higher
pH or in the presence angz‘* salts in sludge waters. With this technology, the struvite precipitation
efficiency depends mainly on the Mg:INH4:P ratio and the pH of the sludge water. The molar ratio
of Mg:F should be 1.3:1 [30] with an optimum pH = 9, but a pH of 8.5 is sufficient [31]. Struvite is
also known as a P fertilizer for soil [32,33]. It is a poorly soluble, crystalline substance that slowly
eleases both P and nitrogen into the soil [34]. However, further examination of whether P recycling
technologies, crystallization precipitation technologies, etc., reduce P accessibility are needed.

Crystallization of P is another technology [35]. The process works well mainly at higher P
concentrations in sludge water. It crystallizes calcium phosphate with crystallization cores, which are
sand, slag, or diatomaceous earth particles ina fluidized bed reactor. The most promising crystallization
technology is struvite crystallization.

The recovery of P is also possible using ion exchange. PO,*" is removed from sludge water by
porous P-selective media, exchanging with cations such as CI” to produce P-depleted effluent while
maintaining charge neutrality in the solid media [36].

Adsorption is another group of technologies. Sorbents with Fe, Ca, and Al are used whose
interactionwith POy~ leads to the formation of hy droxy lapatite or vivianite minerals, toionexchange by
surface adsorption or internal ion exchange, or to the creation of hardly definable clusters. The sorbents
used are fly ash, Fe oxides, blast furnace slag, and bauxite extraction wastes. Again, these technologies
are suitable when there are higher concentrations of P in sludge water and the plant-accessibility of P
in the produet is low [37].

Phosphorus remeval by magnetic microsorbents, such as carbonyl iron particles [38], or FeaOy
nanoparticles embedded in an 5i0; matrix coated with P-selective ZnFeZr [39] is based on principles
similar to adsorption. Magnetic microsorbents are adsorbent materials that have magnetic properties
when suspended inwastewater. Nutrients adsorbed on magnetic media are recovered by capturing
the suspended media using high-gradient magnetic separators, with subsequent regeneration and
precipitation from the regenerant [40].

Other methods used for wastewater treatment include, for example, artificial wetlands [41].
Another method is the biclogical removal of P using polyphosphate-accumulating bacteria [42].
This microbial process is called enhanced biological phospherus removal and has, in practice,
been incorporated into numerous activated sludge treatment plants [43]. Capturing F with biomass is
also promising, Cyanobacteria (Phormidium bohineri, Rhodobacter capsulatus), algae (Chlorella vulgaris),
or algae with macrophytes (Chlorella vulgaris and Lemna minuskula) are commonly used.

In the case of phosphorus in terrestrial ecosystems, the total phosphorus in soil is present in a
large number of fractions. Most fractions contain P that is in a form not accessible to plants. Forms of P
in the soil that have minimal importance in plant nutrition are usually iron phosphates, phosphorus
from nen-hy drolysable organophosphates, non-extractable (residual) phosphorus, and phosphorus
from specific organophosphates (bound in humification products) [44].

Phosphorus from sewage sludge, sludge water, and other forms bound to an easily hydrolysable,
and thus degradable, organic matter are easily accessible to plants [45]. Generally, mobile organic and
inorganic phosphorus are critical for plants, especially phosphorus in soil solution, microbial biomass,
mobile and potentially accessible organic phosphorus, and mobile and potentially accessible inorganie
phosphorus. The mobile P fraction (Prep) encompasses P present in anions of water-soluble, inorganic
salts and P present in easily mineralizable, organic forms. The extractable P fraction (Pexir) denotes
the sum of calcium (Ca-F), aluminum (A}-F), and ferric (Fe-F) phosphates [46]. Ca-P can be divided
into three categories: CaP-1, CaP-II, and CaP-IIL Simply put, a higher Roman numeral indicates a
reduced availability of P for plants. AL-P is even less accessible, and Fe-F shows an even worse degree
of availability [47].

It is therefore clear from the text above that when considering the source of P as a plant nutrient,
the amount of P in the product should be taken into account as well as its form and, hence, accessibility
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to plants. This research assumes the possibility of using modified biochar as a phosphorus sorbent in
wastewater and, subsequently, as an easily accessible source of phospherus for plants. The aim is to
purify wastewater by removing phosphorus and, thus, reduce the amount that enters the environment
as well as obtain a high-quality phosphorus fertilizer with high added value.

2. Material and Methods

21. Origin and Characteristics of Products 1 and 2

Product 1 was sludge water. Water was taken in September 2018 from the central wastewater
treatment plant in Prague (Bubene&, part of the city) after it passed through a sedimentation tank.
Prior to sampling, phosphate precipitation was stopped. The sludge water had a temperature of
16 °C and pH 7.2. The concentration of P was 4.9 » 1072 g PO;B'JFL,, and total phosphorus was
62x 1072 g P/L.

Struvite (Product 2), which is generated spontaneously in the presence of Mgz*' in wastewater
treatment plants, was also kested. Struvite precipitation from sludge water was carried out in a six-basin
coagulation mixer for 24 h according to the methodology described by Sykorova etal. [28]. Product
3, phosphorus-saturated biochar, and Product 4, iron(Ill) phosphate {[Fe(POy)3]5), are newly tested
products whose technical development is described below.

2.2, The Essence of the Technical Method to Obtain Products 3 and 4

Recycling sorption technologies have been designed and tested. The sorbent was a biochar filter.
Its sorption capacity was saturated with FeCls solution {10%), neutralized with NaOH solution (5%),
and then washed with water.

Afterwashing the saturated biochar filter with clean water, purified wastewater was pumped
through the filter from the sewage treatment plant (the location of the biochar filter in the water
purification process is shown in Figure 1). If P-rich sludgewater from the treatment plant (after anaerobic
sludge stabilization) is to be used, it must be cleared of suspended organic substances via sand filtration,
and possibly also by activation, because the organic substances can quickly clog the biochar filter.
After reaching the sorption capacity of the filter, it was then possible to select from two methods to use

the obtained material.
Wastewater Bar screen |:: Sand trap ‘ Grease trap
A

Activation i | Precipi [aTlon Biochar filter ) SEdII'I'I.EntitIDﬁ
y of struvite | tank

- g :> Sludge

-_\/' I :> management

Second ., \
sedimentation > Pu[nhed
cylinder i Wailewater .

Figure 1. Wastewater management process.
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If the other method is followed, in which the filter is used repeatedly, then Product 4 (iron(III)
phosphate) is obtained. The filter was washed with dilute HCI (pH of washing solution = 5.5).
The solution was then neutralized with NaOH to pH = 8 to give iron([ll) phosphate. The filter was
again ready for use after re-saturation with iron.

2.3. Description of the Practical Implementation of Products 3 and 4

In the experiment, 200 g of biochar was used. The biochar was made from coconut shells via
carbonization at a temperature of up to 350 °C, then mixing with a 10% FeCl; solution, and finally
lkeaving at 20 °C for 12 h. A fter filtration, a 5% NaOH solution was allowed to flow through the wet
biochar until the pH at the effluent remained unchanged. This was followed by washing with water
until the pH at the effluent remained unchanged. Dry matter was found in the wet product after
removing the water,

A phosphate solution was brought to the filker. Concentrations of 0, 20, 40, 60, 80, and 100 % 103 gPL
were used. The absorbed amount of P per 1 g of modified biochar and the equilibrium concentration
of P in the solution after absorption were determined. A chart was then created in which the absorbed
amount (g - 10~3 Pfg of sorbent) was written on the vertical axis and the concentration of P (g/L of the
equilibrium solution) en the horizontal axis. The chart showed how much P the biochar was able to capture.
The empirical Freundlich isotherm for phosphorus adsorption was used:

q=Kpxc/" (1)
where q is the sorbed P (g - 103 F/g of sorbent), Kf is the Freundlich partitioning coefficient, ¢ is the
equilibrium P concentration in the supernatant selution (g - 1072 F/L), and 1/n is the sorption intensity.
24. Evaluation of Fertilizer Product Quality

Consequently, the following fertilizers were used to evaluate the fertilizer efficiency:

Original sludge water,
Struvite precipitated from shudge water,

Phosphorus-saturated biochar, and
Iron(IIl) phosphate from a reused biochar filter.

Lo S

Due to the low mobility of P in soil, long-term contact of the P source with soil was simulated to
assess the agrochemical quality of the obtained fertilizer products.

A sample of Haplic Cambisol (Table 1) soil was saturated with water to maximum capillary
capacity, released from the Kopecky cylinder, and crushed and combined with the investigated P
source in a 1 L polyethy lene bottle. To obtain measurable results, a higher total P addition was chosen
{the same for all four phosphorous sources), namely 6.2 x 1073 g P per 1 g of soil. Thus, the sludge
water had to be concentrated by evaporation in a water bath to one tenth of the volume. The bottle
was sealed and shaken on a rotary shaker for 24 h. Afterwards, it was stored in a thermostat at 28 "C
for 3 days. After removal from the thermostat, the bottle was emptied into a flat photographic dish,
aerated, returned to the polyethylene bottle, and the evaporated water was added. This procedure was
epeated 5 limes.

Table 1. Phospharus in Haplic Cambisol soil before the experiment ( + SD; Mehlich IT).

Prmabs Pextr Pnr.g Piat
CaP1 CaPIl  CaPIN AP FeP

g-10-*  (g-10-? g-10% (g 10-*

Jg10%)  jge1ehy  (BPetd (iPow)  CoPaw)  (WPow)  (hPo) Jg-10h  jg-10%

25+4 138 +£17 10 14 22 26 28 294+323 1828+ 22
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Upon completion of preparing the experimental soil, the mobile phosphorus as well as extractable
soil phosphorus and its five fractions (CaP-I, CaP-II, and CaP-III fractions, which are easily accessible to
plants, and AP and Fe-F) were determined. Pmob was analyzed according Kovar and Piezinsky [48].
Paxyr was analyzed according to Ginzburg and Lebedeva [49]. Following this procedure, 1 g of soil was
extracted successively with 1% (NHg )50y (pH 4.8), 0.5 N CHyCOCH (pH 4.2), 0.5 N NHyF {pH 8.5),
0.1 N NaOH, and 0.5 N H;50y. Fractionation of organic P was not performed in this experiment.

Data were analyzed using STATISTICA (version 12, TIBCO Software Inc., Palo Alto, CA 94304
USA). One-way analysis of variance (ANOVA) with a subsequent post hoc Tukey test was used to
analyze differences between P sources. The level of significance for all analyses was p < 0.05.

3. Results and Discussion

3.1. Efficiency of Sorption

This study of recyeling phosphorus from wastewater using biochar brought attention-grabbing
results. From Figume 2, it can be seen that the capacily of the modified biochar was 2793 mg of P -
g‘l of sorbent. In other words, 1 g of given biochar (in the described treatment) at the maximum
test concentration of the original solution (100 g x 103 P/L) was able to eaphure 27.93 X 1073 g of
P (with a sorption efficiency of 27.9%), ie., 6.4 X 102 g of P,0g. For comparison, the classic, simple
superphosphate P fertilizer contains about 16 % P> Os.

3s
30 27.58 3793 2758 27.93
2009 o 0,09
0 T L
&2
E 20 o e B
5 . 006
5 | e
T 5
a a1am g
E ERE .5 R
2
w 10
362
3 #0220 S
L]
0
o 10 20 0 a0 50 50 70 80 %0 100

g-10% P/ L of solution

O Original solution  © Equilibrium solution

Figure 2, Adsorbed amount of phosphorus at different concentrations of solution.

However, a higher sorption efficiency was recorded in concentrations of 40-80 g - 10 F/L,
and a maximum of 34.5% P was purified from the wastewater. Nonetheless, the amount of adsorbed
phosphorus was lower. If there was only 20 x 10~ g P/L in the wastewater, 1 g of biochar would
only capture 3.6 x 1072 g of P The P content in the wastewater was reduced by less than one fifth
{from 20 x 103 gP/Ltol64x 1073 g PL).
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The Freundlich equation, which gives an expression that defines the surface heterogeneity and the
exponential distribution of active sites and their energies, has the form q = 8.625 x c/%7%, where the
coefficient of determination (R2) is 0.86. In this context, it should be noted that the sorption properties
of different biochars may be quite different depending on the type of pyrolysed organic matter or the
temperature during the process [50].

Compared to technologies that employ struvite precipitation, sorption by a biochar filter appears
to be less effective. The efficiency of P removal from wastewater by struvite precipitation is mentioned
in the literabure to be more than 90°%G [51]. For this reason, struvite precipitation should not be neglected
in the wastewater treatment process, but instead placed behind the biochar filter.

3.2 Quality of Products

Four products were obtained from sludge management, which can be used as phosphorus
fertilizers, and were analyzed. Differences in phosphorus content between various fractions (Figure 3)
were found {one-way ANOVA, Fy 34253y = 34,153, p < 0.0001).

aoa

2

g

o

Armount of P (g 'ID'ang 10 afP snLrce)
8 & & 82
=
=1
B
1= el

a . | a

1

Struvite Iron{l1) phosphate [
Biochar ") phocp Shudge water EP:L

Product EBF o

g

=

Figure 3. Phosphorus in Haplic Cambisol soil after addition of 6.2 % 1073 g of P (in phosphorus
souree)g of soil (Mehlich IT). Vertical bars denote (.95 confidence intervals. Significant differences
between the concentrations of different kinds of phosphorus among the tested extraction products are
shown in small letters (Tikey's honest significance test).

The experiment proved that the original sludge water contained the highest amount of total
phosphorus, including the Ppg, fraction, which is erucial for plant nutrition. The Porg content was also
the highest in sludge water, followed by struvite. In the biochar and iron (IIT) phosphate products,
the amount of Porg was the lowest. The same order of values of phosphorus content was found in the
Paxy fraction.
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From the above, it seems that the application of sludge water to soil would be the most beneficial
from a plant nutrition standpoint. However, the disadvantage of using sludge water is its high transport
costs caused by the high water content [52]. Wider use of water sludge has also been hampered by strict
kegislative rules [53]. This is because sludge can contain harmful organic and inorganic contaminants,
and in some cases the application of sludge to agricultural land can contaminate water, soil, and the
food chain [54].

If we do not take into account waslewater, struvite contained the most P and may appear to be the
best fertilizing product at first glance. It is also often rated as an excellent, slowly soluble F fertilizer in
the literature [32,55,56]. However, from an agricultural point of view, the agrochemical quality of the
obtained phosphorus sources is essential. Phosphorus is extremely immobile in soil [57], and its losses
by washout from the soil are negligible. Moreover, the amount of P in agricultural soils is still relatively
small compared to what plants need in terrestrial agroecosystems [58]. The assumption that low
solubility of P fertilizers is an advantage for fertilization and plant nutrition is, therefore, not justified.
As many accessible forms of phesphorus as possible are required in agricultural practice. The quality of
struvite as a P ferftilizer and its solubility were covered in Degryse et al. [59]. They assumed that struvite
is considered by many authors to be a quality P fertilizer, as their results are based on experiments
where struvite was mixed directly into soil in powder form. Nevertheless, in agricultural practice,
struvite must be applied to fields in the form of granules. However, this form of struvite greatly reduces
its solubility. Solubility is also significantly influenced by the soil pH. Intensive biological activity also
plays an important role in this context [60,61]. Thus, struvite as a phosphorus fertilizer is not optimal.

The distribution of Peyy into fractions according to plant accessibility is shown in Figure 4.
From the point of view of plant accessibility, the most important fractions were CaP-I and CaP-IL As far
as these fractions are concemed, better results were found for products based on the use of biochar
in comparison to struvite. Furthermore, both biochar-based products have fewer plant-inaccessible
CaP-III fractions than struvite. If we compare phosphorus-saturated biochar and iron(III) phosphate
from an agrochemical point of view, phosphorus-saturated biochar seemed to be slightly better.
In addition, biochar itself has a number of properties that improve the soil [62,63]. The influence
of biochar on the increase in soil water retention capacity [64] in support of biological activity [565]
was described. Biochar is also important for climate protection because it can sequester carbon [66].
Compared to struvite, both biochar-based products have fewer plant-inaccessible CaP-III fractions.
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The price of biochar is the main factor to consider, from an economic perspective,
when implementing this technology. However, these costs can vary greatly over time, location,
and input materials. Data on the price of biochar in specialized literature are different. According
to Jirka and Tomlinson [67] the global mean price of 1 % 10° g of biochar is 2.65 USD. Vochozka
et al. [68] report 0.3-0.5 EUR per 1 x 10° g Latawiec et al. [69] claim that the potential benefits of
its use outweigh the great labor cost, and as a result biochar is 617% more expensive than common
fertilizers. Nonetheless, biochar should not be valued via conventional nutrient optics (as fertilizer),
nor as a biofuel. Tt should be priced, rather, for its soil-improving properties [70]. On the other hand,
smaller-scale biochar production near feedstock sources and/or application sites that incorporate
energy recovery can further reduce production costs, reaching close to zero. In addition, biochar
cost could be further reduced when combined with other new technologies, for example novel
thermosiphon-powered reverse osmosis [71] or solar thermal heating applications [72]. Therefore,
its use and importance has increased in recent years [73]. Given the additional benefits from biochar
use, such as carbon sequestration, farmers could also benefit from eventual payments for ecosystem
services to leverage the costs and contribute to global goals to combat climate change [69].

4. Conclusions

The presumption that, from an agrochemical point of view, sludge water would be the best
source of phosphorus for agricultural crops was confirmed (it contained the most phosphorus in
all fractions). Nevertheless, its use in many countries is hindered by legal regulations. Therefore,
other possibilities of using wastewater as a source of fertilizer for plants were investigated. We found
that biochar can be successfully used in the wastewater treatment proaess as a phosphorus sorbent.
Modified biochar in the amount of 1 % 105 g can capture 2.79 x 1? g of P With this method of
recyeling, two types of products (phosphorous fertilizers) can be produced: iren({Ill} phosphate
({possibility of repeated filter use) and phosphorus-saturated biochar. In addition to phosphorus,
the latter product also supplies biochar to the soil, which is widely recognized to improve soil.
Phosphorus-saturated biochar and iron(III) phosphate had good fertilizing properties; they contained
a total of 61.5 and 59.6 g x 103 Flg- 10° of soil, respectively, in easily accessible fractions CaP-I and
CaP-IL Struvite, which is created spontaneously in wastewater treatment plants, contained only
477 gx 103 Pfg- 10° of soil in easily accessible fractions. It contained an especially low accessible
CaP-1II fraction (116.6 g x 10°? Plg- 10° of soil). Such fractions may be a source of P nutrients in the
long-term, but they are unsuitable as an accessible fertilizer.

Highlights
«  Retrieval of phosphorus from wastewater by a biochar filter

# Obtaining a soil improver containing easily plant-accessible phosphorus

#  The technology has the potential for use in waste management and agriculture
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6 Zavér

Pidni organickd hmota je nezastupitelnou slozkou vSech zeméd¢€lskych ptd. Pady bo-
haté na kvalitni organickou hmotu jsou kypr¢, snadno se zpracovavaji, dobie hospodari
svodou i Zivinami a diky tmavsi barvé se i rychleji prohiivaji. O jejim vyznamu pro
pudni irodnost nemuze byt pochyb. Ne kazda latka organického ptivodu ale musi byt
nutné piinosem pro kvalitu pid. Nejen mezi potencialnimi zdroji organické hmoty, ale
I organickou hmotou v pidé¢, jsou znac¢né rozdily.

Pro ¢innost ptidnich mikroorganismi je nutny kvalitni zdroj energie. Tim jsou
zejména labilni frakce ptadni organické hmoty, které zaroven slouzi jako citlivé uka-
zatele zmén kvality organické hmoty. Vhodnymi indikatory jejich pfemeén, jez jsou
vyvolavany riiznymi typy hospodateni, jsou obsahy vodou extrahovatelného organic-
kého dusiku a uhliku a obsah dusiku v partikularni organické hmot¢.

V trodné pde¢ vSak museji byt zastoupeny 1 frakce ponékud stabilni, které mo-
hou diky svym vlastnostem zvySovat ptidni urodnost prostfednictvim své kationtové
vyménné kapacity nebo diky pozitivnimu vlivu na pidni strukturu. Nejstabilngjsi or-
ganické latky pak mohou dlouhodobé ukladat uhlik do ptidy a sniZzovat tak jeho kon-
centraci v atmosféte. Je proto zadouci zvysit zasoby jak labilnich, tak i stabilnich fo-
rem organické hmoty v pude. V této praci byla predstavena jednoducha laboratorni
metoda, kterou lze v pidnim vzorku kvantifikovat mnozstvi frakci relativné labilnich
a relativné stabilnich. Ma-li byt organicka hmota povazovana za prostfedek pro
sekvestraci uhliku, musi byt specifikovan ¢asovy horizont, po ktery se s uloZzenim uh-
liku do pady uvazuje.

Pomérné novym fenoménem je vyuziti biocharu v zemédélstvi. Diive se v od-
bornych publikacich objevovaly nekritické nazory popisujici biochar jako idedlni
pudni zlepSovac. S rostoucim poétem provedenych vyzkumi se ale charakter zvetej-
novanych textll zaal ménit. Je vZdy nutné brat v potaz specifické vlastnosti ur¢itého
biocharu a odpovédi dané pudy na jeho pfitomnost. Vlastnosti biocharu se mohou z4-
sadné li$it v zavislosti na vstupnim materialu, podminkach pyrolyzniho procesu 1 pfi-
padné nasledné uprave. Tato prace mize na zéklad€ nékolika provedenych pokust po-
zitivni ucinky konkrétnich biochar na piidni trodnost potvrdit. Aby mohl byt vliv
biocharu na pidu a jeji irodnost detailn¢ objasnén a popsan, je nezbytné provést fadu
dalsich laboratornich i terénnich vyzkumi. Zasadni otazkou, ktera v této praci feSena

nebyla, zistava ekonomickd stranka vyroby a vyuZiti biocharu v zemédélské praxi.
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,»Lhere is no such thing as a post-agricultural society* (Holmberg et al., 1991).
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Seznam pouzitych zkratek

Pidni organickd hmota — POH

Primarni pidni organicka hmota — PPOH
Kationtova vyménna kapacita — KVK
Historicky black carbon — HBC
Antropogenni black carbon — ABC




