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ISradimas skirtas lignoceliuliozinés bioanglies vakuuminiams hidrofiliskumo didinimo jrenginiams ir badui.
Bioanglies hidrofiliskumo didinimo jrenginj sudaro ramnolipidinés medZiagos tirpalo talpa, sujungta su bioanglies
vakuuminio apdorojimo talpa, kurios apatinéje dalyje, uZpildytoje ramnolipidinés medZiagos tirpalu, jrengtas
kaitinimo elementas, o virSutinéje dalyje, atskirtoje nuo apatinés perforuota pertvara, jrengta bioanglies vakuuminio
apdorojimo ramnolipidinés medziagos garais talpa, sujungta su vakuumine pompa ir turinti bioanglies uZpildo
maiSytuvg. Bade bioanglies hidrofiliskumo didinimui naudojami ramnolipidinés medziagos tirpalo garai, jkaitinti iki
100-105 °C, esant 99 990 Pa - 1333 Pa dydZio vakuumui, sukurtam vakuumine pompa bioanglies apdorojimo
talpoje.
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ISRADIMO SRITIS

ISradimas skirtas lignoceliuliozinés bioanglies hidrofiliSkumo didinimo
jrenginiams ir badui, konkrec&iai — vakuuminiams jrenginiams, skirtiems sukurti slégio
pokycCius tarp bioanglies daleliy ir didinti skys¢iy infiltracijai ir eksfiltracijai i8 bioanglies
pory, dél ko yra paveikiamas ne tik iSorinis, bet ir vidinis bioanglies pory pavirSius.
Tokiu bidu didéja bioanglies geba sulaikyti vandenj bei chemines medziagas. Tokia
modifikuota bioanglis gali bati naudojama jvairiose aplinkosauginése technologijose,
pavyzdziui, biofiltracinése sistemose didinant drégmés iSlaikymo trukme bioanglyje,
didinant cheminiy medziagy sulaikymg bioanglyje, sumazinant vandens sunaudojimg
aplinkosauginése technologinése sistemose, didinant organiniy terSaly skaidymo
efektyvumg esant maZesniam vandens sunaudojimui, gerinant mikroorganizmy

gyvavimo sglygas.

TECHNIKOS LYGIS

Bioanglies hidrofiliSkumo didinimo jrenginys ir bldas gali bdti taikomi i$ bet
kokios pradinés lignoceliuliozinés Zaliavos gautos bioanglies fizikiniy ir cheminiy
savybiy, susijusiy su bioanglies hidrofiliSkumo didinimu, gerinimui. Vakuuminé
technologija yra pranaSesné uz jprastg bioanglies prisotinimg vandeniniu tirpalu, kuris
paprastai paveikia tik iSorinj pavirSiy bei mazag bioanglies vidinio pavirSiaus dal].
Bioanglis gaunama biomasés pirolizés bldu. Gauta bioanglis véliau veikiama
vakuumu ir pavirSiaus aktyvios medziagos (PAM) tirpalu. Bioanglies poveikis po
pirolizés reikalingas bioanglies vidiniam pory tdriui ir pavir§iaus plotui padidinti.
Bioanglies veikimas ramnolipidinio tirpalo garais po pirolizés tikslas — padidinti
bioanglies vidinj pory tarj ir pavirSiaus plota, pasalinti Zalingus kondensuotus junginius
i$ bioanglies pory bei jtraukti | bioanglies struktirg biologinés kilmés junginius, ir tai
geriausiai galima pasiekti modifikuojant bioanglies chemines ir fizikines savybes,
naudojantis ramnolipidinio tirpalo garais. Poveikis vakuumu paskatina tirpalo infiltracijg
j ir eksfiltracijg i$ bioanglies pory, dél to yra pagreitinamas dervy kondensuoty junginiy
pasisalinimas i$ bioanglies pory. Poveikis tirpalu naudojamas dél trijy priezasciy: 1)
padidinti bioanglies poringos struktiros pavirsiy; 2) neutralizuoti bioanglies pH; 3)
pasalinti dervy junginius i$ bioanglies pory.

Sio isradimo prototipu laikytinas JAV patentas Nr. US9809502. Technologija,
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aprasyta Siame iSradime, apima bioanglies patalpinimg j vakuumine talpg. | jg jpilamas
drékinimo didinimo agentas bei sukuriamas vakuumas, naudojantis vakuumine
pompa, sujungta su vakuumine Zarnele, turin€ia sklende. Kuomet sklendé j talpg yra
uZdaryta, slégis talpoje sumazéja nuo 99,99 kPa iki 1,33 kPa. Bioanglis gali bati
laikoma vakuume nuo keliy sekundziy iki 100 minuéiy. Drékimo didinimo agentas
patenka j vakuumine talpg per zarnele, atidarius sklende. Atidarius sklende, poveikio
tirpalas naudojamas bioanglies pory pavirSiui modifikuoti. Vakuumas gali bdati
sukuriamas jau bioanglj paveikus tirpalu arba tuo metu, kai tirpalas patenka | talpa.
Talpoje bioanglis maiSoma maiSykle. Po to, ramnolipidiniu tirpalu prisotinta bioanglis
gali bati veikiama oro srove pertekliniam vandeniui i§ bioanglies pa3alinti. Tokiu bldu
modifikuota bioanglis dar gali bati impregnuojama priedais dél papildomy pory

pavirSiaus savybiy iSvystymo.

Prototipo trikumu galima laikyti tai, kad bioanglj siGloma modifikuoti tirpalu.
Kitaip nei garai, reagento skystoji fazé paveikia tik bioanglies pory iSorinj pavirSiaus
plotg ir tik maza dal;j vidinio pavirSiaus ploto. Kitas trikumas yra tai, kad modifikuojant;
tirpalg siGloma ruosti i§ cheminiy pavirSiaus aktyviy medziagy, kurios yra toksidkos.
Modifikacijai sunaudojamas iki 10-100 karty didesnis cheminiy medziagy Kkiekis,

lyginant su biologinés kilmés pavirSiaus aktyviomis medzZiagomis.

ISRADIMO ESME

Sio iradimo tikslas — bioanglies hidrofiliskumo didinimas, siekiant pagerinti
bioanglies drékumg, didinant bioanglies vidinj pavirSiaus plotg. Taikomas bioanglies
maiSymas kartu su ramnolipidinio skysc¢io gary prisotinimu bei slégio poky¢iy suktrimu
tarp bioanglies daleliy vakuumo sglygomis. Tirpalas, kurio garai naudojami bioanglies
hidrofiliSkumui didinti, gaminamas i§ dejonizuoto vandens ir ramnolipidinés paviriaus

aktyvios medZiagos dél pastarosios didelés gebos drékinti hidrofobinius pavirSius.

Ramnolipidai yra pavirSiaus aktyvis glikolipidai, priklausantys biologinés
kilmés pavirSiaus aktyvioms medziagoms ir sudaryti i$ hidrofilinés grupés, suformuotos
i$ vienos ar dviejy ramnozés molekuliy ir i§ hidrofobinés grupés, susidedandios i$
vienos ar dviejy sociyjy ragsciy grandiniy. Ramnolipidinés medziagos gaminamos i$

atsinaujinanéiy Zzaliavy ir didelés jvairovés mikroorganizmy, tadiau daugiausiai — i3
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Pseudomonas aeruginosa. Lyginant su jy sintetiniais analogais, ramnolipidinés
medZiagos yra maziau toksiskos, aktyvesnés drékinimo didino gebai ir stabilesnés,
esant ribinéms temperatiroms, pH, druskingumo salygoms. HidrofobiSkos
Zematemperatlrés bioanglies drékumas gali bdti padidintas, naudojantis
ramnolipidinés medziagos tirpalu, kurio koncentracija siekia 30-40 mg/l, dél vandens
jtempties pavirSiaus sumazéjimo nuo 72 mN/m iki 30-35 mN/m.

Bioanglies aktyvacija garais gali padidinti bioanglies hidrofiliSkumg dél keletos
priezasCiy. Pirma, aktyvacija garais padidina bioanglies pavirSiaus plotg, nes jos metu
yra iSlaisvinami kondensuoti junginiai, uzkemSantys bioanglies poras. Adsorbuoto
vandens kiekis ant bioanglies tiesiogiai priklauso nuo didelio bioanglies pavirSiaus
ploto, dél to tokie bioanglies tipai gali adsorbuoti didelius vandens kiekius. Antra,
aktyvacija garais didina mikroporingumg dél mazy pory susijungimo bei vidiniy ertmiy
didinimo. Tredia, aktyvacija garais oksiduoja bioanglies pory pavirdiy, dél to
susiformuoja pavirSiaus rigstinés deguonies turinios funkcinés grupés (pvz.:
karboksilinés, karbonilinés, eterinés ir fenolinés hidroksilinés grupés), kurios didina
bioanglies hidrofiliSkumg dél vandeniliniy jung€iy sudarymo su vandens molekulémis.
Ketvirta, aktyvacija garais skatina kondensuoty junginiy (monoaromatiniy ir policikliniy
aromatiniy angliavandeniliy, benzonitrilo, benzofurany) pasalinima i$ bioanglies pory,
kurie trukdo vandens patekimui j bioanglj. Pory uZsikim8imo efektas mazina bioanglies
hidrofiliSkumg. Svarbu pabrézti fizine gary reikSme bioanglies hidrofiliskumui didinti.
Kadangi vandens garai pasizymi maZesniu tankiu (0,59 kg/m3, esant 99,63 °C virimo
temperatarai) ir klampumu (0,000012 kg/m-s, esant 99,63 °C virimo temperatirai),
lyginant su skystaja vandens faze (atitinkamai 997,996 kg/m3 ir 0,000978 kg/m-s,
esant 21 °C vandens temperatirai), juy molekulés bioanglies aktyvacijos garais metu
gali lengviau prasikverbti j poringa vidine bioanglies struktlrg ir jos kapiliarus, dél to
pastebimas geresnis gary poveikis minétoms bioanglies savybéms.

Bioanglies hidrofiliSkumo didinimo jrenginys turi ramnolipidinés medZiagos
tirpalo talpg su tirpalo padavimo anga, i$ kurios ramnolipidinés medzZiagos tirpalas
iStekéjimo Zarnele patenka j bioanglies vakuuminio apdorojimo talpos apatine dal;.
Kaitinimo elementas naudojamas ramnolipidinés medziagos tirpalo gary, kurie
naudojami bioanglies daleliy oksidacijai bei dervy iSvalymui, sukdrimui. Temperatidros
daviklis ir automatinis valdymo blokas naudojami ramnolipidinés medziagos tirpalo
gary temperatlros fiksavimui 100-105 °C ribose. Apatine bioanglies vakuuminio
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apdorojimo talpos dalj nuo virSutinés skiria perforuota pertvara, kuri naudojama
bioanglies uzZpildo atskyrimui nuo ramnolipidinés medziagos tirpalo bei modifikuotos
bioanglies i§émimui, pasibaigus modifikacijos procesui. FlanSinis sujungimas su
tarpine skirtas perforuotos pertvaros iSémimui, prie§ paSalinant modifikuotg bioangl;.
Maisyklé, susidedanti i§ elektrinio variklio, veleno bei strypeliy formos menéiy, atlieka
bioanglies uzpildo maiSymo funkcijg ir dél to yra skatinami tirpalo gary mainai su vidine
bioanglies struktira. MaiSyklés nenutrikstamg darba reguliuoja automatinis valdymo
blokas. Pro virSutinéje talpos dalyje esancig bioanglies padavimo angg patenka 2-4
mm frakcijos bioanglies uZpildas, kuris yra veikiamas ramnolipidinés medziagos tirpalo
garais 2,5-3 val. Tirpalo gary poveikio metu slégis talpoje sumazinamas nuo
99 900 Pa iki 1333 Pa dél bioanglies daleliy pseudosluoksnio sukdrimo.

BREZINIY PAVEIKSLY APRASYMAS

1 pav. pateiktas bioanglies modifikavimo ramnolipidinés medziagos tirpalo

garais ir vakuumu jrenginio schematinis vaizdas iSilginiame pjuvyje.

ISSAMUS ISRADIMO APRASYMAS

Bioanglies hidrofiliSkumo didinimo jrenginj sudaro ramnolipidinés medzZiagos
tirpalo talpa 1, uzpildyta ramnolipidinés medziagos tirpalu 2 per tirpalo uZpildymo anga
3, sklendé 4, sujungianti Zarnele 5 ramnolipidinés medziagos tirpalo talpg 1 su
bioanglies vakuuminio apdorojimo talpa 6, kaitinimo elementas 7, vakuuminio
apdorojimo talpos 6 apatiné dalis 8, uzpildyta ramnolipidinés medziagos tirpalu 9,
temperatiiros daviklis 10, automatinis valdymo blokas 11, flanSinis sujungimas su
tarpine 12, perforuota pertvara 13, virSutiné vakuuminio apdorojimo talpos 6 dalis 14,
elektros variklis 15, velenas 16, maiSymo mentés 17, bioanglies padavimo anga 18,
antgalis 19, sujungiantis vakuuminio apdorojimo talpg 6 per sklende 20 su vakuumine
pompa 21, skirta sukurti vakuuma virSutinéje vakuuminio apdorojimo talpos 6 dalyje
14, uZpildytoje ramnolipidinés medziagos tirpalo 2 garais 23 ir bioanglies dalelémis 22,
ir bioanglies 22 daleliy kapiliaruose.
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JRENGINIO VEIKIMO PRINCIPAS

Talpa 1 yra uZpildyta ramnolipidinés medziagos tirpalu 2, paduotu per angg 3.
Atidarius sklende 4, ramnolipidinés medziagos tirpalas 2 per Zarnele 5 i$ talpos 1
patenka | vakuuminio apdorojimo talpos 6 apatine dalj 8. Kaitinimo elementu 7, jrengtu
vakuuminio apdorojimo talpos 6 apatinéje dalyje 8, | ja patekes ramnolipidinés
medziagos tirpalas 9 pakaitinamas iki virimo temperatdros tam, kad buty gautas
maksimaliai (iki 100 %) garais prisotintas oras. Pasiekus gary temperatirg 100-
105 °C, kuri yra pamatuojama temperatiros davikliu 10, sujungtu su automatiniu
valdymo bloku 11, kaitinimo elementas 7 automatiskai iSjungiamas. Kuomet gary
temperatdra krenta Zemiau 100 °C, automatinis valdymo blokas 11 jjungia pakartotinj
ramnolipidinés medziagos tirpalo 9 pakaitinimg. Automatinis valdymo blokas 11 taip
pat reguliuoja nenutriikstamg maisyklés, susidedangios i§ elektros variklio 15, veleno
16 ir strypeliy formos menciy 17, darbg. Vykstant bioanglies 22 modifikacijos procesui,
kondensuoti junginiai iSlaisvinami i§ vidinés ir iSorinés bioanglies struktdros ir todél
skatinami ramnolipidinés medziagos tirpalo mainai su vidine bioanglies 22 struktara.
Perforuota pertvara 13 su flan$iniu sujungimu bei tarpine 12 yra skirti tam, kad baty
galima iSvengti bioanglies 22 daleliy patekimo j ramnolipidinés medZiagos tirpalg 9, o
pasibaigus modifikacijos procesui, — kad baty galima paSalinti modifikuotg bioanglj 22.
Perforuota pertvara 13 taip pat prisideda prie tolygesnio gary 23 virSutinéje vakuuminio
apdorojimo talpos 6 dalyje 14 pasiskirstymo bioanglyje 22. 1 kg bioanglies 22, kurios
frakcija yra 2—4 mm, per angg 18 paduodama j virSutine vakuuminio apdorojimo talpos
6 dalj 14. Bioanglis yra veikiama ramnolipidinés medziagos tirpalo garais 23 2,5-3 val.
Yra jrodyta, kad bioanglis 22, prisotinta tirpalo garais 23, praéjus 7 dienoms praranda
savo pradinj hidrofobiSkumg. Tai siejama su erdvés tarp pory uzZpildymu ir pory
pavirSiaus oksidacija. Kuomet bioanglis 22 prisotinama ramnolipidinés medziagos
tirpalo garais 23, virSutinéje vakuuminio apdorojimo talpos 6 dalyje 14 sukuriamas
99 990 Pa - 1333 Pa dydzZio vakuumas, naudojant vakuumine pompg 21, kad
bioanglies dalelés 22 pakibty ramnolipidinés medziagos tirpalo garuose 23. Tai labai
pagerina kontaktg tarp bioanglies daleliy 22 ir gary 23. Kai jrenginio sklendé 20 yra
atidaryta, veikiant vakuuminei pompai 21 slégis talpoje sumazinamas nuo 99 990 Pa
iki 1333 Pa. Bioanglis laikoma vakuume iki 2,5-3 val. Vakuumas pagreitina skys¢iy
infiltracijg j ir eksfiltracijg i$ bioanglies pory. Dél bioanglies daleliy pakibimo efekto,
pageréja bioanglies kapiliary prapitimas ir iSvalymas. Skyséio uzpildymo lygis
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apatinéje vakuuminio apdorojimo talpos 6 dalyje 8 siekia 20 % vakuuminio apdorojimo
talpos 6 tdrio, o bioanglies lygis virSutinéje vakuuminio apdorojimo talpos 6 dalyje 14

siekia 60 % vakuuminio apdorojimo talpos 6 tdrio.
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ISRADIMO APIBREZTIS

1. lrenginys bioanglies hidrofiliSskumo didinimui, turintis vakuumine talpa,
kurioje yra bioanglies maiSymo velenas su elektros varikliu, bioanglies padavimo anga,
tirpalo padavimo angg ir vakuumine pompa, besiskiriantis tuo, kad turi:

- ramnolipidinés medziagos tirpalo (2) talpg (1) su tirpalo padavimo anga (3) ir
sklende (4), reguliuojancia tirpalo (2) patekimg j bioanglies vakuuminio apdorojimo
talpos (6) apatine dalj (8),

- kaitinimo elementg (7), jrengta vakuuminio apdorojimo talpos (6) apatinéje
dalyje (8), skirtg ramnolipidinés medziagos tirpalo (9) pakaitinimui iki gary bavio,

- perforuotg pertvarg (13), atskirianCig vakuuminio apdorojimo talpos (6)
virSutine dalj (14), uzpildytg bioanglimi (22), nuo vakuuminio apdorojimo talpos (6)
apatinés dalies (8), uZpildytos ramnolipidinés medziagos tirpalu (9), ir skirtg
ramnolipidinés medZziagos tirpalo gary (23) praleidimui j vakuuminio apdorojimo talpos
6 virSutine dalj (14),

- vakuuming pompa (21), sujungtg per sklende (20) su bioanglies vakuuminio
apdorojimo talpos (6) virSutine dalimi (14), skirtg vakuumo joje ir pseudosluoksnio
bioanglyje sukudrimui.

2. renginys pagal 1 punktg, besiskiriantis tuo, kad bioanglies vakuuminio
apdorojimo talpos (6) apatiné dalis (8) yra uZpildyta ramnolipidinés medziagos tirpalu
(9) iki 60 % jos tdrio.

3. Jrenginys pagal 1 punktg, besiskiriantis tuo, kad bioanglies vakuuminio
apdorojimo talpos (6) virSutiné dalis (14) yra uZpildyta bioanglimi (22) iki 60 % jos turio.

4. Jrenginys pagal 3 punktg, besiskiriantis tuo, kad bioanglies (22) frakcija
yra 2—4 mm.

5. Bioanglies hidrofiliskumo didinimo bidas, apimantis bioanglies apdorojima
ramnolipidinés medziagos tirpalu, maiSant bioanglj vakuumo salygomis,
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besiskiriantis tuo, kad bioanglies (22) hidrofiliskumo didinimui naudoja
ramnolipidinés medziagos tirpalo (9) garus (23), jkaitintus kaitinimo elementu (7) iki
100-105 °C, esant 99 990 Pa — 1333 Pa dydzio vakuumui, sukurtam vakuumine
pompa (21) bioanglies (22) apdorojimo talpoje (14).

6. Bioanglies hidrofiliskumo didinimo biidas pagal 5 punkta, besiskiriantis
tuo, kad ramnolipidinés medziagos tirpalo koncentracija vandens tirpale yra 3040

mg/l.

7. Bioanglies hidrofiliskumo didinimo bldas pagal 5 punktg, besiskiriantis
tuo, kad maiSo bioanglj (22) ramnolipidinés medziagos tirpalo garuose (23) maisykle
(16) nuo 2,5 iki 3,0 val.

8. Bioanglies hidrofiliskumo didinimo bldas pagal 5 punktg, besiskiriantis
tuo, kad kaitinimo elemento (7) ir maiSyklés (16) darba reguliuoja temperattros daviklis

(10) per automatinj valdymo blokg (11).
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Abstract

Creation of oxygen-containing functional groups on the biochar surface can highly improve its hydrophilicity and amend
its behaviour in aquatic systems. Hydrogen peroxide, ozone, potassium permanganate and nitrogen acid were most usu-
ally used reagents for the surface oxidation. On the contrary, biochar activation by strong acids can be a costly process at
the industrial scale and can raise environmental problems due to the disposal of activated carbon. Hence, there is a need
to search for cheaper and cleaner products for the modification of biochar. For this reason, weak acids, such as solution of
rhamnolipids or rainfall water solution, can be used. In this study, it was found that lower size biochar particles had higher
wettability compared to larger size particles, since it was categorized as slightly hydrophobic (2.67 s). Steam of average
concentration of thamnolipid solution (20 mg/l) had the highest effect on the enhancement of biochar surface area (15.2
m?/g) and satisfactory impact on the reduction of initial hydrophobicity (4210 s). Biochar modified with increased concen-
tration of nitric acid solution (from 65 to 20%) wettability was in accordance with the increase of surface area (from 4210

to 3907 s and from 1.27 to 4.36 m?/g).

Keywords Rhamnolipids - Low-temperature biochar - Birch bark - Steam - Rainfall water solution - Nitric acid

Introduction

Usage of oxidative agents for the modification of biochar
governs creation of biochar with various functional groups
containing oxygen (carboxylic, lactonic, phenolic, cetonic,
quinone and ether). Many biochar adsorptive features are
affected by chemically sored oxygen which can be found
in the composition of many functional groups. When bio-
char is modified, its wettability changes from hydrophobic
to hydrophilic [62].

Since pores are filled with tar compounds during car-
bonization, additional chemical and physical treatment is
required to improve the properties of carbon-based mate-
rial surface properties (surface area, porosity and functional
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groups) for its subsequent usage in different environmen-
tal applications (e.g., for the removal of gases, metal ions).
For example, Li et al. [24] used sludge biochar which was
modified with nitric acid and then impregnated with iron
ions to increase its adsorption capacity to phosphorus (P).
The adsorption capacity for phosphorus-modified wastewa-
ter biochar reached up to 9.79 mg/g, which was 40 times
higher than the original biochar. Liu et al. [28] used coconut
shell activated carbon and exposed it to nitric acid due to
the usage of MnQO,-based activated carbon for the removal
of SO,. Up to date, many articles have been published to
address biochar modification or carbon activation techniques
and widely used carbon-based adsorbent was activated car-
bon [8, 11, 24, 28, 39, 47, 51, 53, 54, 63]. It was showed that
optimum modification/activation effect can be achieved dur-
ing the management of various experimental conditions such
as activation temperature, contact time, ratio of the adsor-
bent and the modifying agent, particular gas concentration
in the mixture. However, most of these papers paid attention
to carbon activation with gases (CO,, CO, and N, mixture),
salts (ZnCl,), acids (H;PO,, HNO;) and bases (KOH), when
most of them can be considered as aggressive oxidizing rea-
gents, which are not considered as environmentally friendly
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solution for the adsorbent’s modification. Hence, biochar
modification with rainwater and low concentration of rham-
nolipid solution, sustainable, less-expensive and cleaner
products, can be an alternative way for the improvement of
its surface properties and increment of its sorption capacity
to various pollutants from the liquid phase.

Modification of biochar with oxidative agents can
enhance the amount of functional groups containing oxy-
gen. Some chemical oxidative agents can be used for the
modification of biochar: HNO;, KMnO,, H,O, or NaOH.
Weak acids (for example, oxalic acid (H,C,0,) or citric acid
(CcHgO,)) can also create carboxylic functional groups on
the biochar’s surface through esterification [60]. Huff and
Lee [17] found that pine wood biochar modification with
H,0, decreased its pH from 7.16 to 5.66 and increased the
amount of functional groups containing oxygen. Other study
[7] found that birch wood modification with H,O, can acti-
vate it through the increase of cation exchange capacity (by
6 times) and specific surface area (by 15 times). The increase
of cation exchange capacity is related with carboxylic func-
tional groups which were found and showed by the results
of FTIR analysis (peaks at 1500-1750 cm™") and pH (8.36
for the granulated biochar fraction). Li et al. [23] found that
biochar modification with nitric acid (2 M) creates carbox-
ylic, lactonic, phenolic and carbonyl groups on the surface
of bamboo biochar. Steam changes biochar’s properties by
both removing residuals of incomplete combustion during
pyrolysis and oxidation of biochar surface [1]. A surface
area and functional groups can be manipulated through the
modification of biochar due to its capacity to sorb-specific
pollutants. Significant differences between biochar surface
area and functionality can be achieved by modification of
biochar with the steam of rainwater solution, steam of rham-
nolipid solution and nitric acid solution.

Effect of acids creates more functional groups contain-
ing oxygen at the biochar surface and increase biochar’s
potential to chemically sorb pollutants through specific
adsorption [48]. One of the ways to modify biochar for
the enhancement of its hydrophilicity is to use rainwater
solution [9]. Rainwater solution is often not characterized
by high concentrations of pollutants [45]. Several studies
have shown that rainwater collected from a natural area
away from highways and industrial sites does not have
high concentrations of air pollutants. The rainwater solu-
tion for this study was collected from an Integrated Moni-
toring Station (IMS) which is located in a rural area (at
the site of minimum anthropogenic impact, in combina-
tion with the infrastructure of Aukstaitija National Park).
Observations at this station are treated as Lithuanian back-
ground monitoring. According to pH values of rainwater
found in Lithuania, most acidic rainwater was found in
the Aukstaitija Integrated Monitoring Station. Annual pH
value there reached 4.72 [10]. In its composition, rainwater
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can also have anionic (such as compounds of methylene
blue) and cationic (such as active compounds of blue
disulphide) materials [40]. It was found that a mixture of
active surface compounds highly improved surface activ-
ity, lower critical micelle concentration and lower surface
tension of the liquid [31].

Recently it was shown that rhamnolipids have good eco-
nomic potential compared to all studied biological surface
active materials. This can be explained by several factors
(biodegradability, low toxicity of the solution and its pro-
duction from renewable sources and industrial wastes) as
well as physical-chemical properties and biological origin
[52]. Rhamnolipids which belong to the class of glycolip-
ids are most widely investigated biological surface active
compounds. Rhamnolipids are produced by genus of Pseu-
domonas aeruginosa. Rhamnolipids are composed from a
hydrophilic group which consists of one or two (I)-rhamnose
units and a hydrophobic head which consists of one or two
B-hydroxy-saturated acid units. The active material of the
rhamnolipid surface lowers surface tension of water from
72 to 28 mN/m [25]. Rhamnolipids are weak acids due to a
carboxylic acidic part which aggregates in the solution and
has pKa value which is equal to approximately 5.6 [34].
The active rhamnolipid surface material has the following
physical-chemical properties: boiling point is 99.0 °C, it
is soluble in water, steam pressure is 31 kPa, it is stable in
normal conditions and in the presence of metals and metal
ions, it is stable until 1 year, viscosity is 1.0 mPas, specific
gravitational force is 8.51 [55].

Compared to other glycolipid bioagents, rhamnolipids
have a wider application field from the remediation of the
environment to its application in the industry. In the near
future, rhamnolipids will be most widely used in bioreme-
diation, biodegradability of hydrocarbons and in the removal
of potentially toxic elements. Nowadays, the enhancement of
biodegradation of organic compounds in the polluted areas is
the most important application of rhamnolipids [58]. There
is a need to conduct more research on behaviour of these
compounds in the environment for the further application of
rhamnolipids in bioremediation [41]. Except for biodegrada-
bility, rhamnolipids can enhance wettability of agricultural
soils. Rhamnolipids can wet hydrophobic soils through the
lowering of cohesion and/or adhesion surface tension, hence
water can more effectively penetrate into the hydrophobic
soils and distribute more evenly. The aim of the article is to
analyse how wettability of hydrophobic birch bark biochar
can be enhanced by different physical-chemical modifica-
tion methods and how it differs in different particle sizes of
the biochar. This study used birch bark for the biochar modi-
fication, because it was showed that low-cost adsorbents are
usually obtained from wastes such as wood waste [6]. Suc-
cessful application of wood bark for wastewater treatment
has been published elsewhere [12].
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Table 1 Wettability categories based on water drop penetration time
test results [40]

Water drop penetration time (s) Wettability category

<ls Hydrophilic

1-60 s Slightly hydrophobic
60-600 s Strongly hydrophobic
600-3600 s Severely hydrophobic
>3600s Extremely hydrophobic

Materials and methods

Production of biochar and evaluation of biochar
wettability

For the investigation of dependence of biochar wettability
on different fractions and its modification methods, biochar
was produced from birch bark in the oxygen deficiency con-
ditions (using nitrogen gases) at temperature of 450°C and
2 h holding time in the pipe type furnace (SNOL 0.7/1250).
Then, the obtained biochar was ground and fractionated
using the sieving method (Retsch sieves of 1.6 mm, 900 um
and 300 um in size). The obtained different fractions (coarse
from 900 um to 1.6 mm, medium from 300 pm to 900 um
and fine less than 300 um) were further investigated for the
evaluation of its wettability by the water drop penetration
time test [56]. In the water drop penetration time test, a drop
of water was placed on the biochar’s surface using a pipette
and the complete drop penetration time was counted by a
stopwatch. The shortest time (less than 1 s) was referred to
momentum penetration. All the times exceeding 3600 s were
referred to the wettability category of 3600 s. All the times
and categories are shown in Table 1.

Evaluation of physical-chemical properties
of the solutions

The pH of the solutions was analysed using a pH-meter Met-
tler MultiSeven. Electrical conductivity of the solutions was
analysed using a conductometer WTW inoLab terminal 740.

Biochar modification techniques

For the enhancement of biochar’s hydrophilicity, biochar
was modified by physical-chemical techniques. Modifi-
cation is related to the activation of the original biochar.
A modifier, its concentration, modification time and tem-
perature all together affect biochar properties [67]. Table 2
shows different techniques for modification of biochar
used in this research. The coarse fraction of birch bark bio-
char (900 pym-1.6 mm) was chosen for modification due
to its further application in the biofiltration system. After

Table 2 Physical-chemical modification techniques of biochar used in this study

Effect of the modification

Modification description

Reagent

Modi-

Modified material

fication

technique

Removal of tar compounds, enhancement of

Bioachar was treated with the steam of deion-

Steam of deionised water

Coarse fraction (900 pm—1.6 mm) of birch bark Physical

specific surface area, development of micropo-

rosity

ised water for 1 and 3 h in biochar hydrophi-

licity enhancement device

(450 °C, 2 h) biochar

Removal of tar compounds, enhancement of

Bioachar was treated with the steam of rainfall

Steam of rainwater solution

specific surface area, development of micropo-

rosity

water solution for 1 and 3 h in biochar hydro-

philicity enhancement device

Removal of tar compounds, enhancement of

Steam of rhamnolipid solution Bioachar was treated with the steam of rham-

specific surface area, development of micropo-

rosity

nolipid solution (5, 20, 40 mg/1) for 1 and 3 h

in biochar hydrophilicity enhancement device

1 g of biochar was treated with 25 ml of nitric =~ Development of oxygen and nitrogen containing

HNO; solution

Chemical

functional groups on the biochar surface

acid (20%, 40% ir 65%) at 80 °C for 1 h
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modification, all biochar types were analysed for the wet-
tability using the water drop penetration time test [20].

Modification of biochar with the steam of deionised
water

Biochar was modified in the biochar hydrophilicity enhance-
ment device [4] (Fig. 1). To produce steam, the solution in
the lower part of the reservoir was heated by an electrical
heating element. The solution was heated until it reached
the water boiling temperature due to creation of maximally
(100%) saturated air. The device was supported by the
automatic control block which regulated the work of the
automatic heating element and the electrical engine. In the
middle part of the reservoir, there was a perforated plate
which held biochar particles from their access to the solu-
tion. Biochar of a size of particles at 900 um—1.6 mm was
treated by the steam of deionised water for 1 and 3 h. In the
upper part of the reservoir, vacuum (99.990-1.333 Pa) was
created to overhang biochar particles in the steam. Modi-
fied biochar types were labelled as BC-SDW-1 h and BC-
SDW-3 h, unmodified one as BC.

Modification of biochar with the steam of rainwater
solution

Rainwater for the modification was collected in the
Aukstaitija Integrated Monitoring Station. After collection,
chemical properties, such as pH and electrical conductivity,
were analysed. The pH of the rainwater was analysed using
a pH-meter (Mettler MultiSeven). Electrical conductivity of
the rainwater solution was analysed using a conductometer
(WTW inoLab terminal 740). Properties were compared to
the solutions of deionised water. Biochar was treated for
1 and 3 h. Modified biochar types were labelled as BC-
SRW-1 h and BC-SRW-3 h.

°
() S— 06
0000 0y O
00000000 500 5
0000000000

Fig.1 Schematic picture of the biochar hydrophilicity enhancement
device
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Modification of biochar with the steam
of rhamnolipid solution

Biochar was modified with the rhamnolipid solution using
the biochar hydrophilicity enhancement device. The only
difference from biochar modification with deionised water
and rainwater vapour is that the lower part of the device
reservoir was filled with different concentrations of rham-
nolipid solution (5 mg/l, 20 mg/l and 40 mg/1) [58]. Bio-
char was treated for 1 and 3 h. Modified biochar types were
labelled as BC-SRS5-1 h, BC-SRS5-3 h, BC-SRS20-1 h,
BC-SRS20-3 h, BC-SRS40-1 h, BC-SRS40-3 h.

Modification of biochar with nitric acid

Due to the creation of groups containing oxygen and nitro-
gen on the biochar’s surface, it was oxidised with different
concentrations of HNOj; solutions. 1.0 g of dried biochar
particles were processed with 25 ml of 20%, 40% and 65%
HNO; solution at temperature of 80 °C for 1 h. After the
treatment, the biochar was washed with deionised water and
dried at temperature of 105 °C [15]. Modified biochar types
were labelled as BC-NA20, BC-NA40 and BC-NAG65.

Statistical analysis

All experiments were performed three times. The data were
processed (mean value, standard deviation) using Microsoft
Excel 11 software.

Results
Chemical properties of the modified liquids

According to the results of the liquids’ pH, the deionised
water had the highest alkalinity (pH of 7.71) (Table 3). It
was found that the acidity of the solutions increased from
6.41 to 5.83 when raising concentration of the rhamnolipid
solutions (from 5 to 40 mg/l). The rainwater solution had
higher acidity (pH of 4.83) compared to the highest con-
centration rhamnolipid solution. The rainwater solution
was acidic and contained dissolved gases (dissolved in
S0;, SO,, CO,, NO,) that turn into acids in water and can
react with biochar, thus changing its wettability. Accord-
ing to atmospheric precipitation studies, the rainfall solu-
tion taken from IMS in 2018 had the following chemical
properties: SO,—0.15 pgS/m?; NO,—0.52 pugN/m?; total
NO;—0.27 ugN/m?; total NH,—0.50 ugN/m?> [10]. Mean-
while, solutions of nitric acid, whose pH decreased from
0.53 to 0.43 when the concentration of the solution increased
from 20 to 65%, had a very high level of acidity. According
to the results of the electrical conductivity of the solutions,
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Table 3 Chemical properties of the solutions, n=3, + standard devia-
tion

Solution pH Electrical con-
ductivity, uS/cm
Deionised water 6.86+0.12 15.1+£0.2
Rainwater 4.83+0.1 38.2+0.2
Rhamnolipid (5 mg/l) 6.41+0.07 7.47+0.25
Rhamnolipid (20 mg/1) 5.92+0.05 5.07+0.06
Rhamnolipid (40 mg/1) 5.83+0.03 4.17+0.21
HNO; (20%) 0.53+0.01 551+2.08
HNO; (40%) 0.47+0.03 586+5.57
HNO; (65%) 0.42+0.02 634+5.29

Table 4 Biochar wettability
(s) dependence on different

Fraction size Wettability, s

fraction, n=3, +standard <300 pm 2.67+0.58
deviation 300 um-900 um 6120+ 5
900 pm-1.6 mm 18,541 +3.21

it decreased from 7.47 uS/cm to 4.17 uS/cm in the case of
increasing concentration of the rhamnolipid solution from 5
to 40 mg/l. In the case of nitric acid solutions, the tendency
was opposite, since electrical conductivity of the solutions
decreased when the concentration of the solution increased
from 20 to 65% (from 551 to 634 uS/cm, respectively).

Dependence of biochar wettability on different
fractions

According to the results of biochar wettability dependence
on different fractions, it can be seen that when the size of
biochar’s particles is decreasing, wettability of the material
increases (Table 4). The lowest fraction (<300 um) of bio-
char had slight hydrophobicity (WDPT > 1 s), since biochar
samples of a medium size (300 um—900 pum) and the largest
size (900 um—1.6 mm) had extreme hydrophobicity (WDPT
are 6120 s and 18,540 s, respectively). When biochar frac-
tions decreased from a large size to medium, wettability
of biochar altered from extreme hydrophobicity to slight
hydrophobicity.

Literature sources suggest that the effect of the size of
biochar particles on its wettability is not well known; how-
ever more research was done on the effect of the size of bio-
char particles on the soil water holding capacity. One study
[26] showed that lower biochar particles had a higher water
holding capacity compared to the larger biochar particles.
Several mechanisms can govern this effect. Firstly, lower
biochar particles can easily fill in the cavities between larger
biochar particles and soil particles, and, in such a manner,
mechanically fill in the pores of the soil. This increases the

tortuosity of the water flow in the soils and lowers soil’s
hydraulic conductivity. Additionally, smaller biochar par-
ticles fill in the internal pores between the particles and it
governs higher water retention on the biochar’s surface and
soil particles. Secondly, lower sizes of the biochar particles
have more cracked internal macropores, which increases the
amount of retained water.

Dependence of different biochar modification
techniques on its wettability

According to the results of biochar wettability after its modi-
fication by applying different techniques, it can be seen that
biochar modification with the steam of rhamnolipid solu-
tion had a greater effect on biochar hydrophilicity compared
to the effect of the deionised water steam (Fig. 2). Steam
of the deionised water had the least effect on the enhance-
ment of biochar hydrophilicity, since biochar wettability
increased only by 1.15 and 1.72 times (in the case of 1- and
3-h heating time, respectively) compared to the unmodified
biochar. Meanwhile, the steam of the highest concentration
rhamnolipid solution (40 mg/l) was more than two times
more effective, since wettability of the biochar increased
by 3.63 and 3.86 times after the modification (in the case
of 1- and 3-h heating time, respectively). However, biochar
modification with the nitric acid solution (20%) was more
effective compared to almost all modification techniques,
since biochar wettability increased by 4.75 times compared
with unmodified biochar and this is 0.88 times more effec-
tive than its impact by the steam of the highest concentration
rhamnolipid solution. This result obtained after modification
of biochar with nitric acid solution could be explained by the
potential higher amount of acidic functional groups on the
biochar’s surface. The steam of the rainwater (for 3 h) had
the highest effect on enhancement of biochar hydrophilicity,
since biochar wettability increased by 11.9 times compared
to the unmodified biochar. This result could be explained by
the potential anionic and cationic active surface materials
which highly increase the surface activity of the solution and
lower surface tension of the solution. After modification, all
biochar types retained strong initial hydrophobicity (hydro-
phobicity differed from severely to extremely hydrophobic).

Previous studies showed how different biochar treatment
techniques (activation by steam, modification with nitric
acid, water) affected physical and chemical properties of
biochar. Since biochar hydrophobicity mostly depends on
the biochar surface area, porosity, acidic functional groups
and gases which are retained in the air-filled pores, biochar
activation by the steam can be a perfect technique for the
enhancement of biochar hydrophilicity. Biochar activation
by the steam is a common modification method which is
used to increase structural porosity of biochar and remove
residuals from incomplete combustion. This method
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Fig.2 Biochar wettability 20000
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increases biochar’s surface area on which sorption occurs.
Lou et al. [30] found that activation of biochar made from
pine sawdust by the steam increased its surface area; how-
ever, it had little effect on its surface’s functional groups.
Hadjittofi et al. [16] studied cactus fibres activated by HNO,
acid to create carboxylic functional groups on the surface.
Functional groups containing oxygen were also incorporated
into the structure of rice straw biochar after biochar modi-
fication with H,SO, and HNOj; and it resulted in the higher
O/C ratio in the final product.

In literature, a number of studies on biochar hydrophi-
licity enhancement after its treatment with water can be
found. Post-treatment of biochar after pyrolysis plays a sig-
nificant role for the creation of the hydrophilic biochar. One
study [44] showed that 350 °C temperature biochar after
being quenched with water still remained hydrophobic due
to absence of polar functional groups containing oxygen.
When the pyrolysis temperature increased, wood biochar
quenched with water decreased its hydrophobicity. Accord-
ing to other studies [49], biochar made from wood and bark
still remains hydrophobic if it has been obtained at tempera-
tures of 500 °C and 600 °C. In the firstly mentioned study
[44], wood biochar made at temperature of 450 °C and after
water quenching became hydrophilic. The conclusion was
made that biochar quenching was a good method, since the
effect of a hot steam can potentially crack opened pores.
Biochar treatment with water after pyrolysis resulted in the
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creation of pure biochar (activated char). Pure biochar’s sur-
face has many pores to absorb and retain water. In the latter
study, the analysis of the FTIR and BET was used for further
investigation of functional groups at biochar’s surface and
its structural characteristics.

Biochar surface functional groups
before and after modification

Fourier-transform IR (FTIR) spectroscopy determines the
type and the amount of functional groups on the biochar
surface [36]. Biochar modified by the steam of various
solutions and the solution of nitric acid, FTIR spectrum are
shown in Figs. 3, 4 and 5. FTIR results showed that low-
temperature birch bark biochar had —OH functional group
in its structure (peaks at 3433 cm~! and 3421 cm™! wave-
numbers) after the effect with the steam (Figs. 3 and 4). The
steam of rainwater had the highest effect on the development
of biochar hydroxyl functional groups (for 1 h) due to the
highest absorption intensity of the peak (Fig. 3). It shows
that biochar after post-pyrolysis treatment with the steam
of rainwater solution had better absorption to water com-
pared to modification with the steam of deionised water. The
highest difference between different FTIR spectrums was
between different values of the absorption peaks. The higher
value of light absorption is, the better adsorption and poten-
tially higher amount of particular functional group. Higher
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Fig.3 FTIR spectra of biochar
modified by the steam of
deionised water and rainwater
solution

Fig.4 FTIR spectra of biochar
modified by the steam of differ-
ent concentration of rham-
nolipid solution
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Fig.5 FTIR spectra of biochar
modified by different concentra- 3411

1606 1385 1317 822
2924 170715331339 877756

tion of nitric acid solution 1.2

1273

| L | L 1 | ] i | L 1

=
)
[4)]
Q
=
W]
£
| —
O
73]
L3
<C
| ——BC
— — BC-NA20
0.2 L —---BC-NA40
,,,,,,,,,, BC-NAB5
’ 1
4000 3500

absorption peaks at 1697 cm™!, 1592 cm™!, 1435 cm™!,
1250 cm™!, 877 cm™!, 819 cm™! and 756 cm™! wavenumbers
showed that the amount of functional groups (C=0, C=C,
C-0 and C-H, respectively) was higher of biochar modified
with steam compared to the unmodified one. A slight peak
at 1697 cm™! wavenumber shows vibration of C=0 bond
which corresponds to the formation of ketones, quinones,
carboxylic and aromatic components [29]. Organic oxygen
existing in the form of oxygen-containing functional groups
enhances hydrophilicity of the biochar [65]. A weak peak at
2923 cm~! wavenumber, which shows aliphatic C—H bond,
did not vanish after biochar modification with steam and it
shows that aliphatic structure is resistant to heat and water
[29].

Comparing FTIR spectrum of unmodified and modified
biochar types with the steam of various concentrations of
rhamnolipid solutions (from 5 to 40 mg/l) it can be seen
that absorption intensities of all functional groups were
higher in the case of modified biochar, and it means that
the effect of steam of rhamnolipid solution developed more
oxygen-containing functional groups which are impor-
tant for adsorption (Fig. 4). Higher absorption peak at
3421 em™, 1599 cm™, 1431 em™, 1270 cm™', 876 cm™,
818 cm™! and 758 cm~! wavenumbers showed that the
amount of functional groups (-OH, C=0, C=C, C-0 and
C-H, respectively) increased after biochar modification
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with the steam of rhamnolipid solution. Comparing the
effect of different rhamnolipid solution concentrations and
treatment times it can be stated that modification with the
steam of 20 mg/l rhamnolipid solution for a shorter time
(1 h) had the best effect on the development of biochar
functional groups due to the highest absorption intensities.

Similarly, another study [46] showed FTIR spectrum
of biochar made from Miscanthus and activated with
steam, peaks at 3000-3700 cm™! (which are related with
hydroxyl (-OH) functional groups, including adsorbed
water molecules), 1695 and 1696 cm™' (which are related
with C=0 bond), 1605 and 1616 cm™! (which are related
with aromatic C=C bond) were determined. Peaks at
1384 cm~! (-CH bond in alkanine and alkaline groups)
and 887-823 cm™! (aromatic —CH) were also determined
in the spectrum of both biochar types. These results show
that functional groups are not removed from biochar after
the process of its modification with steam.

Another study [54] proposed a new procedure to con-
vert algal waste to porous carbon. Initially, the algae were
pyrolyzed at 550 °C, and after pyrolysis, the solid product
was subjected to hydro-pyrolysis (physical steam activa-
tion) at different temperatures. The optimal temperature
was determined, which resulted in a small surface area,
microporosity, and mesoporosity that developed during the
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activation process. Oxygen-containing functional groups
with weak acidic and alkaline origin were identified.
After biochar modification with the nitric acid solu-
tion, three strongest peaks were determined: at 3411 cm™,
1606 cm™! and 1385 cm™! (Fig. 5). The peak at 3411 cm™"
wavenumber is related to hydroxyl —OH functional group
[35], the peak at 1606 cm~!is to C=0, C=C and C=N func-
tional groups [42] and the peak at 1385 cm™' wavenumber is
with N=O vibrations. Similarly, Tan et al. [50] determined
that peak at 1410 cm™! which occurs due to the lactonic
structure and is presented after the treatment with nitric acid.
A higher amount of oxygen-containing functional groups on
the biochar after its modification with nitric acid solution
can explain its better adsorption to water. In this study, a
better formed peak at 34503500 cm™~! wavenumber showed
that biochar had more —OH groups due to carboxyl groups.
Comparing the effect of different solution concentrations
on the development of functional groups, 40% solution of
nitric acid had the highest effect due to the highest absorp-
tion intensities comparing to other concentrations.
Another study [35] determined that the amount of
O-H, C-H, aromatic C=C, C=0, C-O and aromatic C-H
increased on the surface of biochar after its modification
with nitric acid. The peak at 3200-3650 cm™~! shows —OH
group which corresponds to the hydroxyl group and arises
from phenols, alcohols and water. Additionally, using the
Boehm titration method it was found that the amount of car-
boxyl, lactonic and phenolic hydroxyl groups was higher
after the treatment with HNOj in the oxidized hydrochar. It
was determined that oxygen-containing functional groups
had the highest effect on the interaction of hydrochar and
methylene blue. According to another study [42] when bio-
char was modified with the solutions of nitric and phos-
phorous acids it was rich in phosphates, nitrogen groups
and nitrates, which were shown by FTIR analysis. Three
significant signals were determined from the biochar IR
spectrum: P=0 vibrations at 1000-1050 cm™!, N=0O vibra-
tions at 13401350 cm™!, C=0, C=C and C=N vibrations
at 1600—-1650 cm™". These signals are related to phosphates,
nitrates, carboxylic (~COOH), carbonyl (-C=0) and imine
(=C=N) bonds in the biochar structure. Since the biochar
effect with HNO; governs nitrification of active sites, signals
increased at 13401350 cm™'. Increase of biochar surface
area and functional groups after its modification with nitric
acid was determined by other studies as well [5, 27, 66]. Li
et al. [22] found out that the FTIR spectrum of activated
carbon modified with HNO; acid (AC-1) was more intensive
compared to other activated carbon which was activated also
with HNO; acid (AC-2), however, in a different way. In the
case of AC-1 activated carbon, it was produced in the micro-
wave device for 22 min in the inert nitrogen atmosphere. In
the case of AC-2, activated carbon was activated in the pipe
type furnace at 500 °C for 90 min. This result was confirmed

by the Boehm titration method also. Comparing two acti-
vated carbon types modified with nitric acid, the amount of
carboxyl, lactonic and phenolic hydroxyl groups was higher
in AC-1 (from 0.5 to 1.52 mmol/g, from 0.05 to 0.43 mmol/g
and from 0.1 to 0.51 mmol/g, respectively). A mesoporous
structure has an important impact on the development of
acidic functional groups after biochar treatment with HNO,
and a higher amount of oxygen-containing functional groups
explains a better absorptive capacity of HNO; modified bio-
char [50]. Jia and Thomas et al. [19] found out that after
oxidation of activated carbon with HNO; acidic oxygen-
containing functional groups developed. It was found that
carboxyl acidic groups were the main incorporated surface
groups during the oxidation process.

Nitric acid is the weakest of the strong acids (hydrochlo-
ric acid, sulfuric acid, bromic acid, iodic acid), which results
in weak oxidation/reduction reactions at lower concentra-
tions (e.g., up to 4%) and the acid becomes inefficient for
the formation of biochar functional groups. Oxidation of one
carbon atom C requires four molecules of nitric acid and, as
a result, low acid concentrations are ineffective. According
to literature analysis, the concentrations of nitric acid used
for biochar modification ranged from 9 to 80% [13, 16, 64].
One study [64] showed that biochar (300, 500, and 700 °C)
modified with 2 M (9%) nitric acid for 8 h at 30 °C was
characterized by lower concentrations of the main surface
groups due to its effect on the dissolution of biochar ash. On
the other hand, the cation exchange capacity, the number of
carboxylic acids and the content of weak acid ester groups
increased significantly. It was showed that oxidative func-
tional groups of biochar can lead to its high cation exchange
capacity and charge. Other study [16] used biochar made
from cactus fibres (600 °C, 1 h) for its modification with
12 M (53%) nitric acid solution. FTIR spectra results indi-
cated that HNO; activation resulted basically in the forma-
tion of carboxylic moieties on the carbonized fibre surface.
Absorption bands at 1588 and 1428 cm™! were attributed
to the asymmetric and symmetric vibrations of the carbox-
ylic moieties and proved the formation of carboxylic acids.
New peaks at 1528 cm™! and 1335 cm™! were attributed
to asymmetric and symmetric NO, stretch vibrations what
proves that HNO; oxidation promotes the addition of nitro-
gen containing groups on the biochar surface. Gokce and
Aktas [13] used activated carbon for its modification with
different concentration of nitric acid solution (from 20 to
80%). It was observed that acidic surface modification had
a strong effect on the textural properties of activated carbon.
The surface area decreased with increasing HNO; concentra-
tion. Decrease (98%) in the total pore volume was attributed
to the destructed pore walls. Liu et al. [28] showed that the
concentration of nitric acid did not significantly changed the
structural properties of MnO,-based activated carbon. Oxy-
gen-containing surface functional groups (carbonyl carbon
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and transit) initially increased with increasing HNO; con-
centration and reached a maximum value when the HNO,
concentration reached 10 mol/L (44 %), which resulted in an
increased SO, sorption capacity.

Characteristics of biochar surface structure
before and after modification

Porous materials are described according to their adsorp-
tive properties. Term adsorption originally marks conden-
sation of gases on the material’s free surface. Adsorption
of gases in the porous material is qualitatively described
by the adsorption isotherm, amount of the adsorbed gases
in the material at fixed temperature depending on the pres-
sure. Porous materials are most usually described accord-
ing to their pore size obtained from the gas sorption data,
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and the IUPAC classifies pore sizes and gas sorption iso-
therms reflecting the link between porosity and sorption
[3].

With respect to qualitatively forecast biochar environmen-
tal benefit, it is important to characterize biochar porosity
and pore size distribution. In this study, the biochar pore
characteristics were determined using nitrogen adsorption.
N, adsorption—desorption isotherms and pore size distribu-
tions of unmodified and modified biochar types are shown
in Figs. 6, 7 and 8. According to the IUPAC classification,
biochar modified with the steam adsorption—desorption iso-
therms can be classified as type I isotherms (Figs. 6a and 7a)
and biochar modified with nitric acid solutions (Fig. 8a) as
type II. The type I isotherm shows that biochar has micropo-
rous structure and the type II means macroporous. The rise
of biochar isotherms at relative pressure (P/P,) between 0.1
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and 0.9 shows existence of the microporous and mesoporous
structure.

The pore size was calculated according to the BJH
method and it is shown in Figs. 6b, 7b and 8b. Figures 6b
and 7b show modification with steam effect on the structure
of the biochar samples, meanwhile Fig. 8b shows the effect
of modification with nitric acid. The highest peaks of all
biochar types were determined at 3.1-6.6 nm pore size, and
it shows the increase of the mesopore volume. A peak at
60.5 nm pore size was observed in the case of biochar modi-
fied with 65% concentration nitric acid solution which shows
macropores. In the case of unmodified biochar peaks at 4.36,
16.9, and 60.5 nm, a pore size can be observed, which shows
mesoporosity and macroporosity of biochar. Wide pore size
distribution across a microporous and mesoporous range
and slightly heterogenous structure was determined in the
case of modified biochar types. Compared to unmodified
biochar, the effect with steam and nitric acid governed the
development of more mesoporous structure, because of a
narrow monomodal distribution which is centered in the
mesoporous range (2-50 nm). It is obvious that biochar
samples showed wide pore size distribution, from narrow
micropores to wider mesopores and macropores. Different
biochar post-pyrolysis modification techniques can signifi-
cantly impact biochar pore characteristics. Using detailed
characterization of the biochar pore structure, a potential
impact of biochar on the amendment of soil and pollutants
sorption can be effectively predicted.

Physical adsorption process is affected by the pore struc-
ture of the biochar, and the pore structure can be different
according to distinct biochar types [21]. Table 5 shows the
surface area, total pore volume, micropore volume and aver-
age pore size of unmodified and modified biochar types. The
average pore size of biochar varied from 1.93 to 2.77 nm and
it is related to the microporous and mesoporous structure.

After biochar modification with the steam of different solu-
tions biochar surface area increased, but the total pore vol-
ume decreased, except in the case of biochar modified with
the steam of deionised water. Comparing the steam of differ-
ent solutions, the rhamnolipid solution (20 mg/1) had highest
effect on the development of surface area (15.2 m%/g). The
optimum concentration of rhamnolipid solution was 20 mg/1
for the enhancement of biochar surface area, because higher
rhamnolipid concentrations can bind to biochar surface radi-
cals by clogging its pores. It was found that with increas-
ing concentration of the modifying rhamnolipid solution
from 20 mg/1 to 40 mg/1, the specific surface area of biochar
decreased from 15.2 to 6.15 m?/g. The decrease in the spe-
cific surface area of biochar with increasing concentration
of biosurfactant may have been caused by the surfactant fill-
ing of biochar pores [33]. Biochar types according to the
development of surface area can be ordered in such manner:
BC-SRS20_1h (15.2 m%g) <BC-SRW_1h (10.4 m%g) <BC
(4.42 m*/g) < BC-SDW_1h (3.95 m?%g). It can be stated that
the most microporous biochar types were those which were
modified with the steam of 5 mg/l (for 3 h) and 20 mg/1
(for 1 h) rhamnolipid solutions, since micropore surface
contained 98% and 95% of its overall surface area. It can
be seen, that S, /S-BET surface area of the initial biochar
(29%) has not changed considerably after the treatment with
the steam of deionised water for 1 h (23%) and nitric acid
solution of 65% (22%). However, the effect of strong acid on
the decrease of biochar micropore surface can be explained
by the destruction of pore walls during strong oxidation and
the conversion of micropores and mesopores to macropores.
The total pore volume varied from 0.0089 to 0.035 cm®/g in
the case of steam modification and from 0.0026 to 0.0063
cm?/g in the case of nitric acid modification. It was found out
that after modification with nitric acid, the BET surface area
of birch bark biochar decreased from 4.36 to 1.27 m%*g when
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Table 5 Characteristics of unmodified and modified birch bark biochar (450 °C) surface structure

Biochar modification tech- Treat- BET Micropore Total pore Micropore Average Siic/Sger (%) ViV, (%)
nique ment surface area surface area volume volume pore size
time, h (mzlg) (m2/g) (cm3/g) (cm3/g) (nm)

Unmodified - 442 1.29 0.035 0.0216 1.93 29 62

Steam of deionised water 1 3.95 2.31 0.035 0.0194 1.93 58 55

Steam of deionised water 3 3.81 0.88 0.032 0.0186 1.93 23 58

Steam of rainfall solution 1 10.4 8.27 0.013 0.00368 1.93 79 28

Steam of rainfall solution 3 9.68 7.8 0.016 0.00278 2.02 81 17

Steam of rhamnolipid solution 1 12.9 11.7 0.019 0.00415 1.93 91 22
(5 mg/l)

Steam of rhamnolipid soltuion 3 8.81 8.66 0.0313 0.012 1.93 98 38
(5 mg/)

Steam of rhamnolipid solution 1 15.2 14.4 0.018 0.0054 1.93 95 30
(20 mg/1)

Steam of rhamnolipid solution 3 14.7 13.3 0.016 0.00522 1.93 90 33
(20 mg/1)

Steam of rhamnolipid soltuion 1 6.78 5.13 0.01 0.00182 2.02 76 18
(40 mg/l)

Steam of rhamnolipid solution 3 6.15 2.61 0.0089 0.000929 2.02 51 10
(40 mg/l)

Nitric acid solution (20%) 1 4.36 2.31 0.0063 0.000821 2.02 53 13

Nitric acid solution (40%) 1 1.99 0.75 0.0037 0.000268 2.77 38 7

Nitric acid solution (65%) 1 1.27 0.28 0.0026 0.000101 2.77 22

concentration of the modifying nitric acid solution increased
from 20 to 65%. The decrease of biochar total surface area
in the case of HNO; can be explained by the decrease of
the micropore volume (from 0.0008 to 0.0001 cm3/g). The
micropore surface area of the same biochar modified with
increasing concentration of nitric acid solution decreased
from 2.31 to 0.28 m?/g. In the case of HNO; modification,
the pore diameter of biochar increased from 2.02 to 2.77
m?/g.

Another study [66] similarly found that after modifi-
cation with nitric acid surface area of rice straw biochar
decreased from 76.2 to 68.8 m%/g. The micropore surface
area decreased in the case of the nitric acid modification
(from 52.8 to 33.2 m*/g) due to the part of oxygen-contain-
ing functional groups which prevent the entrance of nitro-
gen molecules into the pores. A significant increase of pore
diameter was observed in the case of HNO; modification
and it increased from 1.6 to 2.4 nm. It shows that unmodified
biochar treatment with acids governs collapse of micropores
which form mesopores and increase pore diameter. Addition-
ally, a percentage equivalent of micropores decreased after
modification with HNO; (from 53 to 28%), since an equiva-
lent of mesopores increased (from 47 to 72%). The decrease
of the biochar total surface area in the case of HNO; was
explained by the decrease of micropore volume. The bio-
char effect with acid governed the widening of the pores
when pore walls and pore structure were destructed, which
decreases the biochar surface area. Similarly, to this study,
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Guzel et al. [15] found that surface area, total pore volume
and pore diameter of weed biochar (500 °C) decreased when
modifying HNO; concentration increased from 20 to 65%
(from 25.6 to 5.14 m*/g, from 0.019 to 0.006 cm®/g and
from 3.74 to 3.57 nm, respectively). This decrease can be
explained by the narrowness of pore openings, formation of
oxygen groups near pore openings and walls, by the destruc-
tion of pore walls, micropores and mesopores conversion to
macropores due to strong oxidative conditions.

Discussion and future research

In order for biochar to be actively used in industry, research-
ers need to ensure its specific physical and chemical proper-
ties. Therefore, current research focused on the modification
and characterization of low temperature birch bark biochar.
The objectives of this study were to evaluate the effect of
biochar modified with high acidity traditional chemical solu-
tions (HNO;) and the steam of lower acidity solutions (rain,
rhamnolipid) on its physicochemical properties.

Physical and chemical properties of biochar which is pro-
duced using different thermochemical conversion techniques
can differ and mostly affected by the process conditions
(holding time and temperature), initial feedstock and modifi-
cation technique [18]. Typically, biochar types made by low
temperature thermochemical conversion technique have less
polar oxidative surface groups such as C-O, C=0 and OH
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and have limited porosity and surface area (typically < 150
m?/g). Even though low-temperature biochar types have
porous structure, they can be less accessible for water due
to lesser pores, lesser pore interconnectivity and components
of residual tars which block the pores. The biochar aliphatic
functional groups also determine hydrophobicity of the bio-
char because they vapour only at high pyrolysis temperatures
[14]. These drawbacks limit wide applicability of biochar as
beneficial functional material. For example, abundant sur-
face functional groups are important for the creation of bio-
char as catalyst or adsorbent [65]. Biochar porosity and high
surface area are favourable properties which are important
for its application as a hydrophilic material in biofiltration
for removal of volatile pollutants or enhancement of water
holding capacity in dry sandy soils.

Biochar modification is an important area for the possibil-
ity to use tailored material for the removal of specific pollut-
ants from a liquid phase [37]. Biochar properties including
surface acidic functional groups or microporosity and high
surface area which are important for biochar wettability can
be further improved using different modification techniques
[2]. Due to modification or incorporation of modified mate-
rials, biochar types have improved properties (pore volume,
specific surface area, pore size distribution, active surface
sites) which affect the adsorption of water, so the removal
of the pollutants [61].

Physical activation which is called gaseous activation
uses various gases, for example: steam and carbon dioxide.
Physical activation can improve physical-chemical proper-
ties of new biochar types by removing secondary products of
incomplete combustion, oxidizing carbon surface and further
enhancing biochar surface area. Physical activation methods
are often simple, more economically available and effec-
tive for enhancing more carbon surface area than chemi-
cal modification techniques. Li et al. [23] determined that
the surface area of a new biochar type activated by heating
increased by 11.5 time compared to the initial biochar. In
the case of biochar activated by chemical modification tech-
nique, the surface area was only 0.009-0.63 times lower than
that of the initial biochar [68]. Another study [48] showed
that higher vapouring speeds and longer activation time
increased sorption of Cd, Cu and Zn on the surface of bio-
char. Though activation by steam increased biochar surface
area and porosity, Shim et al. [46] determined that the sorp-
tion capacity of Cu" insignificantly changed on the elephant
grass biochar made by slow pyrolysis under 500 °C tempera-
ture and its activation by steam under 800 °C temperature.
They found that, despite the fact that biochar activation by
steam increased its surface area, the amount of biochar func-
tional groups was reduced. Similarly, Lou et al. [30] showed
that biochar made from pine sawdust activation by steam
increased its surface area; however, it had a low effect on
functional groups on its surface. The effect of steam did

not have impact on the sorptive capacity of phosphate due
to electrostatic repulsion which is formed by the negative
charge of the biochar. In the context of sorption of inorganic
pollutants, the activation by steam is more effective, which
is used before the second activation/modification step [48].
Physical modification increases the adsorptive capacity of
modified biochar for the potentially toxic elements, nutri-
ents and organic pollutants due to the increase of a specific
surface area and development of micropores and mesopores
on the biochar [59].

Although chemical activation has got some disadvan-
tages, such as corrosion of used devices and high price,
its activation effect in creation of additional and abundant
functional groups on the biochar surface is better compared
to physical activation. Chemical oxidation using mixtures
of HNO;, KMnO, or HNO;/H,SO, can create acidic func-
tional groups on the biochar surface, such as carboxylic,
phenolic and hydroxyl [68]. Biochar modification by acids
and bases can change the surface area and the amount and
types of functional groups on the biochar surface. In one
study [66], biochar originated from rice straw was produced
at different temperatures (550, 650, 750 °C); then it was
modified using different oxidizing agents, including KOH,
HNO;, H,SO,, H,0, and KMnO,. The effect of carboniza-
tion temperature and oxidizing agent on chemical properties
of the biochar surface was investigated. Ketone, carbonyl,
quinone, carboxyl-carbonate and alcoholic groups were
found in many oxygenated samples. Modified biochar types
had a low pH values compared to the initial biochar. This can
be explained by many effects which increase the amount of
acidic functional groups on the surface of the biochar. Modi-
fied biochar types had higher capacity for the adsorption of
different molecular size organic pollutants, e.g., for iodine,
phenol and methylene blue from solutions. This shows that
alkalinity/acidity and hydrophilicity are main biochar sur-
face properties which affect their adsorption from solutions.
It is known that low-temperature biochar chemical oxida-
tion using KMnO,, H;PO,, HNO; and H,0, mixtures can
create acidic adsorptive sites, such as phenolic, carbonyl,
carboxylic and lactonic on the biochar surface [57]. Besides
O containing functional groups, the development of N con-
taining functional groups (such as imide and amide) also
accomplishes an important role in the environmental reme-
diation due to their high complexation capacity with various
potentially toxic elements (Cd, Zn and Cu). Unpaired oxygen
electrons (such as carbonyls) and nitrogen enhance adsorp-
tion of polar and polarized compounds through the Lewis
acids-bases interaction [43].

Changes in the chemical composition of biochar are
minimal after exposure to water vapor because the water
is inert and does not have high reactivity. Major modi-
fications by vapor are based on the increment of bio-
char porosity, and there are no significant changes for
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functional radicals. For example, Lou et al. [30] found
that biochar made from sawdust and activated with steam
increased its surface area, but had negligible effect on its
surface functional groups. Meanwhile, chemical modifica-
tions occur by oxidation/reduction of biochar, which cre-
ates new functional groups.

In summary, the modification of biochar by exposing
the surface to acidic solutions forms carboxylic groups
on its surface and develops micropores that lead to an
increase in the surface area [48]. Nitric acid causes fixa-
tion of functional groups through nitrification and oxi-
dation, which inserts nitrogen moieties on the surface of
biochar through electrophilic substitution [38]. However,
activation of biochar with strong acids can be expensive
in large scale and present environmental issues during
the disposal of activation media, hence activation with
rainwater and low concentration rhamnolipid solution,
less-expensive and cleaner products, can be an alterna-
tive for biochar modification and increment of sorption
capacity. Surfactant modification can provide positive and
negative charges to the modified surface. One study [32]
showed that surfactant can be adsorbed onto rice husk
biochar through Van der Waals force. Surfactant binding
also affects biochar surface properties. It was showed that
surfactant-modified biochar had decreased specific surface
area and total pore volume. It can be expected that biosur-
factant (such as rhamnolipids) may have similar effect on
the biochar surface properties.

In the future it is important to perform studies on vari-
ous biochar modification techniques and different pollutant
adsorption and desorption mechanisms [37]. There is a
need to use cheap methods for the development of inno-
vative and sustainable environmental technologies for the
production of biochar which has multifunctionality. Clean
biochar can be transformed to functional groups contain-
ing biochar after its modification, and this is the reason
why functional groups in biochar matrix can enhance the
amount of surface reactive groups, specific surface area
and surface exchange sites. For example, waste water from
agriculture treated by biochar can be held as a renewable
source used for the irrigation or in agriculture. However,
in the future there is a need to search for the environmen-
tally friendly materials which could improve functionality
of the biochar [61]. Another reason of this is a huge gap
between demand and supply of activated carbon which is
an economically expensive material (e.g., 246 $/t of inac-
tivated carbon compared to 1500 $/t of activated carbon)
[18]. This is the reason why it is important to search for
novel sources for the production of carbonaceous mate-
rial with desirable physical-chemical properties (e.g.,
high specific surface area, micro and mesoporosity, sur-
face functionality, thermal stability, purity of the carbon,
adsorptive capacity and chemical composition).
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Conclusions

1. Decrease of biochar fraction increases its wettability.
In this study, fine fraction of low-temperature birch
bark biochar (<300 pm) had slight hydrophobicity
(water drop penetration time was 3 s), since medium
(300 um-900 pm) and coarse (900 um—1.6 mm) frac-
tions were extremely hydrophobic (water drop penetra-
tion times of 6120 s and 18,541 s, respectively).

2. Steam of rainwater solution had the highest effect on the
alteration of low-temperature birch bark biochar wetta-
bility. After modification, its wettability increased when
water drop penetration time decreased from 18,541 s to
1564 s, although it still remained severely hydrophobic.
It can be explained by the creation of hydroxyl, carboxyl
and carbonyl functional groups, which showed higher
peaks at 3433 cm™!, 1697 cm™! and 1592 cm™! wave-
numbers compared to the unmodified biochar.

3. Biochar modification with steam of 20 mg/l rhamnolipid
solution had the highest effect on the enhancement of
BET surface area, which was 15.2 m%/g. This biochar
type was highly microporous because its micropore sur-
face area contained 98% of its total surface area. The
rate of the micropore surface area to the total surface
area showed that biochar modified with the steam of
rhamnolipid solution had a higher proportion of their
total surface area as micropores. It can be attributed to
the fact that the modifying agent benefitted in removing
tarry compounds that block the pores.

4. Comparing the effect of different nitric acid solution

concentrations on the biochar wettability, 20% nitric
acid solution concentration affected biochar wettability
better, since its wettability was higher (3907 s) com-
pared to biochar types modified with 40% and 65% nitric
acid solution concentrations (4006 s and 4210 s, respec-
tively). This can be explained by the modified biochar
with the lowest solution concentration higher BET sur-
face area (4.36 m?/g), higher micropore volume (0.0008
cm?/g) and development of oxygen—nitrogen containing
functional groups, which were observed by the absorb-
ance peaks at 3411 cm~!, 1606 cm™" and 1385 cm™!
wavenumbers. O and N containing functional groups
have an important role in environmental protection
technologies due to their high complexation capacity
with various polar and polarized compounds through
the Lewis acids—bases interaction.

5. Adsorption—desorption isotherms and pore size distri-
bution showed that biochar modified with steam had
more microporous and mesoporous structure compared
to unmodified biochar and biochar modified with nitric
acid solutions. In the case of biochar modified with the
steam, pore volumes were higher at 3.1 to 16.9 nm pore
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size range, which shows mesoporosity. In the case of
unmodified biochar and biochar modified with the high-
est concentration nitric acid solution (65%), an addi-
tional peak at 60.5 nm pore size can be observed, which
shows macroporosity.
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Abstract

In the last decades, there is a growing concern about soils polluted with potentially toxic elements (PTE) and their negative
impact on the ecosystems. In the recent year, biochar is intensively investigated not only for carbon sequestration or soil
productivity enhancement but also like a new sorbent for polluted soils’ remediation. The aim of this work is: (1) to assess
the effect of two pine wood biochar types (produced at 450 and 700 °C temperatures) on the PTE mobility in the solution of
the former sewage sludge soil; (2) to make risk assessment of pyrogenic carbonaceous product made from railway sleepers
and (3) to assess pine wood biochar (700 °C) impact on the PTE uptake to oat (Avena sativa L.). Three different experiments
were done: (1) incubation; (2) leaching and (3) bioaccumulation. Incubation experiment showed that both pine wood biochar
types showed good immobilisation efficiency in the case of Cd (> 85%), but lower temperature biochar (450 °C) had higher
efficiency used in the immobilisation of Zn (78%) and Cu (76%) in multi-polluted soil. Leaching experiment showed that both
biochar types well retained Pb (> 99%), but lower temperature biochar had greater retention efficiency in the case of Cu (93%).

Keywords Pyrogenic carbonaceous product - Leaching test - Pine wood - Potentially toxic elements - Pyrolysis - Soil

pollution - Immobilisation of elements

Introduction

Soil pollution with potentially toxic elements poses a global
challenges in mining sites and industrially urban soils
which represent a wide range of total organic carbon (TOC)
(Uchimiya et al. 2011). PTEs are released into the environ-
ment by both natural and anthropogenic sources. Some
soils have higher levels of PTE due to volcanic activity or
erosion of natural rocks. Anthropogenic activities such as
smelting, mining, use of pesticides, fertilisation, amending
of sludge are also responsible for PTEs accumulation in soils
(Gul et al. 2014). Soil contamination with PTEs is a very
serious problem, especially in the agricultural lands (Khan
et al. 2015). The most important contaminants are cadmium
(Cd), copper (Cu), chromium (Cr), lead (Pb), mercury (Hg),
nickel (Ni) and zinc (Zn). Because these metallic PTEs from
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polluted soils can become bioavailable and/or phytoavail-
able they may accumulate into the environment and enter
the food chains. This contamination threatens soil quality,
plant survival and human health. Excessive PTEs concentra-
tions may cause hazards both for humans and ecosystems
through direct consumption or contact with the contami-
nated soil, food chains and drinking of polluted groundwater
(Yathavakulasingam et al. 2016).

PTEs in the soil can be divided into these two fractions:
(1) inert fraction, assumed as the nontoxic fraction; (2) the
labile fraction, assumed to be potentially toxic. To assess
the bioavailability of PTEs, only the soil labile fraction is
taken into account because this fraction is often called the
bioavailable fraction. The availability of PTEs for plants and
microorganisms in the soil depends on different constitu-
ents of soil, such as carbonates, metal hydroxides, organic
matter and silica (Yobouet et al. 2010). PTEs bioavailabil-
ity is one of the most serious problems in agricultural and
environmental investigations (Gul et al. 2014). The mobil-
ity and bioavailability of PTEs are controlled by complex
redox and acid-base chemistry and the availability of sorp-
tion sites, such as the iron and aluminium (hydr)oxides, clay
and natural organic matter (Uchimiya et al. 2011). Carboxyl,

a
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phenolic hydroxyl and other oxygen-containing surface
functional groups of these soil components play central roles
in binding metal ions (Sposito 1989).

A variety of methods have been developed for remedia-
tion of contaminated soils and groundwater. Conventional
soil remediation techniques (soil washing by acids, soil
digging ex situ) contribute to environmental degradation
and are not economically feasible on a large scale (Houben
et al. 2013a, b), especially in developing countries (Raja-
karuna et al. 2006). Due to this, recent research has focused
on the sustainable remediation techniques (Al-Wabel et al.
2015). Remediation of PTEs-contaminated soil with vari-
ous organic (compost, fertilisers, agricultural residues) and
inorganic amendments (biochar, red mud, limestone) has
attracted attention due its low cost and environmental ben-
efits. The use of organic and inorganic by-products as soil
amendments exemplifies a strategy for converting wastes
into resources. Inorganic amendments are effective in reduc-
ing metal bioavailability due to the introduction of additional
binding sites for PTEs and due to the pH effects (Gul et al.
2014). Many of these amendments are by-products of indus-
trial activities and, therefore, cheaper and available in large
quantities. Different kinds of inorganic materials have been
used to decrease soil pollution with PTEs.

Biochar is a pyrolysed carbon rich by-product of plant
and animal origin, organic substances produced by heat-
ing (at > 250 °C temperature) under low oxygen conditions
(Antal and Gronli 2003). In the recent years, biochar is gain-
ing attention by scientists due to its impending role in carbon
sequestration, reducing greenhouse gas emissions, nutrient
leaching and use for irrigation and fertilisers (Nguyen et al.
2009). Biochar physical-chemical properties can differ
among different feedstock and pyrolysis conditions (Meyer
et al. 2011). It is proved that biochar has magnificent poten-
tial in stabilising many organic (aromatic hydrocarbons) and
inorganic pollutants which are present in soil and groundwa-
ter (Barrow 2012). Biochar application can also significantly
reduce the availability of trace elements to plants. It can
significantly immobilise Cd, Zn and Pb in soil (Beesley et al.
2010; Cao et al. 2011; Uchimiya et al. 2012), complex metal
ions on its surface and, therefore, reduce their bioavailability
(Beesley et al. 2011).

In recent years, studies have highlighted biochar as
an effective soil amendment to immobilise PTEs in soils
(Ahmad et al. 2014; Rajapaksha et al. 2012). Herath et al.
(2017) documented that the addition of biochar to serpen-
tine soil immobilises Cr, Ni and Mn by reducing metal tox-
icity in tomato plant. Wagner and Kaupenjohann (2014)
compared biochar (corn, 750 °C) and hydrochar (poplar,
200 °C) regarding their possibility in immobilisation of
PTEs in former sewage sludge fields. Hydrochar had no
effect on metals mobility despite the fact that yields of grains
were reduced (because of reduced N availability). Biochar
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reduced bioavailable metal forms in plants, especially for Zn
and Cd. Otherwise, biochar increased concentrations of met-
als in filtrates, especially for Pb and Cu. Wagner and Kau-
penjohann (2014) concluded this could happened because
of the complexation of organic substances or development
of mobile colloids. Rees et al. (2014) investigated biochar
(mixed wood, 450 °C) effect on the Cu, Cd and Ni mobil-
ity and sorption of metals in polluted soils (Cambisols) in
northern France. They found effective metals immobilisation
in soils amended with biochar when particles size distribu-
tion of biochar and increase of soil pH controlled short-time
sorption of these metals. Understanding the behaviour to
avoid ecotoxicological impacts, the effects of biochar on
nutrient and PTEs behaviour as well as transport are some
of the areas that require more attention.

The aim of this research was to assess the biochar effect on
PTE (Pb, Cr, Cd, Zn, Cu and Ni) bioavailability in soil and
uptake by oat (Avena sativa L.), PTE immobilisation in pol-
luted soil depending on time and PTE leaching from polluted
soil amended with biochar and two pyrogenic carbonaceous
products made from railway sleepers. For this reason, there
were made 28 days long incubation experiment with soil
from former sewage sludge fields amended with two biochar
types (PB450—pine wood biochar produced at 450 °C tem-
perature and PB700—pine wood biochar produced at 700 °C
temperature) mixed at different ratios (1/5, 1/10 and 1/20),
35 days long plant experiment with oat and leaching experi-
ment when waste (polluted soil amended with two pine wood
biochar types and two railway sleepers pyrogenic products)
were percolated by one-way stream with deionised water.

Materials and methods
PTE-polluted soil

PTE-polluted soil was collected from the former sewage
sludge amended fields from Molainiai (district of PanevéZys,
Lithuania; E 519428; N 6176087). In 1961-1963, the fields
were operated for the industrial waste. The exploitation
ended in 1978. Former sewage filtration fields were amended
with sludge. That sludge was severely polluted with PTE.
The most common pollutant was Cd, which exceeded limit
values more than 160 times (Ataskaita...2010). The territory
was also polluted with Cu, which exceeded limited values
by 16.5 times. In the sewage sludge, there were higher con-
centrations of Ni, Cr and Zn. The overall area of polluted
soil formed about 27.13 ha in the former filtration fields. For
the sake of experiments, there were collected about 20 kg
of the top soil (15 cm depth). There were taken 20 samples
which later were homogenised. Samples were taken by the
method of digging by the hand with a stainless shovel (ISO
10381-2:2002). Then, soil was dried at 105 °C temperature
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for 2 days, crushed and sieved with < 4 mm size sieve. The
prepared samples were subjected for the following param-
eters: pH, humidity, density, total carbon, organic matter and
PTEs concentration.

Production of pyrogenic carbonaceous product
(PCP)

Potentially clean pine wood biomass (pine (Pinus sylves-
tris L.) for PCP production was collected from a potentially
clean territory in Vilnius city which is located in the south-
east region of Lithuania (54°43'37"25°20'12") (Komkiene
and Baltrenaite 2016). Samples were carved to blocks of
15 mm? volume. There were used 4.5 kg of clean pine wood
for the production of PCP. Contaminated woody biomass
(pine wood railway sleepers) was collected from the rail-
way station which was located in Vilnius city. Pine wood
pyrolysis was performed in the muffle furnace (ESCK-T) at
450 and 700 °C temperature for 2 h. There were produced
four different types of PCP: pine wood PCP made at 450 °C
temperature (PB450), pine wood PCP made at 700 °C tem-
perature (PB700), pine wood railway sleepers PCP made
at 450 °C temperature (PSB450) and pine wood railway
sleepers PCP made at 700 °C temperature (PSB700). The
following properties for PCP were investigated: yield, ash
content, density, pH, total carbon, PTE concentration and
cation exchange capacity (Silinskaité 2014).

Incubation experiment

The 0.01 M CaCl, extraction provides information about
the soil solution and exchangeable metal pools and can
be regarded as an indicator of metal solubility, bioavail-
ability and mobility in soils (Lambrechts et al. 2011).
This procedure has also been used to study the influence
of ageing and bioavailability of metals in soils (Schreck
et al. 2011). The effect of biochar on PTEs immobilisation
can be assessed by monitoring CaCl,-extractable metal
concentrations released by soil and soil-biochar mixtures
during the incubation experiment (Houben et al. 2013a,
b). Plastic plant pots (400 cm?) were filled with 400 g of
soil and biochar mixture. Incubation lasted for 28 days at
20 + 1 °C temperature. Throughout the experiment, the
moisture content of each mixture was kept at 75% water
holding capacity by adding water and weighing the pots
on a weekly basis. After 1 h, 7, 14, 21 and 28 days, 10 g of
each soil was sampled and subjected to a CaCl, (0.01 M)
extraction. Samples were prepared from 100 ml of 0.01 M
CaCl, solution and shaken at 20 °C temperature for 2 h.
After shaking, the pH was measured and the extract was
separated from the solid residue by filtration. PTEs con-
centration in the extract was determined by flame atomic
spectrophotometer (FAAS).

PTE leaching from polluted soil and pine biochar
mixture/sleepers pyrogenic product experiment

Analysis of PTEs mobility in PTEs polluted soil mixed
with two pine wood biochar types (PB450 and PB700)
and two pyrogenic product types from sleepers were inves-
tigated using up-flow percolation test (CEN/TS 14405).
Leaching tests are designed with specific objectives, such
as to determine the effectiveness of a waste treatment pro-
cess, to estimate a source term or end point for risk assess-
ment purposes (An assessment... 2003).

The up-flow percolation test was carried out using col-
umns of 5 cm diameter and 30 cm height (Peckyté and
Baltrénaité¢ 2015). Leaching equipment was made from
water container, four columns, inlet and outlet hoses and
eluate collection bottles. Samples were prepared of polluted
soil from former sewage sludge fields mixed with two pine
biochar types at three different ratios (1/5, 1/10 and 1/20)
and from two PCP types (PSB450 and PSB700) made from
railway sleepers. Equipment (columns, filters, hoses, bot-
tles) was rinsed with distilled water. The empty column was
filled with well-crushed material and weighed to an accuracy
of 1 g. The bottom section was equipped with a filter plate
and a pre-filter to the column. When columns were filled in
wastes (soil amended with PB450 and PB700; PSB450 and
PSB700), the column was saturated with deionised water.
The saturation was stopped when a column with a sample
was fully saturated. In order to balance a process, a column
with soil/carbonaceous product was left for at least 2 days.
The flow rate was set 15 + 2 cm through the empty column.
To control leaching process, the first eluate was collected.
Solubility of inorganic constituents is strongly influenced by
pH and redox potential. Then, pH in eluate was measured.
The outlet hose was connected to an eluate collection bottle.
The hydrostatic pressure and eluate samples collection then
started. The first eluate was taken when volume of eluate
reached (0.1 = 0.002) X the mass of the test portion (m,).
The second and following eluates were collected into the
bottle. According to different fraction volumes, all seven elu-
ates were collected and pH was measured in each.

Time, volume, pH and L/S ratio were noted just after
collection. PTEs (Cd, Pb, Cr, Ni, Zn and Cu) concentra-
tions were measured in the eluates using a flame atomic
spectrophotometer (FAAS).

Experiment of PTE bioavailability and uptake by oat
(Avena sativa L.)

An experiment with plants was performed to assess the
effect of pine biochar (PB700) on the PTE bioavailability
in oat grown in polluted soil from former sewage sludge
fields amended with biochar at three different ratios
(1/5; 1/10; 1/20). Plastic pots (400 cm?) were filled in

a
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with 200 g of soil and biochar mixture. Plants from soil
amended with biochar were compared to plants from una-
mended soil (control). All treatments were carried out in
three replicates. Each pot was visually checked for suffi-
cient water content which was necessary for optimal plant
growth conditions. Pots were kept in a room temperature.
In the beginning of the experiment, there were 10 seeds
of oat planted in every pot. After 10 days, the plants were
thinned to three plants per pot.

The shoots were harvested after 35 days and fresh
weight was determined immediately. The plants were
washed with deionised water and dried at 60 °C tempera-
ture for 24 h before dry mass was determined (Wagner
2014). Then, PTEs concentration in plants was determined
using a flame atomic spectrophotometer (Buck Scien-
tific—210VGP). Total PTE concentration was measured
after the acid digestion process. The acid digestion pro-
cess consisted of every sample (50 mg) mixed with 3 ml
HNO; (65%) and 9 ml (HCI). After that, the samples were
placed in special vessels and then into Ethos 900 Mile-
stone Microwave apparatus and heated for 43 min. Then,
solutions were poured into bottles of 50 ml volume which
then were supplemented with deionised water till the limit
of 50 ml (Butkus and Baltrénaité 2007).

Statistical analysis

Statistical analysis to compare the average results of the
different treatments was performed using one-way analysis
of variance (ANOVA) (Houben et al. 2013a, b). Homoge-
neity of variances was tested using Levene’s test. Paired
comparisons between the treated and the control soils were
carried out using Student’s ¢ test.

Results and discussion

Physical-chemical properties of pyrogenic
carbonaceous products and soil

In this work, yield of pine wood biochar and pine sleep-
ers pyrogenic products decreased from 27.34-15 to

21.64-11.81%, when pyrolysis temperature increased from
450 to 700 °C (Table 1).

A similar biochar productivity tendency with rising
pyrolysis temperature was determined by Gai et al. (2014),
when productivity of wheat, corn straw and peanut shell
biochar decreased from 36.8-32.4 to 25.8-22.8%, when
pyrolysis temperature increased from 400 to 700 °C. One
explanation could be that there is higher loss of volatile
compounds in higher pyrolysis temperatures (Novak et al.
2009). It could be concluded that in lower pyrolysis tem-
peratures, there is a higher biochar yield and it has richer
composition of volatile compounds compared to high
pyrolysis temperatures (Jindo et al. 2014). A high amount
of lignin in biomass material determines higher biochar
yield (Amonette and Joseph 2009).

Ash content differed from 23.25 to 23.97% in the case
of pine wood biochar types and from 26.95 to 30.91% in
the case of pine sleepers pyrogenic product types and it
increased with the increase of temperature. A similar ten-
dency occurred in Mukherjee et al. (2011), when biomass
of oak wood (Quercus lobata), pine wood (Pinus taeda)
and grass (Tripsacum floridanum) was pyrolysed at 400
and 650 °C temperatures. Biochar ash content increased in
higher pyrolysis temperatures mainly due to rising content
of minerals (Cao et al. 2009). Tendency of increasing bio-
char ash content with increasing pyrolysis temperature was
similar in different biochar types produced both from pine
wood and both from animals’ manures (Chen et al. 2008).

pH of pine wood biochar types increased from 7.3 to
8.36 and in the case of sleepers pyrogenic product types—
from 6.63 to 7.87 when pyrolysis temperature increased.
The biochar pH value rose in a higher pyrolysis tempera-
ture probably due to concentrations of unpyrolysed inor-
ganic elements which have already been in the original
material (Novak et al. 2009). Normally, biochar types with
higher ash content have higher pH values compared to
those with low ash content (Lehmann et al. 2011). Biochar
pH can change with time and it can both decrease and
increase depending on the feedstock.

Content of total carbon rose with increasing pyrolysis tem-
perature from 450 to 700 °C in all PCP types. Amount of total
carbon in the case of pine biochar increased from 86.48 to
93.01% and in the case of pine sleepers from 80.92 to 89.91%.

Table 1 Physical-chemical properties of polluted soil and carbonaceous products

Pyrogenic carbonaceous Pyrolysis Yield (%) Ash content (%) Density (g/cm’) pH Total organic Cation exchange
product type temperature carbon C (%) capacity (cmol /kg)
O
Clean pine wood 450 2734 +£0.13 2695 +1.70 0.22 +0.01 73+0.11 86.48+0.54 048 +0.12
700 15 +2.46 3091 +2.02 0.27 +0.01 8.36+0.02 93.01 £0.99 2.07+1.26
Railway sleepers (pine 450 21.64 +1.12 23.84 +1.09 0.19 + 0.004 6.63+0.99 80.92+093 0.77+0.3
wood) 700 11.81 £ 1.94 23.97 +2.04 0.15 + 0.003 7.87+0.13 89.91 +£0.86 0.11 +0.09
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All pyrolysis product types corresponded to standards of the
European Biochar Certificate for total carbon content and
exceeded 50% C,, value. All pyrogenic product types corre-
sponded to the parameter that organic carbon content in pyro-
lysed char differed from 5 to 95% depending on used tempera-
ture and temperature of the process. Pyrolysed organic matter
which has < 50% of carbon content is classified as pyrogenic
carbonaceous matter (EBC 2016).

Cation exchange capacity (CEC) is the ability of matter to
retain positive charged cations and in this work CEC of biochar
types significantly differed among different feedstock types
and pyrolysis temperature. In the case of clean pine wood,
when pyrolysis temperature rose from 450 to 700 °C CEC also
increased (from 0.48 to 2.07 cmol /kg). A similar tendency
was obtained in other works (Nelissen et al. 2014; Gaskin et al.
2008) when CEC of pine wood biochar rose (from 38.6 to 68.8
cmol /kg) when pyrolysis temperature increased from 450 to
650 °C (Nelissen et al. 2014). An opposite tendency occurred
in the case of sleepers pyrogenic product types. This work
showed that when pyrolysis temperature (450-700 °C) rises
CEC of sleepers pyrogenic product types decreases (0.77-0.11
cmol /kg). These results are similar to Gai et al. (2014) and
Crombie et al. (2014) results, when all biochar types (from
wheat, corn straw, peanut shell) had higher CEC at 400 and
500 °C pyrolysis temperatures compared to those which were
produced at 600 and 700 °C temperatures.

Soil pH is one of the most important indicators of chemi-
cal properties of soil (Sujetoviené 2011). Soil acidity directly
impact availability of nutrients in plants, their development,
productivity, composition of soil microorganisms, decomposi-
tion of organic matter, carbon and nitrogen immobilisation in
soil, leaching of the elements and their emissions to the atmos-
phere (MaZzvila et al. 2011). In this research, soil pH value
reached 7.55 (Table 2); therefore, this soil from Molainiai was
classified as average alkaline (pH from 7.5 to 8.5).

Soil density is an essential and widely used soil indica-
tor. It describes soil’s aeration and penetrability (Sujetoviené
2011). It was determined that the analysed soil density was
0.95 g/cm®. This density is similar to other work where fine
sand particles dominated in sludge granular composition and
density of the natural sludge varied from 0.926 to 2.138 g/cm?
(DGE Baltic... 2010). According to the density (0.8-1.2 g/
cm?), investigated soil is optimal for growing plants.

Soil water content is an important parameter for all types
of soil analysis: measuring water holding capacity, available
moisture content to plants, infiltration, pores’ size distribu-
tion and soil penetrability (Sujetoviené 2011). In this work,
soil moisture reached 22.43%. According to moisture values,

investigated soil is near to optimal conditions for growing
plants, when pores are filled with air and water up to 25%.

Organic matter and especially humus content is one of the
indicators of soil quality showing soil’s resistance to physi-
cal degradation (Liaudanskiené et al. 2008). Most usually
soil consists of 80-90% of the mineral part and less than 10%
of the organic part. Soil’s organic part is made of organic
residues and humus (Jackson 1993). In this research, organic
matter in soil reached 8.77%. According to dry organic mat-
ter mass (%) this soil is classified as having average organic
matter (from 6 to 20%) (EN ISO 14688-2 2004).

Carbon (C) is the main soil’s organic matter component.
Soil’s organic carbon forms a huge part of the global carbon
cycle; its content depends on photosynthesis input in soil and
respiration, erosion and leaching loss (Liaudanskiené et al.
2008). The amount of total carbon in soil reached 9.64% in
this study.

According to the European Biochar Certificate, certain
thresholds for PTE must be kept. The following maximum
values for PTE, for the basic quality grade (Pb < 150 mg/
kg DM; Cd < 1.5 mg/kg DM; Cu < 100 mg/kg DM;
Ni < 50 mg/kg DM; Zn < 400 mg/kg DM; Cr < 90 mg/
kg DM), correspond to the German Federal Soil Protection
Act (Bundes-Bodenschutzverordnung) and for the premium
quality grade (Pb < 120 mg/kg DM; Cd < 1 mg/kg DM,;
Cu < 100 mg/kg DM; Ni < 30 mg/kg DM; Zn < 400 mg/kg
DM,; Cr < 80 mg/kg DM), correspond to the Swiss Chemi-
cal Risk Reduction Act. These thresholds which relate to the
total dry biochar mass are shown in Table 3.

According to the PTE concentrations (mg/kg DW) in four
pyrogenic product types, all types corresponded to premium
biochar quality except for Ni in PSB700 type which cor-
responded to the values of the biochar of the basic quality
grade.

The highest PTE concentrations in the contaminated soil
which exceeded thresholds (HN 60:2015) were in the case
of Cu (276.47 mg/kg), Ni (100.74 mg/kg) and Cd (9.56 mg/
kg) (Table 3). Cd concentration in the soil for approx. 637%
exceeded the threshold for Cd (1.5 mg/kg), Cu for 3.69 times
and Ni for 134%. Cd concentrations in soil were similar to
the research conducted in 2013, when in the top layer of
the soil the thresholds were exceeded more than one hun-
dred times and in deeper layers—1.5 to 2 times (Geotestus
2013). Pb concentration in soil reached 15.44 mg/kg and
did not exceed the threshold for Pb in soil (80.00 mg/kg). In
the research carried out in 2013, Pb concentrations did not
exceed the thresholds and were close to natural background
values (Geotestus 2013).

Table 2 Physical-chemical properties of different pyrogenic carbonaceous product types (mean value + SD, n = 4)

Soil pH Moisture (%)

Density (g/cm®)

Total carbon (%) Organic matter (%)

From Molainiai 7.55+0.08 22.43 +10.28

0.95 £ 0.02

9.64 + 0.09 8.77 £ 2.57
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Table 3 PTEs concentrations (mg/kg DW) in polluted soil and carbonaceous products (average + SD, n = 9)

PTE Polluted soil Pine wood Pine wood Pine sleepers Pine sleepers Threshold for Maximum PTE
biochar, 450 °C biochar, 700 °C carbonaceous carbonaceous premium biochar  concentration in
temperature temperature product, 450 °C product, 700 °C quality grade soil (HN 60:2015)
(PB450) (PB700) temperature temperature (according to

(PSB450) (PSB700) EBC)

Cd 9.56 + 1.75 0.27 +0.04 0.9 +£0.59 0.9 +0.05 0.18 +0.15 1 1.5

Pb 15.44 +2.09 6.22 +1.62 13.44 + 1397 8.07 +3.09 9.03 +3.49 120 80

Zn  228.68 +29.09 330.37 +150.85 82.44 +19.98 118.3 + 8.74 140.71 +£9.3 400 300

Cu 27647 +1845 16.87 +4.05 25.99 +20.93 2241 +£22.17 32.74 +£ 6.26 100 75

Ni  100.74 + 6.89 17.76 +4.93 10.75 + 6.04 17.92 +3.83 32.74 £ 5.36 30 75

Cr 98.53 +£7.92 2575 +4.9 7.47 +3.96 19.72 + 3.14 354 +9.64 80 80

Soil pH biochar types serve the alkaline function in the soil (Hass

Figure 1 shows that soil pH from the incubation experiment
reached maximum value (= 7.2) after 336 h (= 14 days)
in the case of both biochar types, and later, it gradu-
ally decreased in the case of PB700 and increased in the
case of PB450. In the leaching experiment, eluates’ pH
decreased with time in the case of both biochar types
(Fig. 2). In the case of both biochar types, maximum pH
(> 8) values reached after the first minute and later gradually
decreased. According to Wong and Swift (2003), insignifi-
cant pH increase in the beginning of the experiment could
be explained by decarboxylation of organic anions and
ammonification and gradual pH decrease could be explained
by nitrification.

Comparing two biochar types, PB450 increased soil pH
after biochar addition (p = 0.22 insignificant; Fig. 1a), and
in the case of PB700 soil, pH insignificantly decreased with
time (p = 0.66; Fig. 2b). This growth of pH is constant when
biochar has alkaline origin. Basic cations (Ca, Mg, K, Na)
which are in the biomass are transferred into oxides, hydrox-
ides and carbonates during pyrolysis process (Yuan et al.
2011). Due to these alkaline compounds solubility, many
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et al. 2012).

Immobilisation of PTE in polluted soil using
the incubation experiment

In the beginning of the experiment, after 1 h, better ele-
ment’s immobilisation effect between two pine carbonaceous
product types was determined in the case of PB700 type
(Fig. 3). Comparing all PTEs Cu concentration decreased
the most in the extracts of PB700 and soil mixtures: 79.2,
75.27 and 76.28% at the ratios of 1/5, 1/10 ir 1/20. Ni immo-
bilisation by this biochar reached 12.32, 27.4 and 23.28%
at the ratios of 1/5, 1/10 ir 1/20. Biochar, respectively, pro-
duced at lower temperature (450 °C) in the beginning of the
experiment retained Cu (76.76%, 76.21% ir 73.39% at the
ratios of 1/5, 1/10 and 1/20, respectively).

At the end of the experiment (after 672 h/28 days), PB450
immobilised four elements out of six (Cd > Zn > Cu > Pb)
(Fig. 4). However, this biochar type had no effect on the
immobilisation of Cd and Ni. The most immobilised ele-
ment was Cd (57.89 and 86.01% at the ratios of 1/10 and
1/20), Zn (63.26, 78.1 and 77.62% at the ratios of 1/5, 1/10
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Fig. 1 pH differences in the CaCl, extracts depending on time (h), a PB450 and b PB700 biochar (S—polluted soil; average + SD (0-0.009))
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Fig.3 PTE immobilisation efficiency in the soil amended with
PB450 and PB700 biochar types in the beginning of the incubation
experiment (after 1 h)

and 1/20, respectively), Cu (69.01, 70.29 and 76.03% at the
ratios of 1/5, 1/10 and 1/20, respectively) and Pb (46% at the
ratio of 1/5). Biochar produced at higher temperature also
immobilised four elements out of six (Cd > Cu > Pb > Cr).
Like biochar made at lower temperature, this biochar type
immobilised Cd the most (88.32% at the ratio of 1/5).
Immobilisation of other three elements was below than
average: Cu: 44.33, 45.21% at the ratios of 1/10 and 1/20;
Pb: 22% at the ratio of 1/10; Cr: 20.66, 9.92 and 14.05% at
the ratios of 1/5, 1/10 and 1/20, respectively). In conclu-
sion, these two carbonaceous product types immobilised
the Cd and Cu most at the end of the experiment (after
28 days). Two biochar types showed similar high reten-
tion effectivity of Cd (> 85%), but in the case of Zn reten-
tion this element was better retained (78%) by the biochar
made at lower temperature (450 °C) which also effectively
immobilised Cu (> 76%). Similar results were obtained
by other investigation when canal bank soil severely pol-
luted with Cd and Zn was amended with wood biochar.

OPb mCd B8Cu BNi ocCr OZn
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S+PB700, 1/10

S+PB700, 1/5

S+PB450, 1/20 —
S+PB450, 1/10 —
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Fig.4 PTE immobilisation efficiency in the soil amended with
PB450 and PB700 biochar types at the end of the incubation experi-
ment (after 672 h/28 days)

It showed a significant decrease of Cd concentrations in
pore water after 60 days field experiment (Beesley et al.
2010). In the column analysis with the same soil, biochar
similarly decreased Cd and Zn concentrations in the fil-
trates, which shows sorption of Cd and Zn on the biochar
surface (Beesley and Marmiroli 2011) using Scanning
Electron Microscopy (SEM). Zheng et al. (2015) showed
that biochar both from bean stems and rice stems effec-
tively immobilised Cd, Zn and Pb in historically polluted
soil from rice fields (Zheng et al. 2015). Biochar had most
significant effect on the availability of Cd and its gradual
phytoaccumulation. When soil was amended with biochar,
Cd concentrations in the plants decreased by 71%.

When soil is highly contaminated with Cd, both bio-
char types could be used for this element retention, but if
soil is multi-polluted (Cd, Zn, Cu), biochar made at lower
temperature (450 °C) could be a better product for immo-
bilisation of the elements because effectiveness of immo-
bilisation of these elements was better comparing it with
biochar made at higher temperature (700 °C).
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Figures 5 and 6 show that in the beginning of the incu-
bation experiment (after 1 h) in the soil amended with two
carbonaceous product types, the highest PTE bioavailable
part (%) (by 2.5%) (Fig. 5) was that for Ni and at the end of
the experiment bioavailable part of this element decreased by
1.9% (Fig. 6). Results showed that the PTE bioavailable part
(%) was growing most significantly in the case of Zn (in soil
amended with PB700 (1/10)—4.64 times and in unamended
s0il—6.04 times) and Cd (in soil amended with PB450
(1/5)—79.66 times and unamended soil—6.81 times) (Fig. 6).

This decrease of PTE mobility could be explained by
ageing, which relates with processes affecting elements
mobility and bioavailability decrease with time (Ma et al.
2006). Usually with time sorption of elements increases
and this mechanism is determined by low rate of reactions,
organic and inorganic pollutants diffusion into micropores
and nuclear-precipitation on the surface (Ma et al. 2006).
Mechanisms of elements sorption and sorbtive capacity
significantly vary between source material and elements.
Biochar properties highly differ due to feedstock and
pyrolysis temperature, when in higher temperature bio-
char has major surface area, pH value and mineral content
though less functional groups content. Most importantly
because of a favourable structure of pores and various
functional groups (carboxyl, hydroxyl and phenolic) bio-
char highly attracts PTEs (Park et al. 2011).

PTE immobilisation in polluted soil using
the leaching experiment

In this research we investigated six PTEs (Cu, Cr, Zn, Ni,
Cd and Pb) leaching from polluted soil amended with two
pine wood biochar types (PB450 and PB700) made in two
different temperatures, 450 and 700 °C and mixed at three
different ratios (1/5, 1/10, 1/20) and from two sleepers pyro-
genic carbonaceous product types (PSB450 and PSB700).
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Fig.6 PTE bioavailable part (%) compared to initial elements amount
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of the incubation experiment (after 672 h/28 days)

Figures 7 and 8 show that from unamended soil, Pb
(19.59%) and Cu (5.21%) were the highest leached PTEs
part (%) comparing with initial elements concentration in
the soil and Cr (0.18%) and Cd (0.02%) were the lowest.
When soil was amended with two different pine wood PCPs,
there was different PTE retention efficiency for different ele-
ments and mixing ratios (Figs. 9, 10). In the case of biochar
produced at 450 °C temperature, the best retention efficiency
was for Pb and Cu (Fig. 9). Pb retention efficiency by this
biochar reached more than 99% (99.57, 99.48, and 99.45%
at the ratios of 1/5, 1/10 and 1/20, respectively). In other
study (Mohan et al. 2007), oak bark biochar (400-450 °C)
was more effective in Pb retention compared to other types
and removed similar Pb content like activated char (about
100% of Pb). The authors made a conclusion that metal
adsorption by biochar was explained by the mechanisms of
ion exchange. Karami et al. (2011) concluded that P could
affect Pb retention by hard wood biochar in severely pol-
luted mining soil. In the same work, biochar influenced the
reduction of Pb concentrations in pore water from 80 mg/1
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Fig.7 Leached PTEs part (%) from soil amended with carbonaceous
product (PB450) compared to initial concentration
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to a half of this value. Otherwise, when biochar was mixed
with compost of green wastes, Pb concentrations in soil’s
pore water decreased even more; therefore, there is a sugges-
tion to combine the effects and to experiment not only with
physical retention of the pollutants but also with chemical
and biological drivers. Cu retention efficiency reached 93,
82.16 and 73.17% at the ratios of 1/5, 1/10 and 1/20, respec-
tively, when soil was amended with PB450 biochar type.
Jones et al. (2016) made an experiment with plants and esti-
mated combined biochar and compost effect on the growing
of plants and Cu immobilisation in polluted soil. Cu mobility
in amended soils was evaluated using leaching tests before
and after incubation and growing of plants. All amended
soils significantly reduced leached Cu contents compared
to the unamended soil. However, biochar made at 700 °C
temperature retained more PTEs (Zn, Cr, Cu and Pb) com-
pared with biochar made at lower temperature (Fig. 10). The
highest retention efficiency by this biochar was for Pb, and
it reached 99.63, 99.52 and 99.52% at the ratios of 1/5, 1/10
and 1/20, respectively. Cu was retained averagely (43.23 and
53.78% at the ratios of 1/10 ir 1/20). Similarly to Jones et al.

100
=\° 90 4 B S+PB700, 1/5
§ 30 - m S+PB700, 1/10
I~ B S+PB700, 1/20
2 70
.2
& 60
D
S 504
o=
£ 40
3
P 304
= 4
= 20
A 104 I

0 - T T T T T
Zn Cr

Ni Cu Cd Pb

Fig. 10 PTE retention efficiency (%) in polluted soil amended with
biochar (PB700)

(2016) study, the highest decrease in the Cu content was
at the highest biochar and soil mixing ratio. Zn retention
effectivity by this biochar was below average (35.72 and
37.56% at the ratios of 1/5 and 1/10, respectively) and Cr
was retained at the lowest level (15.15% at the ratio of 1/5).
Higher pyrolysis temperature determines higher Zn** sorp-
tion capacity and higher Zn precipitates/minerals fraction
in the biochar (Wagner et al. 2015). Wagner et al. (2015)
found that when biochar was used for Zn immobilisation in
the sewage sludge soil, hopeite (Zn,(PO,)-2H,0) and similar
Zn-P phase started to form.

In conclusion, pine wood biochar produced at 450 °C
temperature in soil polluted with PTEs retained Pb (retention
efficiency reached 99.57%, 1/5) and Cu (retention efficiency
reached 93%, 1/5) the most. This biochar highly retained Pb
when its concentration in soil was not very high, 1.75 mg/kg
(by 46 times lower than limited value), but Cu was 1.4 times
higher than a limited value (Fig. 11), according to Lithu-
anian hygienic standard HN 60:2015. This biochar had no
positive effect on other soil elements (Zn, Cr, Cd and Ni). In
the case of pine wood biochar made at 700 °C temperature,
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Fig. 11 PTE concentration (mg/kg DW) in soil amended with biochar
(PB450) after the leaching experiment
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Fig. 12 PTE concentration (mg/kg DW) in soil amended with biochar
(PB700) after the leaching experiment

PTEs retention efficiency decreased in the following order:
Pb > Cu > Zn > Cr. This biochar effectively retained Pb
(99.63%), Cu (49.34%), Zn (37.56%) and not significantly
Cr (15.15%). Like biochar produced at a lower temperature,
this PCP retained the highest amount of Pb when its con-
centration in soil was sufficiently low (7.33 mg/kg), retained
Cu more when its concentration in soil was sufficiently high
(126.83 mg/kg), Zn was lower (211.83 mg/kg) than the lim-
ited value (300 mg/kg) and Cr was three times higher than
the limited value (237.37 mg/kg) (Fig. 12).

The most negative effect on the PTE leaching from two
PCP types was for Ni (7 times higher leaching compared
to control soil). When soil is highly polluted with Pb and
Cu, biochar made at 450 °C temperature is a more suitable
carbonaceous product because of more effective retention
of these elements, but when soil is overpolluted with multi-
elements (Pb, Cu, Zn and Cr) biochar made at 700 °C tem-
perature could be more suitable carbonaceous product type
for these elements retention because four elements out of
six were retained.

Evaluating PTEs leaching from two sleepers pyrogenic
carbonaceous product types (PSB450 and PSB700), all six
PTEs (Zn, Cr, Ni, Cu, Cd ir Pb) leached amounts were not
significant (Table 4). Their leaching compared to the initial
PTE concentrations in the pyrogenic products types varied
from 0.07% for Cu and to 11.29% for Ni. It could be stated

that pyrogenic products made from railway sleepers do not
make hazards to environmental quality according to soil
protection acts.

Comparing two different PCP types, PSB700 type affects
the environment in a lesser extent in the case of Ni, Zn
and Pb because leached amounts of these elements were
by 40.4% (for Ni) lower compared to PSB450 type. In the
case of Cr, Cu and Cd, PSB450 type affects the environ-
ment in a lesser extent because leached amounts of these
elements were by 18.12% (for Cu) lower compared to
PSB700 type. According to the leaching (mg/kg DW) from
PSB450 type, PTEs range in this order: Ni(2.02) > Zn(0.
51) > Cr(0.35) > Cu(0.0196) > Pb(0.01) > Cd(0.00097).
According to the leaching (mg/kg DW) from PSB700 type,
PTEs range in this order: Ni(0.84) > Cr(0.41) > Zn(0.34)
> Cu(0.0239) > Pb(0.01) > Cd(0,001). Ni was the most
leached element (0.84-2.02 mg/kg) but Cd was the lowest
(0.0009-0.0011 mg/kg). Slightly higher leached amount of
PTEs were from PSB450. It could be explained by the fact
that at 400-500 °C temperature PTEs retain in the state of
mobile ions, but at 600 °C temperature elements form stabile
oxides (Volungeviciené et al. 2014).

PTE bioavailability in soil and bioaccumulation
in oat (Avena sativa L.)

Carbonaceous product made from pine wood (Pinus sylves-
tris) and pyrolysed at 700 °C temperature, insignificantly
affected fresh (p = 0.595) and dry (p = 0.871) mass of oat to
33.76 and to 12.07% (Figs. 13, 14) compared to the control.
On the other hand, compared to other study (Wagner 2014),
biochar made from corns (Zea mays L.) and pyrolysed at
750 °C temperature (heating time 2 h) increased oat’s (which
was grown in the soil from the former sewage sludge filtration
fields) fresh and dry mass by 60% compared to the control.
This increase was highly significant for the fresh (p = 0.006)
and almost significant for the dry (p = 0.05) mass.

Specific phytotoxicity of plants and its response to volatile
and leached compounds from fresh biochar could explain zero
and negative response of growing plants to biochar as soil addi-
tive in this research. Several works showed phytotoxical effect
of plants to fresh biochar; however, there is less information

Table 4 (a) Leached PTEs

Pyrogenic product  Zn Cr Ni Cu Cd Pb
part (%) from two sleepers type
pyrogenic carbonaceous product
types compared to initial (@
concentration; (b) initial PTEs PSB450 0.43 178 1129 0.009 0.11 0.18
concentration (mg/kg DW) in
two PCP types from sleepers PSB700 0.24 1.15 2.57 0.07 0.59 0.15
()
PSB450 118.3 19.72 17.92 22.41 0.9 8.07
PSB700 140.71 354 32.74 32.74 0.18 9.03

"
n @ Springer



International Journal of Environmental Science and Technology (2019) 16:23-36 33

1.2
1 4
o0
»
=
= 0.8 1
=7
s
- 064
@
[+]
g
= 0.4
w
Q
&
0.2
0 - T T T
PB700+S (1/5) PB700+S PB700+S S (soil)

(1/10) (1/20)

Fig. 13 Oat fresh mass after experiment with plants (after 35 days)
(in abscissa axis are different treatment groups)

0.12

.j - I - ' -

PB700+S(1/5) PB700+S  PB700+S
(1/10) (1/20)

e
-

1=
=3
@

Dry mass of plants, g
® &

=]
S
=3

S (soil)

Fig.14 Oat dry mass after plants experiment with plants (after
35 days) (in abscissa axis are different treatment groups)

about toxin sources and their chemistry (Buss and Masek 2014;
Koltowski and Oleszczuk 2015). Low and average temperatures
of wood material pyrolysis produce high concentrations of ini-
tial decomposition of low molecular weight compounds due to
high concentrations of cellulose and lignin. For this reason, it
is very important to properly choose material for biochar pro-
duction and when it is used in environmental remediation and
has good sorbtive properties and low potential phytotoxicity.
There are two main biochar pollution reasons caused by
these mobile compounds: first, biochar production time can
be too short for proper transformation and diffusion of pol-
lutants in the pyrolysis system and due to this these can be
sorbed by the biochar surface or retained in the porous struc-
ture. It can usually occur in the case of fast pyrolysis, though
slow pyrolysis time (from 0.5 to 2 h or less) can be too short
as well (Novak et al. 2014). Second, the reason of biochar
pollution can be attributed to secondary volatile compounds
condensation in pyrolysis and due to isolation, blockade or
biochar cooling (Buss and Masek 2014). It is thought that

one or more of these reasons can be responsible for leached
and volatile compounds which occur in many biochar types
(Spokas et al. 2011) and that is why there is determined zero
or neutral plants response for the use of biochar (Spokas
et al. 2012). It is thought that chars mineralisation under
natural conditions eliminates the phytotoxical effect from
volatile and leached compounds. It is possible that longer
biochar heating and leaching before and after it used as a
soil amendment could determine plant’s positive response
to biochar addition.

Table 5 show that PB700 biochar addition to soil changed
PTE distribution in plants, and there is a tendency that Pb
accumulates in oat in higher amounts (Antonijevic and Maric
2008). Pb accumulation in oat could be explained by amended
soil acidification from 6.79 (in the beginning) to 6.44 (at the
end) which was reflected in the 35 days long incubation exper-
iment. Soil acidification occurred due to oxidation of sulphide
minerals, and this determines continuous increase in Pb>* ions
in the soil solution (Antonijevic and Maric 2008).

Many investigations showed that increase in metal con-
centrations in various cultural plants was related to metal
concentrations in the sewage sludge and with soil properties,
such as, pH and which significantly affected availability of
the elements to the plants (Chaney and Giordano 1977; Som-
mers 1980). Oat is a plant species which has low capacity
for Cd and Pb accumulation compared to other plants which
are known as hyperaccumulators or PTE accumulators. For
example, in other studies, there were found 0.21 mg/kg
concentration of Cd and 2.28 mg/kg concentration of Pb
in oat’s grain and 6 mg/kg in leaves (Fergusson 1990). Pb
concentrations are similar the findings of this study, when
Pb concentration in plants reached 1.73 mg/kg DW and Cd
concentration reached 0.79 mg/kg DW. The most significant
decrease in PTE concentrations in the plants from amended
soils was in the case of Cr (91.7%) and Zn (66.69%). Aver-
age PTEs concentrations decrease in amended soil ranges
in this order: Cr(71.28%) > Zn(53.45%) > Cd(45.36%) >
Cu(11.39%) > Ni(5.09%). Mean distribution of PTEs in the
oat from amended soil followed in this order: Cu(38.28 mg/
kg) > Zn(25.9 mg/kg) > Ni(16.13 mg/kg) > Cr(11.42 mg/
kg) > Pb(1.65 mg/kg) > Cd(0.43 mg/kg). The mean dis-
tribution of PTEs in oat from unamended soil decreased
in the following order: Zn(55.69 mg/kg) > Cu(43.2 mg/
kg) > Cr(39.77 mg/kg) > Ni(17 mg/kg) > Cd(0.79 mg/
kg) > Cd(0.79 mg/kg).

Table 5 demonstrates that insoluble PTEs (Zn, Cr, Ni,
Cu, Cd and Pb) concentrations in amended soil decreased
if compared to those from unamended soil after the experi-
ment with plants. The most significant PB700 and oat effect
on the soil PTEs is for Pb (97.78% (1/5) decrease compared
to unamended soil), Cr (37.03% (1/5)) and Zn (to 20.83%
(1/5)). In all amended soil mixtures, four elements (Zn, Cr,
Cd and Pb) decreased if compared to unamended soil.
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Table 5 Concentration (mg/kg DW) of PTE in plants and soil after the experiment with plants (average + SD, n = 3)

PTE In plants, In plants, In plants, In plants, S In soil after In soil after In soil after In soil after plants
PB700 +S, PB700+S, PB700+S, (soil) plants growing, plants growing, plants growing, growing, S (soil)
1/5 1/10 1/20 PB700 +S,1/5 PB700 + S, PB700 + S,
1/10 1720
Cd 0.46 +£0.04 042+0.02 041+0.004 0.79+0.49 12.07 £ 0.16 6.27 + 4.65 12.69 + 0.01 14.45 +£2.28
Pb 161 +143 1.61+134 173+1.48 0.32+£0.16 0.2 +0.02 1.36 + 1.16 326 +3.11 9.14 + 0.87
Zn 37.67+335 1853+445 21.5+197 55.63+4.28 245.83 +5.51 266.17 £ 5.11 289.17 + 10.69 310.5+541
Cu 33.6 £ 1591 41.23 +2439 40+ 13.09 43.2+9.57 155.42 +9.81 174.25 £95.62 146.75 +10.15 151.67 + 12.37
Ni 16.57 + 1.4 1573 +£0.38 16.1 +0.79 17 +1.73 119.23 +4.19 104.97 + 1.99 126.73 £ 11.72  119.23 + 3.09
Cr 15.43 +0.38 15.53 +0.31 33+0.17 39.77+£5.52 157.27 + 120.28 231.27 +2.04  239.37 +5.95 249.73 + 13.45
Conclusion Zn and Cr), PB700 type could be a better biochar type
for elements immobilisation in soil in the short time per-
1. Assessing physical and chemical properties of pine wood spective. Assessing PTEs leaching from two pyrogenic

and sleepers carbonaceous product according to pyrolysis
temperature, it was shown that increase in pyrolysis tem-
perature (from 450 to 700 °C) resulted in decreasing yield,
increased ash content, pH and total carbon content, while
density, cation exchange capacity and amount of potential
toxic elements differed depending on the type of the feed-
stock and pyrolysis temperature. Higher cation exchange
capacity which is important for biochar adsorptive proper-
ties, had pine wood biochar made at 700 °C temperature
(2.07 cmol /kg). According to PTE concentrations, all car-
bonaceous product types were of premium quality, except
for sleepers carbonaceous product type (PSB700) in the
case of Ni. According to moisture content and density, this
soil is optimal for growth of plants; it has average organic
matter content and is average alkaline.

Evaluating results of incubation experiment, similarly
high retention effectivity of Cd (> 85%) had both biochar
types, however, evaluating Zn retention, higher retention
effectivity (78%, 1/10) of this element had biochar made
at lower temperature (450 °C) which also efficiently well-
immobilised Cu (76%, 1/20). When soil is highly polluted
with Cd, this element could be retained by both biochar
types but if soil is highly polluted with many elements
(Cd, Zn, Cu, Pb), PB450 type could be a more suitable
sorbtive product in the long time perspective.

Assessing the results of leaching experiment, pine wood
biochar (PB450) most effectively retained Pb (reten-
tion efficiency reached 99.57%, 1/5) and Cu (retention
effectivity reached 93%, 1/5). It had not any positive
retention effect on other elements (Zn, Cr, Cd and
Ni). In the case of other biochar type (PB700), PTEs
retention effectivity decreased in the following order:
Pb > Cu > Zn > Cr. This biochar retained the most of
Pb (99.63%), Cu (49.34%), Zn (37.56%) and slightly Cr
(15.15%). When soil is overpolluted with Pb and Cu,
PB450 type could be a better sorbtive product; however,
when soil is overpolluted with many elements (Pb, Cu,

* @ Springer

carbonaceous product types from sleepers (PSB450 and
PSB700), all leached PTEs (Zn, Cr, Ni, Cu, Cd and Pb)
amounts were not significant concerning both types.
Their leaching compared to initial concentration of ele-
ments in pyrogenic product types reached from 0.07%
in the case of Cu and to 11.29% in the case of Ni. It
could be stated that in the case of PTE in the pyrogenic
product made from wooden slippers, it does not cause
risk to the environment according to soil protection acts.
According to the incubation experiment results, pine
carbonaceous product produced at lower temperature
(450 °C) should be added at highest amount (1/20) to
the soil polluted with Cd and the lowest amount (1/5) to
the soil polluted with Cd, Zn and Cu. In the case of pine
carbonaceous product produced at higher temperature
(700 °C), it should be added at highest amount (1/20) to
the soil polluted with Cu, at average amount (1/10) to
the soil polluted with Pb and at the lowest amount (1/5)
to the soil polluted with Cd and Cr. According to the
results of the leaching experiment, pine carbonaceous
product produced at lower temperature (450 °C) should
be added at average amount (1/10) into the soil polluted
with Pb and at lowest amount (1/5) to the soil polluted
with Cu. In the case of carbonaceous product produced
at higher temperature (700 °C), there is an opposite ten-
dency concerning Cu: it should be added at the highest
amount (1/20) to the soil polluted with Cu, at average
amount (1/10) to the soil polluted with Zn and at lowest
amount (1/5) to the soil polluted with Cr and Pb.

Pine carbonaceous product produced at 700 °C tempera-
ture had negative or zero effect on the fresh and dry oat
mass. It decreased by 33.76% in the case of fresh and by
12.07% in the case of dry mass compared to the control
group. Specific phytotoxicity of plants and its response
to volatile and leached compounds from the fresh bio-
char could explain zero or negative response of growing
plants to biochar addition to the soil in this research.
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Pine biochar addition to the soil changed PTEs distribu-
tion in plants. PTEs (Zn, Cr, Ni, Cu, Cd) concentrations
in plants grown on the amended soil decreased compar-
ing to plants from unamended soil, except for the case
of Pb: its concentration in plants increased. It is possible
that Pb accumulates in oat at high amounts due to soil
acidification which determines continuous increase of
concentration of Pb** ions in the soil solution.
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Abstract

It was shown that many various biochar types are hydrophobic in low temperature (<500 °C), but high temperature bio-
char (>500 °C) has a tendency of increasing hydrophilicity. Hydrophobicity of low temperature biochar is the most often
referred to the effect of pores clogging with tars, since aliphatic compounds vapour only at high temperatures. This research
used various methods for the evaluation of biochar wettability, such as the water drop penetration time (WDPT) test, the
molarity of an ethanol droplet (MED) test and optical determination of a contact angle (CA). Selection of the best method
is difficult because of the fact that many studies used different methods, they have been compared with each other, they refer
to different theoretical assumptions and they differ technically. The aim of this article is to compare the three methods used
for the evaluation of biochar wettability. The chosen techniques include WDPT, MED and CA measurement. Two different
temperatures (450 °C and 700 °C) and two different holding times (1 h and 2 h) were used for the production of different
wettability biochar types from five different lignocellulosic feedstocks (pine bark, birch bark, pine wood, birch wood and
hemps). Results of wettability and all used techniques overlapped; and this means that it had the same tendency in character-
ising biochar wettability. Mechanical and practical arguments have been made for the selection of the most suitable method
for determination of biochar wettability.

Keywords Wettability - Biochar - Lignocellulose - Molarity of ethanol droplet test - Water drop penetration time test -

Contact angle

Statement of Novelty Introduction

Originality of this work is that water drop penetration time  Biochar wettability has effect on many processes which are

(WDPT) test showed the highest variability of wettability
degree (from hydrophilic to very strongly hydrophobic) in
the case of lignocellulosic biochar, made at different pyroly-
sis temperatures (450 °C and 700 °C) and holding times (1 h
and 2 h). As it is known from literature, that low tempera-
ture (<500 °C) biochar is hydrophobic and high temperature
(> 500 °C) biochar is hydrophilic, this test reflected it the
best compared to molarity of an ethanol droplet (MED) test
and analysis of contact angle.

< Luiza Useviciate
luiza.useviciute @ vgtu.lt

Edita Baltrénaité
edita.baltrenaite @ vgtu.lt

Vilnius Gediminas Technical University, Saulétekio Avenue
11, 10223 Vilnius, Lithuania

related to the interaction between biochar and water. Some
researchers suggest using biochar for the sorption of pollut-
ants from aqueous environment, such as for the removal of
organic and inorganic compounds [1]. Biochar has a capac-
ity to remove various pollutants (including synthetic, natural
organic compounds and inorganic compounds) from aqueous
solution and this makes biochar a good adsorbent which is
used for the treatment of water [2]. Biochar can be applied in
many industrial processes, such as treatment of sewage water
from town and village, treatment of filtrates from dumps and
effluents from industries [3]. Biochar capacity to remove
many pollutants from aqueous solution governs the decrease
of pollutants’ availability and toxicity to living organisms
[4]. Hydrophilic biochar is more suitable for the removal of
organic pollutants in filtration. However, addition of hydro-
phobic biochar to soil can enhance soil’s hydrophobicity,
reduce adsorptive capacity of water, inhibit microbiologi-
cal activity and change soil’s filtration and transformative
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functions [5]. Since different biochar wettability can influ-
ence its role in various environmental systems, it is very
important to assess it precisely.

Biochar has its wide applicability in environment because
of its different features, such as high adsorptive capacity,
high surface area, microporosity and ions exchange capacity.
Various properties of biochar are linked with the primary
feedstock and the pyrolysis conditions. These two factors
have a high impact on biochar physical and chemical prop-
erties, such as surface area, polarity, wettability, atomic
ratio, elemental composition and surface functional groups.
Functional groups affect biochar’s wettability [6]. Biochar’s
surface and production temperature govern adsorptive and
hydrophobic functional groups. The initial group consists
of carboxylic, hydroxylic and metoxy- and the later groups
composed of aliphatic and aromatic non-polar groups [7].
Polar functional groups of biochar’s surface increase water
uptake due to electrostatic interactions and hydrogen bonds.
Reduction of them can govern biochar’s higher hydrophobic-
ity. Variety of biochar’s characteristics has a high impact on
its suitability and effectivity for the removal of some pollut-
ants [8]. For example, biochar functional groups containing
oxygen can inhibit adsorption of hydrophobic organic pol-
lutants, since the groups containing oxygen are hydrophilic
and can form strong hydrogen bonds with water molecules
[9]. Hagemann et al. [10] show that biochar interaction with
water can be enhanced due to higher biochar’s mesoporosity,
reductive active sites and biochar’s surface hydrophilicity.
A better role of biochar in the retention of water is caused
by a complex effect of different properties (such as porosity,
acidic functional groups) and it cannot be related only with
biochar’s one property [11].

Many techniques, such as WDPT test [12, 13, 14], MED
test [13, 15, 16], determination of CA [6, 17], capillary
absorption [6] and nuclear magnetic relaxometry (NMR)
[5, 10] were used for the assessment of biochar wettability.
The WDPT and MED tests were the two most widely used
techniques for the determination of biochar wettability.
Since the WDPT test has no physical meaning and the
obtainment of the physical meaning from the MED test
requires deeper knowledge, the contact angle measurement
using the capillary rise method can be regarded as having
the highest physical meaning [18], since the contact angle
measurement can provide more meaningful information,
such as energy value of a solid surface. Surface free energy
of solids can be used for the wettability determination of
the material instead of the contact angle [19]. Results of
the MED test can be used for the counting of approxi-
mate tension of solid/air surface [20]. Practically, some
research works demonstrate that the MED test is more
suitable than the WDPT test in the case of hydrophobic
biochar due to a long WDPT [13]. If all previously men-
tioned tests give information about biochar wettability at
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a macroscopic level, NMR provides a possibility to gain
much information at a microscopic level. NMR provides
information about mechanisms of water molecular dynam-
ics at a microscopic level and this ensures an opportunity
to understand the biochar’s role in increasing the quality
of soil [5].

The WDPT test and the MED test are the frequently used
techniques for the determination of biochar wettability. The
WDPT test is easy to conduct and useful for the rapid deter-
mination of biochar wettability, especially when there is a
need to assess many samples. Its drawback is that for the
penetration of a water drop into hydrophobic biochar takes a
long time, has no physical meaning and a water drop can be
affected by some factors, such as roughness of surface and
geometry of the pores. Additionally, WDPT values cannot
be easily repeated and they give only qualitative information
about hydrophobicity stability; however, they do not pro-
vide quantitative information about the contact angle [21].
The WDPT test consists of pulling down of a water drop on
the surface of biochar and fixation of time for the complete
infiltration. If biochar is hydrophobic, a water drop will not
penetrate into the surface of biochar, will form a spheri-
cal form and retain on the biochar’s surface for some time
instead. This period of time which is needed for the water
drop to retain on the biochar’s surface is called the WDPT
test and depends on a degree of biochar hydrophobicity. If a
water drop retains on the biochar’s surface for a longer time,
biochar has a higher degree of hydrophobicity [22].

The MED test, which is also known as the “percentage of
an ethanol” or “critical surface tension” test, is a modified
form of the WDPT test and uses different concentrations
of ethanol for the alteration of liquid’s surface tension. The
MED test quantitatively determines biochar wettability, like
the lowest ethanol concentration which allows for the drop
to penetrate during first 3 or 5 s. It effectively determines
how strongly a water drop is repelled and this property is
best related to the degree of hydrophobicity [22]. Since these
methods are simpler and easier to conduct, they have less
scientific background. This shows a need for more accurate
and quantitative methods which could determine biochar
wettability. For example, some quantitative methods were
used for the evaluation of biochar’s physical processes (such
as the sessile drop method). In the case of the sessile drop
method, a contact angle of a water drop on the smooth bio-
char’s surface is asessed [21].

The aim of this article is to compare wettability of biochar
types made of different lignocellulosic biomass using three
different methods: WDPT test, molarity of ethanol drop test
and measurement of contact angle. Since wettability of bio-
char assessed by different methods statistically correlates,
practical and mechanistical arguments have been made,
which shows that the WDPT test is the most suitable in the
case of biochar.
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Materials and Methods
Samples

Biochar was made from five varieties of lignocellulosic
feedstock (pine bark, birch bark, pine wood, birch wood
and hemps) at two different pyrolysis temperatures (450 °C
and 700 °C) and two different holding times (1 and 2 h)
for the determination of its wettability. Pine and birch
are the most widely distributed coniferous and deciduous
tree species in Lithuania. Pyrolysis was performed in a
muffle furnace (SNOL). The muffle furnace is designed
in such way that it does not allow inflow of air/oxygen.
The pyrolyzer was sealed (to prevent oxygen flow) and
heated to 450 °C and 700 °C at a rate of 10 °C/min.
Before pyrolysis, the samples were rolled in aluminium
foil for the creation of oxygen deficiency conditions [23].
20 different biochar types were produced: four pine bark
biochar types made at 450 °C and 700 °C temperatures
and for 1 and 2 h holding times (respectively PB450_1,
PB450_2, PB700_1, PB700_2), four birch bark biochar
types (BB450_1, BB450_2, BB700_1, BB700_2), four
pine wood biochar types (PW450_1, PW450_2, PW700_1,
PW700_2), four birch wood biochar types (BW450_1,
BW450_2, BW700_1, BW700_2) and four hemps biochar
types (H450_1, H450_2, H700_1, H700_2). The desired
temperature was held for 1 and 2 h (slow pyrolysis), after
which the pyrolyzed materials were left to slowly cool
down to room temperature. During the pyrolysis process,
the non-condensable gases exited through the fumehood.
The entire unit was placed in a fumehood, so that the pro-
duced smoke could be adequately ventilated. Once the
experiment reached terminal temperature, it was main-
tained for 1/2 h until no further significant release of gas
was observed. The weights of the biomass and of the final
biochar were recorded to determine the biochar yield. The
experiments were performed three times for each pyrolysis
temperature and holding time. All biochar samples were
milled and homogenised to obtain continuous mass before
determining the wettability by applying different methods
(WDPT, MED, CA).

Water Drop Penetration Time Test

The procedure to determine biochar wettability by the
WDPT test consists of a water drop pulled down on the
surface of the analysed material and assessment of the
time for a complete drop penetration. 5 g of homogenised
biochar samples were placed in 12 ml volume bottles.
Then, using a pipette, three drops of water were placed on
the biochar’s surface from a modest distance (< 10 mm

height) for the creation of a permanent volume of a drop
and, using a stop-watch, the WDPT was assessed [13]. The
shortest time (<1 s) corresponds to instant penetration
of a drop. Such material is regarded as hydrophilic. If a
water drop cannot spontaneously penetrate, the material is
referred to as hydrophobic [24]. All analyses were finished
after 3600 s. Table 1 presents categories of hydrophobicity
with corresponding WDPTs.

The WDPT test is regarded as an indicator which shows
the consequences of material’s hydrophobicity. WDPT
directly refers to soil erosion, since the surface flow is
impacted by time which is needed for the penetration of
rainfall water [19].

Molarity of the Ethanol Droplet Test

MED tests used mixtures of ethanol and deionised water
which were used for the assessment of their sorption in 3 s
on the biochar’s surface. Seven mixtures of different con-
centrations (0, 3, 5, 11, 13, 18, 24 and 36%) were used to
test. Droplets (0.05 ml) of prepared solutions were pulled
down on the plane surface of biochar from a short distance
(<5 mm) with a pipette. A droplet of the solution was pulled
down from a short distance for the reason to avoid excess of
kinetic energy, which can demolish biochar’s surface [25].
The test was started with deionised water. If the solution
penetrated into the surface of biochar within 3 s, that mate-
rial got a corresponding index. The material got a number
of the hydrophobicity index which corresponded to the con-
centration near it. The indices of hydrophobicity and cor-
responding concentrations of ethanol solutions are shown
in Table 2.

MED values were categorised from 1 (very hydrophilic)
to 7 (extremely hydrophobic), when 0% concentration of
an ethanol solution corresponded to a very hydrophilic and
36% concentration of an ethanol solution corresponded to an
extremely hydrophobic material. A higher value ofthe MED
index is related with a higher degree of hydrophobicity. The
surface tension of an ethanol solution is decreasing with the
increasing concentration of an ethanol solution; therefore, a
droplet with a lower surface tension (respectively, a higher
concentration of an ethanol solution) will infiltrate into the
porous solid material faster than solution with a high surface

Table 1 Categories of hydrophobicity with corresponding WDPTs

WDPT (s) Category of hydrophobicity
<1 Hydrophilic

1-60 Slightly hydrophobic
60-600 Strongly hydrophobic
600-3600 Very strongly hydrophobic
>3600 Extremely hydrophobic
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Table 2 Indices of hydrophobicity and corresponding concentrations
of ethanol solutions [44]

Ethanol (%) Index of hydrophobicity

0 veryhydrophilic
1 hydrophilic
2 slightly hydrophilic

11 3 slightly hydrophobic

13 4 moderate hydrophobic

18 5 strongly hydrophobic

24 6 very strongly hydrophobic
36 7 extremely hydrophobic

tension (respectively, a lower concentration of an ethanol
solution) [20].

In the beginning of the research the material under analy-
sis was placed in a suitable opened container. Before that the
material was being dried at 110 °C temperature for 8 h and
then cooled down in the ambient conditions. The analysis
was started with deionised water without ethanol. Then more
droplets were placed on the surface of the substrate. If drop-
lets could penetrate it in < 3 s, the tested substrate obtained
the value of “0”. If a tested droplet needed more time than
3 s to penetrate, the first tested ethanol solution was used.
Then, using the tested solution’s number 1, many droplets
were pulled down on the surface from a short distance. If
droplets could penetrate faster than within 3 s, the material
got the index “1”. The previously mentioned process was
repeated progressively using a higher number of MED solu-
tions until the solution which penetrated into the material
within 3 s or less period of time was found. The material
obtained a number of the hydrophobicity index which cor-
responded to the concentration of the solution near it.

Determination of the Contact Angle

Wettability of different biochar types was assessed employ-
ing the sessile drop method which was used to determine
the contact angle between water drop and biochar surface.
The contact angle can be defined as the angle between the
tangent to the periphery of the point of the fluid contact with
the biochar’s surface and the surface of the biochar in the
direction where the droplet exists (Fig. 1) [26]. A modified
preparation method of the sample proposed by Shang et al.
[27] was used. Biochar was sieved through 600 um sieve
for the purpose to remove big particles and get a planar sur-
face. Biochar dried in the air was placed on the microscopic
slide and smoothed using another slide on it which then was
removed. All slides were cleaned with acetone and washed
with deionized water before the analysis.

For the determination of the contact angle, a 0.5 ml drop-
let of deionised water was pulled down with a pipette for 5 s
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Fig.1 Schematic view of the contact angle. (Color figure online)

at approx. 1 cm height above the biochar’s surface. Then
profile photo of a water drop was made using Alcatel Idol-4
camera from the 10 cm distance to the sample. Photos were
converted into the grey scale colour using PhotoScape and
trimmed. Photos (Fig. 2) were analysed employing ImageJ
software with the DropSnake plugin [17].

Five different photos were analysed for every biochar
type. The contact angle for the determination of wettability
was counted as an average value of the left and right contact
angles. The contact angle less than 90° shows hydrophilic
biochar and the angle larger than 90° shows hydrophobic
biochar.

Statistical Analysis

In this research, statistical parameters, such as average val-
ues, standard deviations and Pearson’s correlation coeffi-
cients, were calculated and compared with different wetta-
bility data assessed by different methods using StatisticalO.
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Fig.2 DropSnake plugin in ImageJ software
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Results and Discussion

Biochar Yield

Increasing of the pyrolysis temperature led to reduction in
the yield of different biochar types, which decreased from 22
to 20% of total pine bark biomass, from 25 to 17% of birch
bark biomass, from 24 to 16% of pine wood biomass, from
21 to 13% of birch wood biomass and from 28 to 15% of
hemps biomass respectively at 450 °C and 700 °C tempera-
tures in the case of 2 h holding time (Table 3).

Comparing low temperature (450 °C) biochar yields
made for different holding times, 1 h pyrolysis produced
higher yields of various biochar types except in the case of
hemps. Additionally, comparing high temperature (700 °C)
biochar yields, 1 h pyrolysis produced higher biochar yields
in the case of birch bark, pine wood and hemps. In general,
biochar yields decreases as the holding time increases. The
highest value of biochar yield was obtained in the case of
low temperature (450 °C) and shorter holding time (1 h)
pine bark biochar (37%) and the smallest value of biochar
yield was obtained in the case of high temperature (700 °C)
birch wood biochar (13%, 1 and 2 h holding times). It was
observed that different type of feedstock led different per-
centage of biochar yield. This is influenced by the varia-
tion of lignocellulosic component and ash content in the

Table 3 Quantity of pyrolyzed biomass and solid yield of biochar

Biochar type Quantity of biomass  Biomass
(® yield (%)
Pine bark, 450 °C, 2 h 222.57 2242
Birch bark, 450 °C, 2 h 57091 24.65
Pine wood, 450 °C, 2 h 1168.76 24.19
Birch wood, 450 °C, 2 h 1757.83 20.65
Hemps, 450 °C, 2 h 207.14 28.09
Pine bark, 450 °C, 1 h 38.1 37.17
Birch bark, 450 °C, 1 h 204.11 29.22
Pine wood, 450 °C, 1 h 314.23 27.42
Birch wood, 450 °C, 1 h 481.2 25.14
Hemps, 450 °C, 1 h 225.85 26.59
Pine bark, 700 °C, 2 h 1225.63 19.88
Birch bark, 700 °C, 2 h 554.02 16.73
Pine wood, 700 °C, 2 h 782.89 16.07
Birch wood, 700 °C, 2 h 1313.16 13.35
Hemps, 700 °C, 2 h 226 15.25
Pine bark, 700 °C, 1 h 349.42 14.18
Birch bark, 700 °C, 1 h 284.26 18.59
Pine wood, 700 °C, 1 h 541.42 33.17
Birch wood, 700 °C, 1 h 800.36 13.15
Hemps, 700 °C, 1 h 238.05 16.34

feedstock. Higher lignin composition in the feedstock will
result in higher biochar yield [28]. Coniferous lignin is found
to be more stable than deciduous lignin and former produces
larger biochar yields [29].

Results of the Contact Angle Analysis

According to the results of the contact angle between bio-
char solid material and water drop, almost in all cases of
all biochar types (except hemps) wettability is increasing
(respectively, the contact angles are decreasing) when the
pyrolysis temperature (from 450 to 700 °C) and holding
times (from 1 to 2 h) increase (Fig. 3). A grey dotted line
in Fig. 1 marks 90° boundary which seperates hydrophilic
(<90°) and hydrophobic (>90°) biochar. The highest
degree of hydrophobicity was obtained by birch bark bio-
char (BB450_1) and the highest hydrophilicity was dem-
onstrated by hemps biochar (H450_2) in all biochar types.
Different biochar types made from hemps wetting behaviour
could be explained by its higher polarity, hydrophilicity and
microporosity what is necessary for physical water attrac-
tion. According to determined contact angles, all biochar
types of pine wood and hemps can be referred to as hydro-
philic (<90°). Low temperature biochar types of pine bark
(PB450_1 and PB450_2), birch bark (BB450_1) and birch
wood (BW450_1) are hydrophobic according to the contact
angles (respectively, 101.19°, 98.69°, 107.14° and 101.84°).

The contact angle results (86.99°) in pine wood bio-
char (PW450_1) are similar to those obtained by another
researcher [6], when wood biochar had a contact angle close
to 90°, except for the PW600_40 type, but biochar from corn
digestate had slightly lower contact angles. Biochar type
PW600_40 corresponds to pine wood biochar type made at
600 °C temperature and 40 min holding time. Even though,
theoretically, the material can be named hydrophobic when
the contact angle is larger than 90°, but when the values are
close to 90° they show high potential hydrophobicity.
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Fig.3 Contact angles between biochar surfaces of different types and
a water droplet (n=5)
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This study shows a tendency of a decreasing contact angle
with an increasing pyrolysis temperature in the case of all
analysed biochar types (pine bark, birch bark, pine wood,
birch wood and hemps) and it is similar to the results of
other scientific studies [17]. One study on contact angles
demonstrates that low temperature (400 °C) biochar from
herbaceous biomass CA reached 118° and in the case of high
temperature (600 °C) biochar it reached 101°. Since CA was
larger than 90°, they both were referred to as hydrophobic.
Low temperature (400 °C) biochar was more hydrophobic
compared to high temperature biochar. It is supplemented by
the fact that in the case of low temperature biochar WDPT
was higher (> 1 min) compared to high temperature biochar
WDPT (<10 s).

Another study [30] on the contact angles makes a pre-
sumption that wettability of biochar is not stable with time.
Ojeda et al. [30] showed that the contact angle of biochar
decreased by 69.5% after 1 year of amendment of soil, and
this meant that hydrophobicity of biochar disappeared after
1 year. This decrease of hydrophobicity can improve soil’s
water holding capacity. Hydrophobicity, which is referred
to a higher biochar contact angle than 90°, can inhibit water
infiltration to its internal pores and this weakens soil’s
capacity to hold water [31].

Analysis of photos of water droplets on the surface of
different biochar shows that their shapes vary from ellipti-
cal (e.g. in the case of birch wood (BW700_1)) to spherical
(e.g. in the case of pine bark biochar (PB450_1)) (Fig. 4).
Contact angles of biochar from pine bark vary from 73.62°
(PB700_2) to 101.19° (PB450_1), from birch bark from
69.36° (BB700_2) to 107.14° (BB450_1), from pine wood
from 75.43° (PB700_2) to 86.99° (PB450_1), from birch
wood from 76.15° (BW700_2) to 101.84° (BW450_1) and
from hemps from 64.83° (H450_2) to 83.52° (H450_1).

Results of Water Drop Penetration Time Test

According to the WDPT test, in the cases of all biochar
types, made at low temperature (450 °C) and holding
times of 1 and 2 h (except of one pine wood biochar type
(PW450_2) and biochar types from birch wood and hemps),
they had high hydrophobicity (600-3600 s, the substrate is
hydrophobic). According to the WDPT, biochar from birch
bark (BB450_1) had the highest hydrophobicity, since its
WDPT reached 1904s. All remaining low temperature
biochar types had slight hydrophobicity (WDPT from 1 to
60 s). Three high temperature (700 °C) biochar types were
hydrophilic: from birch bark BB700_1, WDPT =1.33 s),
from pine wood (PW700_1, WDPT =1 s) and from hemps
(H700_1, H700_2, WDPT =1 s). All remaining high tem-
perature biochar types had slight hydrophobicity (WDPT
from 1 to 4 s) (Figs. 5, 6). The results of WDPT test confirm
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the idea that when pyrolysis temperature is increasing,
hydrophobicity of biochar decreases [12].

The WDPT test shows the same tendency that biochar
wettability is increasing with the rise of the pyrolysis tem-
perature as it was proved by the CA results. This tendency
was reflected especially in the case of biochar types from
pine and birch barks with 1 and 2 h holding times. In the
case of pine bark biochar with 1 h holding time, biochar wet-
tability varied from very strongly hydrophobic (PB450_1,
WDPT =1333 s) to slightly hydrophobic (PB700_1,
WDPT =2.33 ). The same tendency is reflected in the
case of pine bark biochar with 2 h holding time (PB450_2,
WDPT =1465 s; PB700_1, WDPT =4 s). In the case of
birch biochar, wettability varied similarly to pine bark bio-
char according to the rising temperature and holding time,
since wettability differed from very strongly hydrophobic
to slightly hydrophobic (BB450_1, WDPT =1904 s and
BB700_1, WDPT=1.33 s; BB450_2, WDPT=1351 s and
BB700_2,WDPT =4 s). These results resemble the results
of another study [12] when biochar made from pig manures,
cotton residues and municipal solid waste obtained at 300 °C
were classified as very strongly hydrophobic (>3600 s). At
400 °C and holding times of 1 and 2 h, they were strongly
hydrophobic with the categories of 901 s and > 3600 s.
Hydrophobicity of all samples completely disappeared over
500 °C temperature. Hydrophobicity of low temperature
biochar was explained by aliphatic functional groups deter-
mined by the FTIR technique. Das and Sarmah [32] also
showed that low temperature biochar had lower availability
to water due to its lower surface area, lower porosity and
aliphatic functional groups which govern hydrophobicity.

Another study [33] assessed biochar types made
from corn stover, soy beans, switch-grass and hardwood
(500-600 °C) wettability employing the WDPT test. In
this research, biochar types which had WDPT from Oto 5 s
were referred to as hydrophilic, from 5 to 60 s as slightly
hydrophobic, from 60 to 600 s as strongly hydrophobic, from
600 to 3600 s as highly hydrophobic and over 3600 s as
extremely hydrophobic. The main classification difference of
this study is that the category of hydrophilicity is prolonged
up to 5 s. The results show that all fresh biochar types were
more hydrophobic when compared with the aged ones. Age
of biochar types was related with additional wetting—drying
periods of biochar. It was shown, that after additional wet-
ting/drying treatment biochar became less hydrophobic and
therefore aged biochars were more hydrophilic than fresh
biochars. Wetability of biochar types was investigated after
different treatments: after drying (referred as time 1) and
after second wetting—drying period (time 2). Fresh biochar
was referred to sieved (< 1 mm) and dried biochar, mean-
while aged biochar was related to biochar incubated in spe-
cial conditions (with dissolved organic carbon) for 2 months.
Most hydrophobic biochar types were made from soy beans
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Fig.4 Water droplets on the surfaces of different biochar types

and hardwood by flash pyrolysis and from hardwood by slow
pyrolysis, since WDPT reached more than 3600 s and were
referred to as extremely hydrophobic. In the case of this
research, most hydrophobic biochar types were less hydro-
phobic compared to the previously mentioned study, since
they were referred to as highly hydrophobic. The WDPT
test showed that aged biochar types were more hydrophilic
compared to fresh ones and the biochar types after the
additional effect of wetting/drying were less hydrophobic.
In the case of some fresh extremely hydrophobic biochar
types (made from soy beans and hardwood by flash pyrolysis
and hardwood by slow pyrolysis) with WDPT more than

3600 s, hydrophobicity decreased after 2 weeks and obtained
the categories of slightly hydrophobic (< 60 s) and strongly
hydrophobic (750 s). Another study [14] also shows that
freshly made biochar from yellow pine (Pinus ponderosa)
has hydrophobic characteristic, since WDPT reached more
than 2 h.

The classification provided in one study [12] differs
from this research by the highest degree of hydrophobicity
(>3600 s) which was identified as strongly hydrophobic.
However, in the cases of this and another [11] studies, the
highest degree of hydrophobicity was identified as extremely
hydrophobic (> 3600 s).
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Results of Molarity of the Ethanol Droplet Test

According to the results of the ethanol droplet test, all
biochar types made from different types of feedstock
and under pyrolysis conditions were hydrophilic (MED
index varied from O to 2). Biochar types made from pine
and birch barks at 450 °C temperature and with holding
times of 1 and 2 h were slightly hydrophilic (MED =2),
since biochar types made from pine wood (PW450_1 and
PW450_2), birch wood (BW450_1 and BW450_2) and

hemps (H450_1) were hydrophilic (MED =1). All bio-
char types made at 700 °C temperature and holding times
of 1 and 2 h were highly hydrophilic (MED =0) (Table 4).

One study [13] analysed wettability of biochar pro-
duced from pine wood, pine bark and hybrid poplar wood
employing the WDPT and MED tests. The MED test
showed that hydrophobicity of biochar decreased when
pyrolysis temperature increased; however, the WDPT test
did not show any similar tendency. Wettability of biochar
varied from extremely hydrophobic (MED =30 in the case
of pine bark biochar, 350 °C) to hydrophilic (MED =0.1
in the case of pine wood biochar, 600 °C). Across all feed-
stock types, pine bark (350 °C) and hybrid poplar wood
(350 °C) biochar types were extremely hydrophobic com-
pared to pine wood biochar (350 °C), and this shows dif-
ferences related to chemical and physical properties of
the feedstock. Compared to the results of the MED test, a
tendency that low temperature (450 °C) pine bark biochar
is less wettable compared to pine wood biochar produced
in the same temperature (respectively MED indices were
equal to 2 and 1) was shown too.

Another study [15] showed that wettability values of
biochar made from pine wood relating to pyrolysis tem-
perature were different from those of the present study.
Hale et al. [15] analysed surface wettability of biochar
made from palm leaves, pine wood, coconut husks, pis-
tachio husks and fruit stones at 300 °C (holding time of
2-2.5 h) and 600 °C (holding time of 1-1.5 h), which
was assessed using dried and fresh biochar samples sieved
through 0.5 mm screen applying MED test. MED values of
1 to 2 showed that samples were hydrophilic, those of 3 to
4 that slightly and moderately hydrophobic and values 5-7
showed extremely high hydrophobicity of the materials.

Assessing the time period which was used for the com-
plete penetration of an ethanol solution to the surface of
carbon, it varied in the wide time interval (3—10 s). For
example, one study [16] suggested using 10 s, which was
applied for the complete infiltration of an ethanol solution
(with concentrations of 0 to 6 M). Meanwhile, this study
applied the time interval of 3 s for the MED test. These
methodological differences can govern significant distinc-
tions between biochar types from the same feedstock.

Table 4 Hydrophobicity of

c : Pyrolysis conditions Biochar feedstock types

biochar types determined by

molarity of the ethanol droplet Pine bark Birch bark Pine wood Birch wood Hemps

test (n=3)
450°C,1h 2 2 1 1 1
450°C,2h 2 2 1 1 0
700°C,1h 0 0 0 0 0
700 °C,2h 0 0 0 0 0
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Correlation of Biochar Wettability Results While
Using Different Methods

Pearson correlation (Table 5) was carried out to determine a
potential link for biochar wettability which was determined
by different methods (WDPT test, molarity of the ethanol
droplet test and contact angle method). The black colour
marks a very strong positive or negative relation between
two independent variables (r>0.7 or r<—0.7). A dark grey
colour marks strong relation between two independent vari-
ables (0.4<r>0.69 or —0.4<r>-0.69). A light grey col-
our marks no relation among the variables (zero correlation,
r=0). Pearson correlation for biochar wettability determined
by different methods show a very strong positive or strong
positive linear correlation between results of the WDPT (s)
and MED index as well as between MED index and a contact
angle (°) for all biochar types. Pearson correlation between
WDPT and contact angle was very strongly and strongly
positive for almost all biochar types (except for the case of
birch wood biochar, »=0.085). The results of correlation
coefficients show that all three methods for the determina-
tion wettability are suitable for the determination of biochar
wettability.

Response of the WDPT to the changes of the contact angle
in the interval 64.83—101.84° was insignificant in the case of
biochar types made from hemps and birch wood, and almost
in all cases of pine wood biochar (except PW450_1) (Fig. 7).
Hydrophilicity (WDPT <1 s) of high temperature biochar
from hemps and pine wood (respectively H700_1, H700_2,
PW700_1) is related with a lower contact angle (in the case
of PW700_1, CA=75.78°); however, very strong hydropho-
bicity (600 s < WDPT <3600 s) is related to higher contact
angles (in the case of BB450_2, CA=282.46°; in the case of
BB450_1, CA=107.14°). In the interval of 64.83-101.84°,
all types of biochar from birch wood and some other biochar
types (except PB450_1, PB450_2, BB450_1, BB450_2,
PW450_1, PW700_1, H700_1, H700_2) show slight hydro-
phobicity (1 s<WDPT <60 s). In the case of biochar from
pine bark, WDPT was the most susceptible in the CA interval
of 77-99°, biochar from birch bark was 75-82°, biochar from

Contact angle (°)

Fig.7 Relation between contact angles of different biochar types and
WDPT, n=3

pine wood was 83—86°, since slight increase of the contact
angle changed the WDPT category from hydrophilic to hydro-
phobic. The correlation between contact angle and WDPT is
useful in extending knowledge about hydrophobic biochar,
whereas the WDPT could help to understand contact angles
of particular biochar.

Practically, though the highest variation of wettability
showed molarity of the ethanol droplet test which can provide
eight different categories according to the degree of wettability
(three categories are referred to hydrophilicity, two to slight
and moderate hydrophobicity and other three to very strong
and extreme hydrophobicity), this study did not show wide
variation of wettability for the biochar types from five differ-
ent feedstock types, since all types got hydrophilicity catego-
ries. The contact angle can provide two categories depending
on whether the contact angle between biochar’s surface and
water drop can exceed 90° or not. Therefore, all biochar types
received two categories of wettability—either hydrophilic or
hydrophobic. Assessing the results of the WDPT, all biochar
types had the highest variety of wettability: they were catego-
rised as hydrophilic and very strongly hydrophobic. For this
reason, the WDPT test can be considered as the most suit-
able test for the biochar. Besides, it is simple and does not
require special equipment. The only drawback of this test is
that it takes a long time and does not have physical meaning
in the theory of wettability compared to assessment of the
contact angle which can be used for the determination of the
energetic value of the solid material. If only wettability values
are required, the WDPT test is suitable in the case of biochar.

Discussion
For understanding wettability of biochar made from different

lignocellulosic materials, it is important to know its chemi-
cal composition, as wettability is a function of material‘s

@ Springer



4466

Waste and Biomass Valorization (2020) 11:4457-4468

surface chemistry. Wood is chemically composed of mac-
romolecular compounds (holocellulose (cellulose, hemi-
cellulose) and lignin) and components with low molecular
weight (extractives) [34]. Macromolecular compounds are
located in the cell walls and known as the structural com-
ponents, and nonstructural components have low molecular
weight (extractives). Extraneous materials, mostly in the
form of organic extractives and inorganic minerals (ash),
present in wood in minor amounts (usually 4-10%) [35].
In general, wood species contain about 40-50% cellulose,
20-30% hemicellulose, 20-35% lignin and up to 10%
extractives. Softwoods normally contain more cellulose
and lignin than hardwoods [36]. Comparing morphologi-
cal components of trees, Scots pine stem wood consists of
27.0% of lignin and its bark consists less more than two
times of the same component (13.1%). In the case of silver
birch, its stem wood contains 20.2% of lignin and its bark
has about 5% lesser lignin compared to the wood (14.7%)
[34]. Meanwhile, lignocellulosic crop-residues like hemp
straw has less lignin compared to softwood, but a slightly
more than harwood (21.65% compared to 27.0% and 20.2%,
respectively). This trend could explain in this study slightly
higher hydropobicity of low-temperature (450 °C, 1 h) hemp
biochar compared to low-temperature birch wood biochar,
since lignin is related with higher hydrophobicity compared
to holocellulose.

Since higher lignin content is related with the higher bio-
char yield, it can be predicted, that lignin content in the soft-
wood biochar (pine wood) in this study is higher compared
to the hardwood (birch wood) and the difference of the bio-
char yield in this study is clearly seen in the case of low tem-
perature (450 °C, 2 h) biochar (24.24% biochar yield com-
pared to 20.71%, respectively). Since pine wood contains
more lignin (27.2%) than other wood species (19.4-23.9%),
it could contribute to the lower wettability of pine wood sur-
faces [37]. Similarly, this study showed that low-temperature
pine wood biochar (450 °C, 1 h) was severely hydrophobic
(1269.5 s of WDPT) compared to birch wood biochar made
at the same conditions (3.3 s of WDPT), which was only
slightly hydrophobic. Since lignin generally pyrolyzes at
a slower rate than cellulose and holocellulose (Wood and
wood-based... 1989), this could explain why biochar made
at lower temperature was more hydrophobic compared to
higher temperature in this study. According to literature,
lignin is more hydrophobic material compared to cellulose
considering analyzed contact angles (55-77° and 20-30°,
respectively) [36]. As it is known, lesser contact angles
of specific material are linked with higher hydrophilicity.
Cellulose, hemicellulose are more or less hydrophilic in
their nature. Lignin, however, is considered as less hydro-
philic compared to the cellulose and hemicelluloses [38].
Earlier it was found [39] that natural lignin of the vessel
walls in the xylem of plants was unwettable. Microscopical
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investigations of wood samples of several species of trees
showed apparently well-planned pattern of distribution of
lignin over the water-contacted surface of the vessel wall.
Strongly lignified unwettable domains were surrounded by
very wettable cellulose.

The presence of extractives at the wood surface can also
influence the wettability depending upon wood species. The
extractives play a significant role affecting the water wetta-
bility of wood by two effects. One is direct on the wettability
of the true surface and the other effect is the blockage by
extractives of the openings between cells, thus preventing
penetration of a droplet below the surface of the wood. It
was found that specific wettability of wood (four species) in
water was inversely correlated with the percentage of extrac-
tives within the wood species [40]. Wood extractives can be
classified as lipophilic (e.g. terpenes, waxes, triglycerides
(fats), steryl esters and sterols) and hydrophilic (carbohy-
drates and phenolic compounds). Lipophilic extractives (i.e.
wood resin) are the main source of the wood surface inac-
tivation, since they can migrate to the surface and make it
more hydrophobic [36]. Most extractives are hydrophobic.
Higher pine wood hydrophobicity (contact angle of 54.19°)
compared to birch venner samples (contact angle of 45.34°)
could be also related with higher amount of extractives
(4.4-5.6%) in comparison to the other investigated wood
species (0.8-3.8%) [37]. Extractives of pine include most
of the wood resins, including nonpolar terpenes, since hard-
woods have extractives, which are more polar.

High wettability difference between biochar made from
different tree species stem wood and bark in this study could
be also linked to the high content of certain soluble con-
stituents, e.g. extractives and mineral content. Comparing
low-temperature (450 °C, 2 h) pine wood biochar wetta-
bility with its bark it can be seen, that biochar from bark
was severely hydrophobic (1464.5 s of WDPT) compared to
biochar from wood (5 s of WDPT), which was only slightly
hydrophobic. The same tendency was observed in the case of
biochar made from birch wood and bark (1350.5 s of WDPT
compared to 17.7 s of WDPT). One of the governing factor
of such wettability differences could be lipophilic extrac-
tives, which are found in the bark. The total content of both
lipophilic and hydrophilic extractives usually corresponds
to 20-40% of the dry weight of bark. The lipophilic frac-
tion consists mainly of fats, waxes, terpenoids and higher
aliphatic alcohols [41]. Non-polymeric lipids, the ,,waxes®,
are deposited in suberized and cutinized cells, sometimes
in very significant amounts, and probably have a major role
in the hydrophobicity and low permeability of these cell
walls [42]. Similarly, since hemp fiber has lesser amount
of fat and wax (0.7-1.3) compared to woody material [43],
it could also explain why low temperature hemp biochar
was more hydrophilic compared to biochar from woody bio-
mass in this study. Another factor, affecting wettability of
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biochar made from different morphological tree elements
and crop-residues, could be the percentage amount of cel-
lulose, which is more hydrophilic in nature compared to the
lignin. For example, stem wood of pine has 43.9% of cellu-
lose, since pine bark has only 10.7% (A sustainable... 2017).
Hemp fiber tends to have higher amount cellulose (55-72%)
compared to woody biomass [43]. This could explain high
difference of wettability of low-temperature (450 °C, 2 h)
biochar types, made from different bark of pine and birch
compared to hemp (1464.5 s, 1350.5 s and 2.7 s of WDPT,
respectively).

Conclusions

1. Assessment of wettability of biochar types made from
five feedstock types by different methods demonstrates
that the WDPT test is the most suitable for biochar, since
it shows the highest variation of wettability compared
to molarity of the ethanol droplet test and analysis of
the contact angle. Wettability of all biochar types varies
from hydrophilic to very strongly hydrophobic.

2. Results of the WDPT test can predict wettability of a
specific biochar type. Hydrophilicity is connected with
lower contact angles (75.78°, PW700_1) and hydropho-
bicity with higher ones (107.14°, BB450_1).

3. Analysis of correlation concludes that all three methods
used to determine wettability are suitable for assessment
of biochar wettability, since almost all types of biochar
exhibit strong or very strong correlation between wet-
tability values. Correlation of wettability determined by
different methods in the case of biochar from pine and
birch barks and hemps show a very strong positive cor-
relation. It means that all three methods are suitable for
the prediction of similar tendency of biochar wettability.

4. Practically, the WDPT can last long on the hydropho-
bic biochar surface (> 3600 s); therefore, some research
studies prove that this test is not suitable for the fresh
biochar. Indeed, a water drop can be impacted by several
factors, such as surface roughness and geometry of the
pores. Biochar wettability values determined by this test
are not easily repeated and it supports only qualitative
information about the stability of wettability. Analysis of
contact angles cannot be suitable in the case of powder
biochar with very small sizes of particles because of
very rapid penetration and significantly more difficult
determination compared to a flat surface of the biochar.
Therefore, for the assessment of wettability of pow-
dery porous materials, it is often suggested to use the
capillary rise method instead of the analysis of contact
angles. Many additional factors can affect inaccurate
determination of a contact angle, such as intensiveness
of lightning, focusing, quality of the solid material’s sur-

face (heterogeneity, roughness), purity of the tested liq-
uid, skills of a researcher, methodology and performance
of the procedure (such as compression of the material).
Besides, this analysis can provide only two values of
contact angles for the droplet. Therefore, the gained data
can characterise only two points of the surface. How-
ever, the surface of all solid materials has some degree
of heterogeneity. To estimate surfaces adequately, it is
necessary to analyse several droplets. This makes the
analysis of contact angles time consuming. The main
disadvantage of molarity of the ethanol droplet test is
that it cannot precisely assess wettability of biochar in
the wide range of interval from hydrophobic to hydro-
philic according to this study.

Even though the WDPT test and molarity of the etha-
nol droplet test are simpler and easier to perform, they
have little scientific meaning. Due to the investigation
of physical processes of biochar and water droplet, such
as critical surface tension of the solid, it is reasonable to
conduct the analysis of the contact angle.
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Abstract

Nowadays, high attention is paid to the knowledge on wettability of biochar, which is still very complicated, since it is
acknowledged that it can depend either on primary feedstock, pyrolysis conditions or on environmental factors. Until now, it
is known that the main factor responsible for the production of hydrophobic biochar is aliphatic functional groups forming tar
compounds which vapour only at a high temperature. High-temperature (> 500 °C) biochar types are considered as hydrophilic
due to the effect of the release of pores from the tars. However, it is still not known what the relation between wettability of
biochar and other physical-chemical properties of it is and, if it is possible, is there a need to predict wettability of biochar based
on other available properties. The article focuses main attention on the determination of physical-chemical properties of biochar
made of five different lignocellulosic feedstocks depending on the pyrolysis temperature (300—700 °C) and their relation with the
water holding capacity and wettability of biochar using the multiple regression analysis. The results showed that 54% of variation
of biochar wettability could be predicted by its average pore size and 77% of variation of biochar water holding capacity could be
predicted according to its ash content. Relation of wettability of biochar with its average pore size can be explained by the
physical capacity of biochar to adsorb water on its surface and internal pores as well as retention of water among its particles due
to capillary forces.

Keywords Wettability - Water holding capacity - Biochar - Physical-chemical properties - Multiple regression analysis -
Lignocellulose

1 Introduction

Biochar is a renewable material which can be produced by
pyrolysing organic biomass (from forestry, agricultural
wastes, poultry and cattle manures, etc.) under the oxygen
deficiency conditions [15]. Biochar has wide application in
the environment because of its different properties such as
high adsorptive capacity, high surface area, microporosity
and ion exchange capacity [43]. For the optimisation of spe-
cific application of biochar, it is necessary to carefully choose
the biomass feedstock and pyrolysis conditions for the
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production of biochar having different characteristics. Many
studies were conducted to relate conditions for production of
biochar, its characteristics and final application of biochar
[19].

Physical and chemical properties of biochar can differ and
are mostly affected by the conditions of the pyrolysis process
(holding time, temperature) and primary feedstock [26].
Unexploitative sources, such as sewage sludge, poultry ma-
nure and kitchen wastes, usually are not used for the produc-
tion of biochar due to the risk of potential pollution and its
effects. Meanwhile, biochar made from cheap and available
forestry and agricultural wastes does not create hazards to
water bodies, solid environmental components, human health
and atmosphere due to reduced emissions of greenhouse gas-
ses [72]. Application of cheap and locally available biomass
for the biochar production gains more and more attention from
scientific communities [65]. Moreover, such biomass is uni-
formly distributed in the whole world similarly to the coal or
petroleum. This makes lignocellulosic material, which is re-
newable natural source, a good choice for the production of
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biochar materials compared to fossil fuels [66]. Especially
green wastes, including leaves, tree branches, timber and
bushes, can be effectively converted into biochar [63].

Though biochar was widely studied, its interaction with
water is still not well understood yet since contrasting results
of dependence of wettability of biochar on pyrolysis temper-
ature can be found in literature [9]. Some studies showed that
low-temperature (< 500 °C) biochar was often hydrophobic,
since in low temperature, it retains many organic functional
groups from the primary feedstock [25]. Similarly, Kinney
et al. [32] showed that biochar types, made from different
feedstocks, had a similar tendency: pyrolysis at 300 °C pro-
duced very hydrophobic biochar; however, hydrophobicity
was reduced when temperature increased and biochar types
produced at 500 °C were highly wettable. One more study
showed that at low-temperature (300 °C) biochar types made
from crop wastes and pig manure had high hydrophobicity
which was lost at temperature higher than 500 °C [81].
These findings contradict results of earlier studies where the
idea is proposed that biochar types made at higher tempera-
tures have higher hydrophobicity. Chun et al. [12] and
Pimchuai et al. [45] showed that higher temperature influ-
enced less water adsorption on the char’s internal surface
and it substantiated the idea that char’s hydrophobicity is in-
creasing with the rise of pyrolysis temperature until 700 °C
[67]. It is thought that further increase of pyrolysis tempera-
ture determines hydrophobicity of biochar due to higher loss
of polar surface functional groups and increase of biochar’s
aromaticity which is reflected through the reduction of O/C
ratio. Hydrophobic surface of biochar can inhibit entrance of
water into the porous structure of carbon.

Wettability of most natural materials, including soil and
biochar, is a very complex phenomenon which is still not well
understood [49]. Wettability is considered as a quantitative
indicator of water-biochar relations. When these liquid-solid
interactions are stronger, the material is more wettable.
However, when mentioned interactions are weaker, wettabil-
ity of the material is lower. Typically, hydrophobicity of bio-
char is explained by the presence of aliphatic functional
groups. Other research [14] also claimed that biochar types
made at lower pyrolysis temperatures (<500 °C) had lower
attraction to water due to low surface area, low porosity and
presence of aliphatic functional groups which enhance hydro-
phobicity of the material. In conclusion, wettability is one of
the most important parameters, which estimates the role of
biochar in many environmental technologies [9].
Hydrophobicity of biochar can be an important factor affect-
ing changes in fertility of plants, cycle of nutrients and pro-
duction of greenhouse gasses in soils amended by biochar
through the partitioning of water and flow alterations [7].
Meanwhile, hydrophilicity of biochar can be an important
feature of biochar for its application in the removal of volatile
organic compounds from the air stream or for the
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enhancement of the water holding capacity in sandy soils.
Such features of biochar like surface acidic functional groups,
microporosity and high surface area are important properties
of biochar for enhancement of its wettability [1].

The aim of the article is to determine how different primary
lignocellulosic feedstocks and pyrolysis temperature influence
physical-chemical properties of biochar and, using multiple
regression analysis, to find particular properties which are
the most suitable for the prediction of wettability of biochar.
Physical-chemical properties of biochar, such as wettability,
pH, electrical conductivity, ash content, water holding capac-
ity, elemental (C, H, N, O) composition, surface functional
groups, specific surface area, pore volume and pore size ac-
cording to various pyrolysis temperatures (300 °C, 350 °C,
400 °C, 450 °C, 500 °C, 550 °C, 600 °C, 650 °C, 700 °C)
were analysed. Two equations were obtained using multiple
regression analysis, and it was estimated which biochar prop-
erties were best suited for the prediction of its water holding
capacity and wettability.

2 Materials and methods

2.1 Collection of the feedstocks and biochar
production

Biochar types were made from five different types of ligno-
cellulosic materials: pine (Pinus sylvestris) wood, pine bark,
birch (Betula pendula) wood, birch bark and hemp
(Cannabis). Pine and birch wood was collected from
Diiktai-Silénai forest which can be found on the territory
outside Vilnius, 14 km north-west of Vilnius. Pine and birch
bark was collected form Gaidés forest which can be found in
the north-east part of Lithuania, 2 km outside Visaginas town.
Pine forests are the main forests in Lithuania (35.8%). Fir
forests (21.4%) and birch forests (21.1%) are the second and
third largest forests in the country. Hemp was collected from
Panevézys district, Lithuania, Hemp strain—Futura 75, which
is high-quality French industrial hemp strain that is grown in
Europe.

Feedstocks were pyrolysed at various pyrolysis temper-
atures (300 °C, 350 °C, 400 °C, 450 °C, 500 °C, 550 °C,
600 °C, 650 °C, 700 °C) lasting for 2 h holding time and
approximately at 10 °C/min heating rate in the muffle
furnace (SNOL). Temperature was controlled in the fur-
nace by thermocouple inside the bed. Sample weights
were of 200 g, which were later rolled in the aluminium
foil for the creation of oxygen deficiency conditions [5].
After pyrolysis, the biochar yield was determined. All
biochar samples were milled and homogenised to obtain
particle size lower than 2 mm, which was used for the
further analysis.
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2.2 Methodology of the determination
of physical-chemical properties of biochar

Biochar yield was expressed in the percentages according to
the dry weight of the sample [40]:

biochar weight

Ybiochar ( %) =

=——=—x100 1
Feedstock weight (1)

where Ypiochar (%) is the yield of the dried biochar in the
ambient atmosphere. Ash content, electrical conductivity and
water holding capacity of biochar were determined according
to the requirements of the European Biochar Certificate [20].
Samples were heated in the furnace at 550 °C for 1 h. A
crucible was used for the determination of the content of bio-
char ash. The crucible containing the sample was weighed and
placed in the furnace. After the heating, residual mass was
expressed as an ashy mass [39, 62]. According to the results
of ash weights, the ash content was calculated according to the
equation [4]:
Wo—W.

1 c

Ash content = x 100, % (2)

where W, is the mass of an empty crucible, g; W, is the
mass of the crucible containing the sample mass before the
heating, g; W, is the mass of the crucible containing the ashes
after the heating, g. Minimum amount of 5 ml of air dried
sample was placed in a glass bottle. Five times more (25 ml)
0f0.01 M CaCl, solution was poured into the same bottle. The
suspension was shaken for 1 h. pH was analysed directly from
the suspension using the pH-meter Mettler Toledo Seven
Multi [20]. Ten grams of the sample was placed in 100 ml
desalinated water and shaken for 1 h. Then, solution was fil-
tered through the filter paper (VWR 413, particles retention
5/13 um). Electrical conductivity was determined in the filtra-
tion water using InoLab WTW serial 740 electrical conduc-
tivity meter. The elemental composition of biochar (C, H, N,
O) was analysed using the EuroEA3000-Single analyser. A
total of 1.5-3 mg of air dried sample was weighed directly in
the tiny capsule. After that, the capsule was closed and placed
in the EuroEA3000-Single analyser for the determination of
elemental composition [20]. EA3000 analyzators refer to a
very well-established principle of dynamic flash combustion
after which chromatographic separation of gasses (N,, CO,,
H,0, SO,) and then detection of TCD proceed. Using the
Callidus software package, accurate analytical results can be
obtained. Wettability of biochar was determined using the
water drop penetration time test. Using a pipette, a drop of
water was placed on the biochar’s surface and, using a stop-
watch, the time was counted for the complete penetration of
the drop of water [32]. The shortest time was 0.2 s and it
shows complete penetration of the drop of water.
Evaluations were completed after 3600 s. All times exceeding

3600 s was attributed to the category of 3600 s. All categories
are shown in Table 1.

The water holding capacity was analysed saturating bio-
char for 24 h, and after that, biochar was placed into the filter
for 2 h to remove excessive water [76]. Then, the saturated
material was weighed and dried in the furnace at 40 °C tem-
perature [20]. The dried material was weighed again for the
determination of the water holding capacity. The water hold-
ing capacity was calculated according to the Eq. 3:

My—M;

WHC =

% 100 (3)

3 1

where M, is biochar mass after saturation for 24 h period of
time, g; M5 is biochar mass after the removal of excessive
water content, g; M, is dried biochar mass, g.

The Fourier transformation infrared spectroscopy (FTIR)
analysis was performed using Spectrum One spectrometer
(Perkin Elmer, UK) in the range of 450-4000 cm”!
wavenumbers to characterize the surface functional groups
for different biochar types. Special sample preparation method
including usage of potassium bromide (KBr) was used to pre-
pare pressed pellets. FTIR is frequently used to identify and
qualitatively track changes in functional groups in biochar
samples [8]. Chemical functional group tends to adsorb infra-
red radiation in a specific wavenumber range regardless of the
structure of the rest of the molecule. The correlation of the
band wavenumber position with the chemical structure is used
to identify a functional group in a sample. The presence of
specific functional groups can be monitored by these types of
infrared bands, which are called group wavenumbers. For the
determination of biochar physical properties (specific surface
area (SSA), pores volume and average pore size) NOVA 4200
analyser (Quantachrome Instruments, United States of
America) was used. For N, isotherms, the BET SSA was
determined using BET equation [53]. Both (FTIR and BET)
analyses were conducted at the laboratory of the Latvian State
Institute of Wood Chemistry.

2.3 Statistical analysis

Descriptive analysis (average value, standard deviation, min-
imum and maximum values) was conducted using Microsoft

Table 1 Categories of

wettability of biochar WDPT (s) Category of wettability

referring to water drop

penetration times <1ls Hydrophilic

(WDPT) 1-60 s Slightly hydrophobic
60—600 s Highly hydrophobic
600-3600 s Severely hydrophobic
>3600 s Extremely hydrophobic
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Excel 2016 software. For the determination of the relation of
water holding capacity and wettability of biochar with other
physical-chemical properties of it, the multiple regression
analysis was carried out using the Statistical Package for the
Social Sciences (SPSS) software (International Business
Machines Corporation (IBM), USA). The step-wise regres-
sion analysis was used to select significant variables, by either
accepting or eliminating the respective predictor variables,
based on the probability level (P value). A predictor variable
associated with a P value less than predetermined significance
level was added; otherwise, the variable was dropped [52].
Two regression analyses were performed: (1) for the predic-
tion of biochar water holding capacity (biochar water holding
capacity was the dependent variable and other biochar
physical-chemical properties (C, H, O concentrations, pH,
electrical conductivity, ash content, total volume of pores, vol-
ume of micropores, average size of pores) were independent
variables; (2) for the prediction of biochar wettability (biochar
wettability was the dependent variable and C, H, O concen-
trations, pH, electrical conductivity, ash content, total volume
of pores, volume of micropores, average size of pores, inten-
sities of hydroxyl functional group (-OH) and phenolic func-
tional group (C—O) were independent variables). The root
mean square deviation (RMSE) was counted according to
the equation no. 4 [44]:

Z(j(xi)_yi)

n

RMSE = 4)

The mean absolute percentage error (MAPE) was calculat-
ed using Eq. 5 [27, 39]:

1oy
Ll oo (5)
n

Xi

MAPE =

The mean squared error (MSE) was calculated according to
the Eq. 6:

MSE = %Z(x,-—yi)z (6)

The median absolute deviation (MAD) can be calculated
according to the Eq. 7:

1
MAD =~ 5 iy, )

3 Results and discussion
3.1 Biochar yield

Biochar yield made from different lignocellulosic materials is
shown in Fig. 1. The yield decreased when the temperature
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increased in the case of all feedstocks. Biochar made from
pine bark, birch bark, pine wood, birch wood and hemp yield
decreased respectively from 55 to 15.09%, 49.22 to 16.85%,
36.84t0 14.19%,31.05t0 11.76% and 93.26 to 11.18%. It can
be explained by the higher loss of volatile compounds at
higher pyrolysis temperatures [23]. Highest yield of all feed-
stocks was obtained at the lowest temperature (300 °C) and
pine bark biochar had the highest yield (52.55%) compared to
other feedstocks. Meanwhile, the lowest yield of all biochar
types was obtained at the highest temperature (700 °C) and
hemp had the lowest yield (11.18%) compared to other bio-
char types. The decrease of biochar yield is related with pri-
mary thermal biomass degradation [48]. When pyrolysis tem-
peratures increase, pyrolytic volatile compounds are further
decomposed into the low-molecular-weight organic com-
pounds and gasses. Similarly, other study [31] showed that
biochar made from sewage sludge yield significantly de-
creased with increasing pyrolysis temperature from 72.5% at
300 °C to 52.9% at 700 °C.

Figure 1 demonstrates that biochar yield differs not only in
respect to different temperatures but also between different
feedstocks (wooden biomass and non-wooden biomass) and
even between different components of the same tree species
(wood and bark). There are only a few studies which analysed
the effect of temperature on the biochar yield, elemental com-
position, ash content, pH and electrical conductivity.
Quantitative knowledge on parameters of biochar is important
for the evaluation of quality and commercial value of biochar
and its potential suitability, stability and performance in the
environmental systems. Mathematical relation between pro-
cess conditions (such as pyrolysis temperature) and physical-
chemical properties of biochar allows choosing suitable pro-
cess conditions for the production of biochar containing its
desirable properties [48].

3.2 Ash content in biochar

According to the results of ash content in all biochar types, it
can be concluded that it increased with the rise of the pyrolysis
temperature from 300 to 700 °C. The ash content in pine bark,
birch bark, pine wood, birch wood and hemp differs according
to the increase of the temperature, respectively from 3.22 to
5.57%,2.16 t0 6.89%, 0.58 to 3.99%, 0.82 to 2.77% and 2.95
to 32.1%. From all biochar types, the highest ash content was
in the high temperature (700 °C) hemp biochar (32.1%). To
sum up, the ash content in all biochar types rose when pyrol-
ysis temperature increased due to higher concentrations of
minerals from organic wastes [23]. The progressive increase
of the ash content is related to the increase of inorganic com-
pounds in biochar [80]. Biochar made from hemp showed
high ash content near all temperatures and it was partly
governed by the changes in biomass composition, which oc-
cur due to possible links between organic and inorganic
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compounds in the feedstock during pyrolysis when biochar
has ash content higher than 20% [28]. This tendency was
similar to other studies which used different lignocellulosic
wastes for the biochar production, such as pine needles or
animal manure [23].

Similarly, one study showed that the ash content in
pine wood biochar increased from 2.5 to 4.7% when py-
rolysis temperature rose from 300 to 700 °C [73]. Biochar
types having low amount of ashes (<2.5%) do not pro-
vide sufficient amount of nutrients into the soil compared

350 400 450 500

h

50 600 650 700

Pyrolysis temperature, °C

to biochar types having high amount of ashes (made from
manure or bones) [17]. One study [3] showed that ash
content of the rapeseed (made at 400 °C, 450 °C,
500 °C, 550 °C and 700 °C) biochars was quite high
and increased with the increasing temperature from
19.3 at 400 °C to 26.1% at 700 °C. The ash content is a
measure of the non-volatile matter and non-combustible
component of the biochar. The ash content of biochars
increased due to reduction of other elements like carbon,
nitrogen, hydrogen and oxygen.

Fig. 2 Ash content in different 40 r . )
biochar types (%), n=3 OPine bark
& 8 Birch bark
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3.3 pH of biochar

According to pH values of different biochar types, it is shown
(Fig. 3) that pH of biochar increases when pyrolysis tempera-
ture rises in the case of all feedstocks. pH of pine bark biochar
increases from 5.05 to 8.32; in the case of birch bark biochar,
it rises from 6.39 to 8.69; pine wood biochar goes up from 6.48
to 8.22; birch wood biochar increases from 6.27 to 9.06 and
hemp biochar is from 6.7 to 8.41. The pH increase with the
rising temperature can be related with the higher ash content in
high temperature biochar types due to hydrolysis of Ca, K and
Mg salts [42]. The pH increase is governed by higher concen-
tration of unpyrolysed inorganic elements which are found in
original feedstock [28].

The increase of biochar pH according to the rising pyroly-
sis temperature was found in the case of biochar made from
corncob straw, sewage sludge, pine wood, poultry manure and
sugarcane straw. When pyrolysis temperature rises, ashes are
enriched with the main cations which relate to alkaline com-
pounds, such as carbonates, oxides and hydroxides.
Previously, it was found that carbonates were the main alka-
line components of biochar. Biochar’s alkaline value is prin-
cipally regulated by the amount of ashes in biochar and chem-
ical composition (main cations) and by the lower extent by pH
of'biochar [18]. Biochar typically becomes alkaline in the case
of high pyrolytic temperatures, since heating increases the ash
content and the loss of acidic functional groups [51].Type of
the feedstock (crop wastes, wood biomass) is a strong indica-
tor of the pH. Functional groups (-OH, -COOH) mainly eval-
uate the reactivity of biochar decompose at high pyrolytic
temperatures (>500 °C) [58]. One study [31] showed that
biochar pH significantly increased with increasing pyrolysis
temperature from 7.8 at 300 °C to 9.0 at 500 °C.

3.4 Electrical conductivity of biochar

According to the results of the biochar electrical conductivity,
it increased when pyrolysis temperature rose from 300
to700°C in the case of all feedstocks: from 0.05 to 0.36 mS/
cm (in the case of pine bark biochar), from 0.05 to 0.36 mS/cm
(in the case of birch bark biochar), from 0.06 to 0.3 mS/cm (in
the case of pine wood biochar), from 0.04 to 0.37 mS/cm (in
the case of birch wood biochar) and from 0.19 to 0.42 mS/cm
(in the case of hemp biochar) (Fig. 4).

Electrical conductivity shows a common amount of dis-
solved salts or common amount of dissolved ions in the sam-
ple. Electrical conductivity of the biochar increases when tem-
perature rises due to the loss of volatile compounds, and it is
governed by the higher concentration of salts in the ash frac-
tion [42]. Some researchers [31] showed that electrical con-
ductivity of sewage sludge biochar increased with temperature
and biochar made at the lowest temperature (300 °C) had the
lowest electrical conductivity.

3.5 Water holding capacity of biochar

The water holding capacity of all biochar types increased
when pyrolysis temperature rose from 1.09 to 3.09 times in
the case of pine bark, birch bark from 0.9 to 2.13 times, pine
wood from 1.47 to 3.97 times, birch wood from 1.33 to 2.16
times and hemp from 1.99 to 9.12 times (Fig. 5). The water
holding capacity or material’s capacity to retain water depends
on porosity and interconnectivity of pores in the material. This
explains why high-temperature biochar types can retain more
water in its porous structure. Since low-temperature biochar
types have porous structure as well, they can be lesser avail-
able for water due to lower pores, lower interconnectivity of

Fig. 3 pH of different biochar

types, n=3 700
650
O 600
)
g 550
®
g
g 500
3
L
£ 450
é OHemp
B 400 8 Birch wood
B Pine wood
350
B Birch bark
300 B Pine bark
4.5 55 6.5 7.5 85 9.5

@ Springer

pH of biochar



Biomass Conv. Bioref.

Fig. 4 Electrical conductivity of
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pores and residual tar components which block biochar pores
[67].

Similarly, one study showed that biochar made from
switchgrass had the water holding capacity of 448.69% com-
pared to its primary mass, and biochar made from hemlock
had the water holding capacity of 268.34% [75]. It was con-
cluded that switchgrass biochar can be more favourable for
enhancing the water holding capacity of the sandy soils.
Meanwhile, pine wood biochar could retain 274% of water
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and it was similar to hemplock’s capacity. The water holding
capacity is an important property when biochar is used in
sandy soils which quickly dry. It could reduce the amount of
water used for irrigation of land.

The water holding capacity of biochar can impact the water
holding capacity of soil depending on biochar wettability and
environmental conditions. Jeffery et al. [27] showed that bio-
char made from grass did not improve the water holding ca-
pacity of soil. It is explained by hydrophobicity of biochar
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(average contact angle of 118°), since grass biochar has lower
hydrophobicity compared to biochar made from leaves or
wood. Hydrophobicity of biochar varies according to the pro-
duction temperature and the feedstock; however, it is usually
removed after the effect of the environment. Mollinedo et al.
[38] found that Maddock and Langhei soils amendment with
corn stover (Z. mays L.) and switchgrass (P. virgatum L.)
biochar resulted in the increase of water holding capacity by
25% compared to the soil with no biochar amendment.
Biochar incorporation into the soils increased water amount
and improved plant available water holding capacity. The
study was conducted using single application rate of
104 Mg/ha biochar.

In conclusion, effectivity of the water holding capacity of
soil will be reduced if hydrophobic biochar is incorporated,;
however, hydrophobicity of biochar can be impacted by addi-
tional treatment. Hydrophobic biochar has positive pressure
for the entrance of water, and it means that additional force is
needed for the availability of water to the internal biochar
pores. Effect of external forces will impede availability of
water into the pores, and it will limit internal pore saturation
with water and potential benefit of the water holding capacity
of biochar. An additional effect upon biochar with water sat-
uration or composting can significantly reduce problems re-
lated with hydrophobicity of biochar [34].

3.6 Wettability of biochar

Comparing wettability of biochar according to pyrolysis tem-
perature, a tendency of the increase in wettability of biochar
can be observed (Fig. 6). Comparing different feedstock types,
birch and pine bark biochar types were the most hydrophobic
at all temperatures. These biochar types were extremely hy-
drophobic even until 550 °C. When temperature further

increased until 700 °C, their hydrophobicity completely
vanished. It can be explained by the blockage of low temper-
ature biochar pores with the tars, since aliphatic compounds
which form tars vapour only at high temperatures. Birch wood
biochar at all temperatures retained high hydrophilicity
(WDPT from 2.33 to 2.47). Similarly, biochar types made
from hemp and pine wood which lost their hydrophobicity
at 350 °C temperature (respectively from 8340 s to 14.13 s
and from 2945.33 s to 3.53 s) were highly wettable.

Comparing these results with other studies, a similar ten-
dency of different biochar types was found. One study [74]
showed how pyrolysis temperature impacted wettability of
poultry manure biochar. Using the analysis of a contact angle,
it was shown that wettability of biochar increased from 300 to
600 °C (respectively contact angle decrease from 101.1° to
20.6°). The highest difference of wettabilities occurred be-
tween temperatures 350 and 450 °C. Biochar pyrolysed at
450 °C and higher temperatures were only slightly hydropho-
bic compared to pure quartz sand. These findings support the
hypothesis that hydrophobicity is affected by the vapouring of
condensed organic compounds [56]. When pyrolysis is fin-
ished and samples are cooled down, amount of the concentrat-
ed organic compounds on the pyrolysed upper zone is lower at
higher temperatures and it governs lower mass of condensates
on the surface of biochar as well as lower hydrophobicity and
contact angles.

Other research [32] showed that different biochar types
made from corncob, magnolia leaves and apple tree wood
were hydrophobic when they were pyrolysed at temperature
from 300 to 400 °C; however, they became hydrophilic when
they were made at temperatures 500 °C and 600 °C. Intervals
of pyrolysis temperatures at which biochar changes from hy-
drophobic to hydrophilic are not universal, since one study
[54] showed that wood and bark biochar made from 500 to
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600 °C retained their hydrophobicity. Similarly, this study
showed that pine and bark biochar lost its hydrophobicity at
the temperature of 600 °C.

In conclusion, hydrophobicity of biochar decreases when
pyrolysis temperature increases and it can be explained by the
aliphatic functional groups which vapour and are lost at higher
pyrolysis temperatures [24]. Aliphatic functional group loss at
higher pyrolysis temperatures governs that surface of biochar
becomes less hydrophobic and even has hydrophilic tendency
and then capillary forces enhance water availability into the
biochar pores.

When biochar is saturated with water, two different mech-
anisms occur depending on the wettability of biochar surface:
(1) in the case of hydrophilic biochar adhesive forces domi-
nate, which causes formation of water H-links and lets water
to wet higher surface of biochar; (2) in the case of hydropho-
bic biochar water clusters retain the same amount of H-links
like in the bulk material (when there is no surface) and
material-surface interactions occur mainly because of Van
der Waals forces [9].

3.7 Elemental composition and atomic ratios
of biochar

All elemental (C, H, N, O) composition and atomic ratios of
different biochar types are shown in Table 2. In the case of all
feedstocks when pyrolysis temperature increased from 300 to
700 °C, the amount of C also increased, but the amount of H,
O and N decreased. Amount of C in the case of all feedstocks
varied in the wide range, and in the case of pine bark, it was
the highest (47.47-85.72%). Similarly, Conz et al. [13]
showed that in the case of wood biochar (made from sawdust),
amount of C varied in the highest range, and it differed from
51 to 77%. Similar results were obtained in another study [59]
when amount of C in the case of pine bark biochar differed
from 66.1 to 85.72% (when temperature increased from 350 to
600 °C). The highest amount of C was evaluated in birch bark
biochar which reached 92.3% at 700 °C temperature in this
study. High increase of C content from 300 to 350 °C could be
governed by devolatilisation of pine bark. Similarly, another
study [50] showed a high jump of C content from 270 to
400 °C temperature in the case of wood biochar. When pyrol-
ysis temperature increased, the amount of C also rose in the
case of all feedstocks, and the highest increase of C was ob-
tained in the case of pine bark biochar (by 37.75%).
Meanwhile, elemental concentrations of O, H and N de-
creased when temperature increased in the case of all feed-
stocks. The highest decrease of O content (by 75.03%) was in
pine wood biochar. Some biochar types (birch bark and pine
wood) had 100% decrease of H content when temperature
increased from 300 to 700 °C. Other biochar types (made from
pine bark, birch wood and hemp) also showed decrease of H
content (respectively by 89.82%, 73.8% and 90.52%).

Increase of pyrolysis temperature caused complete loss
(100%) of N in the case of all feedstocks. Similarly, other
studies showed that increase of pyrolysis temperature
governed higher feedstock carbonisation and it destined
higher amount of C and lower amounts of H and O [51].
This can be explained by natural feedstock response to the
pyrolysis process, since feedstocks lose surface —OH groups
due to dehydration as well as H and O atoms connected with C
due to structural degradation [47].

O/C and H/C ratios of different feedstocks are shown in
Van Krevelen’s diagram (Fig. 7) which shows clear differ-
ences between distinct degrees of pyrolytic temperatures for
biochar carbonisation. When O/C and H/C ratios are lower,
then there is a higher loss of oxygen and hydrogen during the
thermal treatment. All biochar feedstocks had high percentage
decrease of O/C and H/C ratios when carbonisation tempera-
tures increased from 300 to 700 °C. O/C percentage ratios
decreased in such order: pine bark (84.87%) > pine wood
(80.48%) > birch bark (73.4%) >hemp (73.33%) > birch
wood (71.43%). Meanwhile, H/C ratios decreased in such
order: birch bark (100%) > pine wood (100%) > pine bark
(94.36%) >hemp (92.72%) > birch wood (79.36%). Loss of
CHj3; (demethylation) is evaluated by the H/C ratio, and loss of
CO, (decarboxylation) governs lower O/C ratios and final
carbonisation products enriched with C [68]. Polar functional
groups which exist in the feedstock and low-temperature bio-
char are presented by higher O/C ratios. In other words, a high
O/C ratio shows a low carbonisation degree and more likely
lower stability of biochar for degradation in the soil, but it
shows higher reactivity [68]. According to EBC recommen-
dations, H/C ratio should be less than 0.6 and O/C ratio should
be less than 0.4 in the case of biochar material. In this study,
all biochar types had lower O/C ratio than 0.4 and high-
temperature (550—700 °C) biochar types had lower H/C ratio
than 0.6. It was shown that high-temperature biochar types
had high aromaticity and low polarity. Similarly, one study
[79] showed that biochar made from pine needles had lower
H/C and O/C ratios when temperature increased, and it was
related with higher aromaticity and lower polarity. Higher O/C
ratio of low temperature biochar types shows that these bio-
char types have more hydroxyl, carboxyl and carbonyl func-
tional groups which govern higher cation exchange capacity
of biochar.

One study [29] showed that H/C and O/C atomic ratios of
both biochar types (from grass and wood) followed the trajec-
tory associated with dehydration reactions. The greatest loss
of H and O appeared between 300 and 500 °C temperature. At
300 °C, biochar is affected to initial dehydration and depoly-
merization reactions, which produce small, volatile dissocia-
tion products. At 400 and 500 °C, “amorphous” biochar phase
is composed from volatile, low-molecular-weight aliphatic
and aromatic compounds, which arise from thermal transfor-
mation of lignin and cellulose.
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Table 2 Elemental composition

and atomic ratios of different Feedstock type Temperature, °C Elemental composition, % Atomic ratios
biochar types, n=3

C H N (o) o/C H/C

Pine bark 300 47.47 3223 0.20 20.10 7.20 0.28
350 71.06 13.52 0.20 14.38 227 0.15

400 72.30 12.37 0.19 14.15 2.04 0.15

450 77.54 8.43 0.19 13.84 1.27 0.13

500 79.85 7.29 0.15 12.69 1.09 0.12

550 81.77 7.24 0.14 10.37 1.06 0.10

600 83.41 6.23 0.04 9.08 0.89 0.08

650 84.96 5.98 - 7.56 0.84 0.07

700 85.72 3.28 - 5.49 0.46 0.05

Birch bark 300 71.28 12.96 0.84 14.92 1.94 0.14
350 73.78 11.62 0.36 14.24 1.72 0.13

400 80.16 8.57 0.29 10.98 1.23 0.10

450 82.71 7.05 0.27 9.97 1.01 0.09

500 85.71 5.79 0.18 8.32 0.80 0.07

550 87.83 3.96 0.09 8.12 0.53 0.07

600 90.69 2.19 - 7.12 0.29 0.06

650 91.76 0.48 - 5.89 0.06 0.05

700 92.32 0.00 - 5.14 0.00 0.04

Pine wood 300 71.7 13.29 0.29 14.72 0.14 2.07
350 76.47 11.44 0.27 11.82 0.11 1.69

400 82.3 7.04 0.22 10.44 0.09 1.02

450 84.34 593 0.03 9.70 0.09 0.84

500 84.78 5.67 0.02 8.52 0.08 0.80

550 85.82 3.75 - 8.07 0.07 0.52

600 89.59 2.81 - 7.60 0.06 0.37

650 90.39 0.46 - 743 0.06 0.06

700 91.74 0.00 - 3.68 0.03 0.00

Birch wood 300 71.93 14.19 0.13 13.75 0.13 2.14
350 76.61 12.11 0.08 11.20 0.11 1.82

400 79.28 9.59 0.07 11.06 0.10 1.41

450 82.53 8.09 0.03 9.35 0.08 1.16

500 83.73 6.92 0.01 8.96 0.08 0.99

550 85.77 5.70 - 8.53 0.07 0.79

600 86.26 5.00 - 8.04 0.07 0.69

650 90.34 4.46 - 5.20 0.04 0.58

700 91.34 3.72 - 4.79 0.04 0.49

Hemp 300 70.55 15.20 0.52 13.73 0.14 2.40
350 73.71 12.97 0.21 13.11 0.12 1.96

400 79.72 10.60 0.21 9.47 0.09 1.53

450 82.93 7.77 0.19 8.09 0.07 1.12

500 84.92 7.61 0.18 7.29 0.06 1.05

550 86.69 6.55 0.12 6.64 0.06 0.89

600 88.29 5.20 - 6.50 0.06 0.70

650 89.22 429 - 6.49 0.05 0.57

700 91.91 1.44 - 493 0.04 0.19
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3.8 Specific surface area, volume and size of pores
in biochar

The surface area, volume of pores (total and micropores) and
pore size of pores in biochar were analysed using N, absorp-
tion; the results are shown in Table 3. The relation between
feedstock surface area and temperature was positive, and sim-
ilar results were obtained by other authors [46]. In the case of
all feedstocks, from 500 °C temperature, the surface area
sharply increased which was 191 times (in the case of pine
bark biochar), 38 times (pine wood biochar), 14 times (birch
wood biochar) and 134 times (hemp biochar) more than com-
pared to 400 °C temperature. Almost in the case of all feed-
stocks (except forbirch wood), the highest surface area was
obtained at 700 °C temperature. The highest surface area was
obtained in the case of high-temperature pine bark biochar
(421 m?*/g).

The total volume of pores increased almost in the case of all
feedstocks (except for birch bark) until 600 °C temperature.
Sharp increase of the total volume of pores by 19 and 2 times
when temperature increased from 500 to 600 °C was obtained
in the case of pine and birch bark biochar types. However,
other biochar types (made from pine wood, birch wood and
hemp) showed the total volume of pores increase at a lower
temperature range (from 400 to 500 °C). Another study [46]
also showed that volumes of pores counted from N, isotherms
also increased in the case of all feedstocks when pyrolysis
temperatures increased. The effect of temperature on the vol-
ume of pores was clear from 450 to 550 °C temperature in the
case of biochar made from fermentation wastes and vineyard
wastes when volumes increased respectively by 4 and 9 times.

The increase of the surface area and volume of pores
respectively with the temperature was governed by

Polarity

progressive degradation of organic materials (hemicellu-
lose, cellulose and lignin) and formation of fibre and
channel structures during the pyrolysis process.
Hemicellulose has high reactivity during thermal treat-
ment at low (generally lower than 300 °C) temperature.
One study [80] showed that porosity of biochar made
from apple tree wood increased at 500 °C temperature
due to degradation of lignin and quick release of H, and
CH,. It was governed by the sharp increase of the sur-
face area and volume of pores. Further increase of tem-
perature until 600 °C caused dramatic increase of BET
surface area and total volume of pores (respectively from
37.24 to 108.59 m?/g and from 12.41 to 58.54 cm’/g).
Angin and Senzor [3] showed that BET surface areas
were generally low for rapeseed biochars produced at
all pyrolysis temperatures but did slightly increase while
increasing the temperature up to 550 °C (25.4 m?/g) and
decreased thereafter (to 22.9 m*/g at 700 °C). Similarly,
micropore surface area and volume reached its maximum
values at 500 °C (18.3 m%/g and 0.039 cm’/g, respective-
ly). Due to high temperature, the porous structure
cracked and the pores might be partially blocked as a
result of the softening and melting of the rapeseed con-
stituents, which could be responsible for a low surface
area. In another study [21], the surface area and pore
volume of lignocellulosic wastes biochar produced at
700 °C was found to be 249.1 m?/g and 0.03 cm?/g,
respectively. On the other hand, biochar made at
300 °C exhibited surface area of 2 m*/g and pore volume
of 0.006 cm’/g.

Biochar particle size affects water and nutrient retention
potential. Smaller size biochar particles have greater surface
area that can increase retention of nutrients and water holding
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Table 3 Surface area, pore

volume and pore size of different Feedstock  Pyrolysis BET surface Total volume,  Micropores Average pore
biochar types, n =3 type temperature, °C area, m%/g cm’/g volume, cm’/g size, nm
Pine bark 300 No data No data No data No data
400 1.67 0.0098 0.0012 242
500 319 0.1837 0.1831 1.23
600 383 0.216 0.19 1.23
700 421 0.254 0.209 1.23
Birch bark 300 0.47 0.0032 2.5510°® 3.17
400 No data No data No data No data
500 111 0.0887 0.0584 1.93
600 329 0.186 0.177 1.18
700 381 0.224 0.198 1.18
Pine wood 300 481 0.0034 4.03-10" 6.23
400 8.93 0.01 0.004 1.93
500 337 0.1913 0.2073 1.29
600 360 0.202 0.179 1.18
700 380.36 0.189 0.079 No data
Birch 300 2.43 0.0033 4.03-107" 3.32
wood 400 21.88 0.024 0.012 1.85
500 304 0.175 0.192 1.41
600 345 0.189 0.175 1.18
700 291 0.155 0.119 No data
Hemp 300 6.99 0.007 222:1072 4.54
400 2.15 0.0258 6.07-10°® 1.85
500 334 0.196 0.181 1.23
600 391 0.262 0.186 1.29
700 392 0.239 0.191 1.13

capacity. Biochar also has great porosity and therefore can
increase water holding capacity in soils [38].

3.9 Surface functional groups of biochar

Oxygen-containing functional groups (OCFGs) can be divid-
ed into two subgroups: (1) acidic (including carboxyl, anhy-
dride, lactone, lactol and phenol and (2) neutral/weakly basic
(including carbonyl, quinone, ether and pyrone) [33]. The
concentration and distribution of these different groups have
a major impact on the adsorptive performance of biochar.
Surface acidic functional groups are by far most important
surface functional groups that not only influence the surface
characteristics (polarity, acidity and wettability) but also phys-
icochemical properties (catalytic, electrical and chemical reac-
tivity) of the biochar [61]. Increasing acidic functional groups
could increase the hydrophilicity of biochar [10]. One study
[60] showed that oxidized biochar types possessed better wet-
tability compared to unoxidized. The hydrophilic groups on
the biochar surface play a critical role in water adsorption,
because water molecules can bind with these groups through
H-bonding [35]. Hydrophobic and hydrophilic regions of the

@ Springer

biochar surface can serve as adsorbents for non-polar and
polar organic molecules in the environment, respectively [8].
One study [70] proposed that introduction of carboxyl group
on the biochar can enhance adsorption of ionizable com-
pounds by providing strong charge-induced hydrogen bond-
ing sites. Carboxyl group on the surface of biochar is essential
for improving the biochar nutrient holding capacity, as well as
polarizing the surface which may also increase water retention
of the biochar [22].

There are several techniques that have been used for char-
acterizing OCFGs. One of these techniques includes Fourier-
transform infrared spectrometry (FTIR). This method can
qualitatively characterize OCFGs of biochar with acceptable
accuracy. The observed characteristic peaks (strength of the
absorption band) by FTIR analysis indicate the functional
groups on the biochar surface which may differ from the orig-
inal wavenumber due to different pyrolysis conditions or ini-
tial feedstocks, of which heat treatment is mostly responsible
for eliminating or rearranging functional groups on biochar
surface [2].

According to Fig. 8, groups N-H (1550-1640 cm ') de-
creased when pyrolysis temperature increased in the case of
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Fig. 8 FTIR analysis results of different biochar types made from distinct temperatures and feedstocks. a Pine bark. b Birch bark. ¢ Pine wood. d Birch
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pine bark biochar due to visible decrease of peaks (Fig. 8a),
and groups C—H (28503000 cm ') decreased in the case of
birch bark, pine wood and hemp (respectively Fig. 8 b, ¢ and
e). All analysed groups decreased in the case of birch wood
biochar (Fig. 8d). Peaks between 2850 and 2970 cm ' are
related with aliphatic functional groups (bonds C—H) [57],
which were best expressed in the case of low temperature
(300 °C) for birch bark biochar. In this study, it was shown
that aromatic C=C functional groups dominated in all ligno-
cellulosic biochar types and had the sharpest peaks compared
to other peaks. It can be concluded that the aromatic group
was a dominating characteristic of these materials. Similarly, a
similar tendency was shown in another study [29] when vi-
brations of 1600 cm™' of analysed wood and grass biochar
were obtained.

Using FTIR analysis results, Yuan et al. [77] showed that
absorbance peak of aliphatic C—H stretching (at 2985 cm )
decreased slightly when temperature increased, but it did not
disappear, which shows that aliphatic compounds were heat
resistant. Another study [80] showed that when pyrolysis tem-
perature increased, the FTIR spectrum of biochar showed nar-
rowness of peaks O—H (3200-3500 ¢cm™ ') and C-H
(2935 cm™ ), and it was related with the increase of dehydra-
tion reactions in the biomass and this shows the decrease of
polar functional groups during increase of pyrolysis tempera-
ture. Biochar increased expansion of aromatic bond C=C and
plane deformation of aromatic group C—H (885 cm ™), since a

symmetric bond C—O (1030-1110 cm ") started to vanish
when pyrolysis temperature increased. Meanwhile, the bond
O-H (1325 cm™ ") and aromatic bonds C=C, C=0 which pres-
ent conjugated ketones and quinones decreased during the
increase of the temperature and it showed the degradation of
lignin phenol and carboxyl compounds. Pyridine was detected
(781 ecm ') as well, which is one of heterocyclic nitrogen
compounds. In conclusion, maximum loss was obtained in
the case of functional groups —OH, —CH, and C—O according
to the increase of temperature and it can be clearly seen from
elemental analysis [80].

Wood cellulose is a polymer which is enriched with hy-
droxide groups, and even after pyrolysis, some hydroxides
and water retain in the sample, since peak of 3640 cm ' is
related with the bond OH; however, the bond of Si-OH can be
expected. An aliphatic bond C—H of 2920 cm™' shows that
cellulose is not completely carbonised during pyrolysis. The
aromatic bond C—H of 3050 cm ' shows the value which
arises from aromatic residual compounds of lignin. A wide
asymmetric peak of 1744 cm ™' shows the bond C=0. This
peak consists of various functional groups C=0 including
ketones, carboxyl acidic esters and anhydrids. The peak of
1605 cm ™' is related with the bond C=C which arises from
aromatic rings of lignin as well as from newly aromated and
carbonised material due to dehydration of hydrocarbon rings
and cyclic pyrolysis [11].
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In the case of low temperature (350 °C) for sugarcane bio-
char, there was a high absorption from 1700 cm ™' to
1740 cm ™" and it corresponded to carboxyl groups (C=0)
and aromatic compounds bond (1600 cm ! until 1475 cm ™)
which was created at a higher temperature (500 °C). At 500 °C
temperature, molecular vibrations C=0 were observed, which
indicates the ketones group (2300 cm ™). Other vibrations of
the sample from 1300to 1000 cm " are related with bonds C—
O and C-H which show formation of alcoholic and ester
groups as well as typical aromatic groups.

In another study [37], pea shell biochar showed 5 strong
peaks: peak near 3408 cm 'was related with carboxyl group
O-H; peak near 1600 cm ' showed conjugated phenyl rings
C=C [30]; peak near 1417 cm™'was related with the bond C—
H; peak near 1060 cm ' was related with the secondary alco-
hol bond C-O; peak near 600 cm ' showed aliphatic com-
pounds of bromine (C—Br). Biochar made from cauliflower
showed 6 peaks near 3400-600 cm ' region. A wide absorp-
tion peak near 3397 cm ™' was related with carboxyl acids O—
H; peak near 1582 cm” ! showed weak bond of rings (C=C);
peak near 1437 cm ™' showed various groups of alkenes C—H;
peak near 1093 cm™' showed the secondary alcohol bond C—
O and peak near 875-602 cm™' showed strong C—H bond of
phenyl rings. Most chemical reactions between biochar and
environment are directly related with chemical properties of
its surface. Existence of such functional groups, such as car-
boxyl and hydroxyl, shows that all these biochar types have a
possibility to be used as soil amendments for the enhancement
of cation exchange capacity and be used as potential
adsorbent.

In conclusion, existence of organic components with par-
ticular chemical responses and different structure govern re-
activity of different biochar types. In one study [16], the FTIR
analysis showed that biochar types made from sugarcane
wastes and sewage sludge were composed from carboxylic
acids, ketones, alcohol and ester functional groups and, addi-
tionally, sugarcane biochar had ether and phenolic groups.
Eucalyptus biochar had only a group of ketones and aromatic
compounds were identified in all biochar types. Functional
groups, particularly carboxyl and phenols, can ionise and have
impact on the formation of the charge of soil. Long-term re-
tention of carbon in the environment is related with its poly-
cyclic aromatic structure. When biochar is incorporated into
the soil, its stability and resistance can contribute to the reten-
tion of water and ions in the soil.

3.10 Dependence of physical-chemical properties
of biochar on its water holding capacity
and wettability

Soil and water are two main resources in agriculture [75].

Potential benefits of biochar in soil refer to its capacity to
retain water and nutrients. Biochar’s wettability is one of the
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most important features which evaluates biochar’s role in soils
[9]. Unsuitable biochar types and amount of the amendment
can affect soil’s hydrophobicity influencing soil’s capacity to
sorb water, inhibiting microbiological activity and weakening
soil’s filtration and retention functions. Designed biochar can
be produced selecting particular feedstock and pyrolysis con-
ditions for the improvement of soil’s physical and chemical
properties [41]. Two regression models were developed for
the prediction of biochar’s hydrophysical (wettability and wa-
ter holding capacity) properties which save expenses and time
for experiments.

Determination of a quantitative link between biochar’s
hydrophysical (wettability, water holding capacity) and its
other physical-chemical properties was not evaluated before.
For the revealing of a clear link between these properties, two
equations were obtained using the step-wise multiple linear
regression analysis. For the determination of a possible link
between water holding capacity (dependent variable) of bio-
char with its other physical-chemical properties (independent
variables: C, H, O concentrations, pH, electrical conductivity,
ash content, total volume of pores, volume of micropores,
average size of pores), the first equation was obtained using
the multiple regression analysis. Meanwhile, for the determi-
nation of a possible link between wettability (dependent var-
iable) of biochar with its other physical-chemical properties
(independent variables: C, H, O concentrations, pH, electrical
conductivity, ash content, total volume of pores, volume of
micropores, average size of pores, intensities of hydroxyl
functional group (-OH) and phenolic functional group (C—
0)), the second equation was obtained. Variables which were
included in the second regression analysis were transformed to
logarithmic due to the simplification of the model. Equations
were derived for the prediction of biochar water holding ca-
pacity (8) and wettability (9):

Y =1.508 4 (0.27°AX) (8)

Log(Y) = 0.796—(2.13"Log(APS)) 9)

where AC was the ash content of the biochar, %.

APS was the average pore size of the biochar, nm.

Regression coefficients and statistical analysis of each
forecasting model is shown in Table 4. It can be stated
that the water holding capacity of biochar can be predict-
ed by the ash content (%), since modelled results of the
water holding capacity (expressed in WHC, times) were
similar to the experimental values in the case of 14 dif-
ferent biochar types (made from pine wood, birch wood,
pine bark, birch bark and hemp). Using Eq. (8), the water
holding capacity of hemp biochar (600 °C) was predicted
most precisely when the difference between real and cal-
culated values reached 0.18 times. A high coefficient of
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Table 4 Results of two multiple

regression analysis (1 = 14) Dependent variable Independent Regression equation R F P
variable
Water holding Ash content Y=1.508+(0.27 * P) 0.77 229 0.001
capacity
Wettability Average pore size Log(Y)=0.796 —(2.13 * Log(APS)) 0.54 8.16 0.024

determination R’ (=0.77) shows that the model is good,
since it explains 77% of scattering of dependant variable
around its mean value. Since p value of the first model
was lower than 0.05 (0.001), the obtained regression mod-
el was significantly favourable for the prediction of the
biochar water holding capacity (Fig. 9).

It can be stated that wettability of biochar can be predicted
by the average pore size (nm), since modelled results of wet-
tability (expressed in WDPT, s) were similar to the experi-
mental values in the case of 14 different biochar types (made
from pine wood, birch wood, pine bark, birch bark and hemp).
Using Eq. (9), wettability of pine bark biochar (500 °C) was
predicted most precisely when the difference between real and
calculated values reached 0.01 s. An average coefficient of
determination R’ (=0.54) shows that the model is good, since
it explains 54% of scattering of dependant variable around its
mean value. Since p value of the first model was lower than
0.05 (0.024), the obtained regression model was significantly
favourable for the prediction of biochar wettability (Fig. 10).

However, the question remains why the average pore
size is the dominant factor for the prediction of biochar’s
wettability and the factor of ash content is relevant for
the prediction of the water holding capacity. The first
case could be explained by the reduction of pore sizes
of the biochar governing physical water adsorption, when

the pyrolysis temperature is increasing. Biochar can
physically adsorb water on its external surface and retain
water between particles due to capillary action [71]. In
the second case, the relation between biochar’s water
holding capacity and ash content can be explained by
the fact that biochar produced from the feedstocks con-
taining a higher amount of ashes (in this case, bark)
typically has a lower surface area compared to the feed-
stocks containing a lower amount of ashes (in this case,
wood), since ashes block the pore spaces, despite wood
biochar has a higher water holding capacity. Previous
studies show that biochar’s water holding capacity is
related to zeta potential and amount of carbon and ions.
The principal component analysis showed that variation
of vineyard biochar’s water retention was highly associ-
ated with the zeta potential and the amount of carbon
and ions, and it shows that surface charge and hydropho-
bicity were the main properties which governed the ca-
pacity of water retention [36]. Another study [6] showed
that porosity was the primary factor affecting biochar’s
water holding capacity, and the cation exchange capacity
and zeta potential were the secondary factor. It is thought
that the linkage between water and biochar’s aromatic
rings is highly affected by the presence of cations.
Polar components also contribute to water holding
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capacity, since biochar types having a higher amount of
polar components showed higher water retention effectiv-
ity [6]. One more study [78] showed that biochar’s rate
of water adsorption was affected by the total pore vol-
ume and average pore size. Major pores not only can
retain more water, but also can perform the function of
transportation of water to the lower pores. Surface rough-
ness, which well correlates with BET surface area, can
impact surface wettability [64]. Biochar’s mineral and
chemical surface analysis showed that fine biochar parti-
cles and salts can be removed after its impact with water
which opens new pores and alters biochar’s roughness
and wettability [55]

The results of the biochar water holding capacity and wet-
tability were statistically validated. The experimentally ob-
tained water holding capacities of biochar types were com-
pared to the predicted values in terms of several parameters.
In the case of the water holding capacity, R? (0.77) shows
strong correlation which is supported by some other tests:
RMSE =0.79, MAPE =30.6%, MSE =0.63 and MAD =
0.64. In the case of wettability, R? (0.54) shows a significantly
average correlation which is supported by some other param-
eters: RMSE=0.13, MAPE =28.4%, MSE =0.02 and
MAD =0.1. The types of obtained models can be successfully
used to predict the biochar water holding capacity and

0.1 0.3 0.4 0.

h

0.6 0.7 0.8

Evaluated logarithmic WDPT, s

wettability. Lower values of all parameters typically show
better data equivalency to the model. According to the
MAPE parameter, both models can be held as acceptable,
since this value is between 20 and 50. Meanwhile, when the
RMSE value is lower, then there is a better forecasting capac-
ity of the model and a better simulative performance [69].
According to the RMSE criterion, the wettability model is
slightly better than the hydrophilic biochar model (Table 5).

The article deals with the evaluation of the water holding
capacity and wettability for five different feedstocks and nine
pyrolysis temperatures. Two regression models were obtained
according to the analytically evaluated biochar properties.
Two equations were validated by the obtained results and
forecasted values of biochar hydrophysical properties which
were similar with the experimental data. It shows the univer-
sality of the models for the prediction of the biochar water
holding capacity and wettability.

4 Conclusions

1. All physical-chemical properties of all biochar types dif-
fered according to the pyrolysis temperature. When the
temperature increased from 300 to 700 °C, pH, electrical
conductivity, ash content, water holding capacity, amount

Table 5 Statistical parameters
which were used for the

comparison of experimentally
evaluated and predicted water
holding capacities and
wettabilities of different biochar

Statistical parameter Biochar water holding capacity Biochar wettability
Median absolute deviation (MAD) 0.64 0.1

Mean squared error (MSE) 0.63 0.02

Root mean square deviation (RMSE) 0.79 0.13

Mean absolute percentage error (MAPE), % 30.6 28.4

types, n=14
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of C, specific surface area, total and micropore volume
and wettability increased, too. Meanwhile, biochar yield,
amounts of O, H and N, average size of pores and organic
functional groups tendentiously decreased when the py-
rolysis temperature increased.

Hydrophobicity of biochar was lost in various tempera-
ture intervals and it differed according to distinct feed-
stocks. Hydrophobicity of bark biochar is most resistant
to the effect of temperature, which was lost only at 600 °C
temperature. In the case of birch wood and hemp, their
hydrophobicity vanished at near comparatively low tem-
perature (350 °C). Birch wood biochar types can be con-
sidered the most hydrophilic materials in the wide range
of temperature (300700 °C), and all biochar types made
from this feedstock were considered slightly hydrophobic
or hydrophilic.

According to wettability results, hydrophilicity increased
in the case of all feedstocks when pyrolysis temperature
increased from 300 to 700 °C. This can be explained by
hydrophobic aliphatic functional groups which vapour at
higher temperatures. This was confirmed by the FTIR
results when obtained peaks at 2850 cm ' wavelength
were sharpest in the case of low-temperature (300 °C)
biochar types and completely flattened when temperature
rose (until 700 °C). Low-temperature (300 °C) pine and
birch bark biochar types were extremely hydrophobic (re-
spectively 12,480 and 9600 s). Extremely high hydropho-
bicity of bark biochar types can be related with lipophilic
compounds which are found in the feedstocks which ac-
count 20% of dry bark weight.

According to the results of the multiple regression analy-
sis, the variation of the water holding capacity for 77% of
biochar can be predicted using values of its ash content.
Meanwhile, the wettability variation of 54% can be pre-
dicted using values of the average pore size. The differ-
ences between real and predicted values were only 0.18
times and 0.01 s, respectively. Usage of the already
known values of hydrophysical properties of biochar can
save expenses and time for experiments.
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Abstract

Lucas—Washburn equation is a fundamental expression which is used to describe capillary rise in porous materials according
to average pore radius, liquid viscosity, surface tension, contact angle and time. However, a traditional equation is overesti-
mating a real capillary rise height of liquid in the material, since it models pores as straight and circular capillaries, though
in reality porous materials, such as biochar, have tortuous capillaries with different aperture forms. It is also known that cel-
lulosic materials are characterised by their swelling capacity, which also can affect the process of capillary rise. Therefore,
a modified model including a parameter describing the pores’ form and swelling parameters (volumetric swelling, energy
loss coefficient and radius of swelled capillary) was developed. Experiments of water capillary rise in the biofilter tubes
were conducted: the biochar made from different primary feedstocks, size of particles and modifications with steam of the
biomedia. It was shown that the model is suitable for the prediction of short time (until 5 h) water capillary rise process in
biochar due to low relative maximum error. Both experimental and modelling results showed that higher biochar porosity,
average capillary radius, volumetric swelling and wettability govern higher velocity of capillary rise. Meanwhile, liquids

with higher surface tension and dynamic viscosity lower the capillary rise speed in the biochar.

Keywords Modified Lucas—Washburn equation - Height of capillary rise - Biochar - Volatile organic and inorganic

compounds - Biofilter

1 Introduction

Capillary rise is a function of material’s microporous and
macroporous structure, characteristic of liquid and a func-
tion of time [1]. The main link between capillary rise veloc-
ity and liquids’ characteristics is well defined in traditional
capillary rise models. Two main theories which are used
to describe velocity of capillary rise in porous materials
are as follows: based on Washburn equation (also known
as Lucas—Washburn equation) and another is based on the
Darcy’s law. Evaluation of the link between velocity of cap-
illary rise and material’s structure raises main difficulties,
since the structure of the porous material has many varia-
tions. Natural porous media usually have extremely complex
pore structure with pore sizes extended over several orders
of magnitude [2].
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The history of studying phenomena of capillary rise
goes back to the pioneering work of Washburn [3], where
he concluded that the volume of the liquid which penetrates
into the porous material in a time is proportional to time
square root. For a long time of using this equation, many
modifications have been applied, since previous models
had poor agreement with the natural porous media. Authors
including Cai et al. [4, 5] contributed to this area for further
understanding of the capillary rise phenomena via different
mathematical models. Mathematical model is an important
tool which is used when experimentation is expensive. All
these attempts well described the mechanism of capillary
rise into rigid porous material. However, in many industrial
as well as biological processes, the porous material is not
rigid anymore, as they deform when liquid passes through
them. These materials exist in biomechanics, soil science,
infiltration and textile engineering [6].

Wicking plays an important role in many phenomena
observed in science, industry, and nature. Spontaneous
imbibition is a ubiquitous natural phenomenon in many
fields such as groundwater engineering, engineering
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geology, soil physics and civil engineering [2]. Wicking
or spontaneous liquid absorption into dry porous media is
an industrial problem, and it finds application on a range
of fields from textile processing to food processing to the
processing of composite materials [7]. Wicking also takes
place in nature: in green plants, both capillary and osmotic
pressures are responsible for carrying water and minerals
from the roots up to leaves [7].

The phenomenon of capillarity is important not only in
nature, but also in the processes which occur in irrigated
biofilter media. The biofiltration system with capillary
wetting of the media is a comparatively new method of
pollution control. However, the problem is that biofilter
media can serve for 5-7 years and for the permanent main-
tenance of moisture increased the demand for energy. It
utilises many environmental resources. The wetting sys-
tem by capillary action reduces exploitation costs of the
device, since it no longer needs artificial wetting system.
Due to capillary wetting, media is preserved from overwet-
ting, and anaerobic zones do not form inside the biofilter
which can increase the aerodynamic resistance. Addi-
tionally, biofilter media must be wetted due to effective
removal of the pollutants [8]. Moisture is important for
microorganisms which perform decomposition, and it is
crucial for their growth and survival. The recommended
moisture content in the biofilter should be 40-80% accord-
ing to the dry mass. According to this, biochar and com-
mercial activated carbon have the highest water holding
capacity and due to this can be used for the water retention
in poorly wetted biofilters [9].

The swelling of the fibres is an important phenome-
non which affects a capillary rise height in biofibres and
plant origin materials [10]. Since swelling affects mate-
rial’s structure and molecular arrangement, it affects both
wettability of porous material and capillary absorption.
Biochar is a complex material which has thermoplastic
properties, such as swelling, fluidity and viscosity [11].
Biochar swelling is related with its physical and morpho-
logical changes, which occur when biochar is immersed
into the solution [12]. Volumetric swelling differs both in
raw and processed biochar types. In raw biochar types,
it is not significant; however, variation exists in different
fraction sizes. At present, there is no clear understand-
ing of biochar swelling during capillary rise when biochar
interacts with the liquid.

The aim of the study is to evaluate biochar media which
is used in a tube type biofilter with capillary wetting system,
volatile organic and inorganic compounds physical proper-
ties and their impact on the capillary rise height when differ-
ent biochar types were used: made from different feedstocks
(pine wood, pine bark and hemp), different particle sizes
(fine, medium and coarse), modified by the steam of dif-
ferent solutions (rainfall water and rhamnolipid solution).

@ Springer

1.1 Basic Theories and Models for the Evaluation
of Capillary Rise in Swelling Porous Materials

One of the first models developed for the evaluation of a
capillary rise height in porous materials was formulated
by Lucas [13] and Washburn [3]. The liquid capillary rise
height, A, can be calculated according to the well-known
Lucas—Washburn (L-W) equation:

rocosf
2u

h = ; )
where £ is the capillary rise height (m), r is the radius of
capillary (m), o is the liquid surface tension (mJ/m?), @ is
the contact angle between material and liquid (°), p is the
liquid dynamic viscosity (mN-s/m?) and ¢ is the time (s).
Previous studies determined that A-7 link which is evaluated
by L-W equation is not suitable for the prediction of real,
experimental data. Methods which improve L-W equation
include alterations of contact angle, pore radius unevenness,
tortuosity of the pores, uncircular cross section of the pores
and effect of inertia, especially in the early stages of the
capillary rise [14].

In the later models of capillary rise, it was analysed how
swelling affected capillary process in various materials
(pharmaceuticals, fibrous filter, wood, cellulose sponges,
food biopolymers (e.g. alginates)). Shi and Gardner [15]
analysed the effect of swelling for the liquid capillary rise
height in three materials: polyethylene, wood and nylon. A
new model which describes velocity of capillary rise accord-
ing to swelled capillary radius (r,), volumetric swelling (5,)
and energy loss coefficient (C) was developed:

2 rlocosd (s, ( r, )2

t 2
2ur 4ur @

-
where £ is the capillary rise height (m), r is the capillary
radius (m), r, is the swelled capillary radius (m), o is the lig-
uid surface tension (mJ/m?), 6 is the contact angle between
material and liquid (°), p is the liquid dynamic viscosity
(mN-s/m?), C is the energy loss coefficient (J/m), 0, is the
volumetric swelling (%) and ¢ is the time (s). Equation 2 is
based on a force balance condition, since in the derivation of
Washburn’s equation, the total effective driving force (effec-
tive driving pressure) of the capillary rise is only the capil-
lary pressure neglecting the hydrostatic pressure. Because
the capillaries are very small, hydrostatic pressure can be
neglected compared to the capillary pressure. The Washburn
equation was derived assuming that the capillary force was
the only effective driving force occurring during the capil-
lary rise process. The modified Washburn equation, includ-
ing the effect of particle swelling, was developed consider-
ing Poiseuille’s viscous flow. According to the mentioned
Poiseuille’s law, liquid movement in each capillary was
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regarded as viscous flow. The r value in Poiseuille’s law
was substituted to capillary radius after swelling (r,).

Markl et al. [16] developed a new model which describes
liquid capillary rise in pharmaceutical tablets. When tablets
swell, capillary rise height is increasing and swelled capil-
lary radius (r,) is decreasing (Fig. 1). Liquid capillary rise
in porous media is calculated by the equation:

W = 2Pc/ K(f)dr, 3)

EHJ o

where £ is the capillary rise height (m), P, is the capillary
pressure, &, is the initial porosity of the material (%), 1 is the
liquid dynamic viscosity (mN-s/m?), K is the permeability
of the material and  is the time (s). In this model, intrinsic
permeability varies with time. Permeability is considered
globally for the whole wet area. Thus, it is a function of
time only [1]. If global values are considered for perme-
ability throughout the wetted porous medium, then local
effects are neglected and permeability can then be just a
function of time. Neglecting the local spatial dependence
in this parameter simplifies the governing equation (Eq. 3)
from a nonlinear partial differential equation to an ordinary
differential equation that can be solved analytically.
Cellulosic porous materials, when they come into con-
tact with water or dyes, absorb liquid and, at the same time,
swell. Cellulose is a polymer whose chains are connected
with hydrogen bonds and water molecules, and it partici-
pates in adsorptive sites, which causes increase of the poly-
mer volume. Such physical-chemical interaction of water
and porous structure is called hygroscopic expansion. In one

Particles of wet
materials

Particles of dry
materials

Fig.1 Scheme of particles swelling (particle radius directly impact
capillary radius (r and r,))

study [17], capillary rise of liquid in cellulosic porous mate-
rial in later stages is described by Darcy’s law:

o3

Uy ————,

u(pg) i @
where u is the volumetric average Darcy’s law velocity
(m/s), o is the liquid surface tension (mJ/m?), u is the lig-
uid dynamic viscosity (mN-s/m?), p is the liquid density (g/
cm?), g is the free fall acceleration (m/s?), r is the capillary
radius (m) and # is the height (m). This theory is based on a
primary presumption that pores’ pressure increases accord-
ing to water content, which promotes swelling of the pores.

1.2 Development of Modified Lucas-Washburn
Model

In this study, the main equation for the evaluation of a capil-
lary rise height (k) dependency on time (f) was taken from
another study [5]. The model of Cai et al. [5] evaluates sat-
urated mass dependence on time during the capillary rise
process. This model differs from other previously mentioned
models for it includes a composite parameter (£), liquid den-
sity (p,), initial (S,,;) and final (S,,) liquid saturation states:

2422 2
piA @~ (S,r — S,,;) rocosd
m? =& (Suy = Sui) f, )
2u

where m is the mass of the material during capillary rise
(g), p, is the liquid density (g/cm?), A is the material’s cross-
sectional area (cm?), ¢ is the porosity of the material (%), Syf
is the final saturation state of the material, S,,; is the initial
saturation state of the material, r is the capillary radius (m),
o is the liquid surface tension (mJ/m?), 0 is the contact angle
between material and liquid (°), u is the liquid dynamic den-
sity (mN-s/m?) and ¢ is the time (s).

Instead of a dry capillary radius r, the new model includes
effective capillary radius r, which is equal to the swelled
capillary radius square (rf) and dry capillary radius (r) quo-
tient (r, = %) Therefore, the capillary effective radius (r,)
and similarly to another study [15], volumetric swelling of
the material (6,) and energy loss coefficient (C) are included
into the final form of the new model. The new model obtains
the final form:

(6)

m2:§ t
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where £ is the composite parameter, m is the accumulated
imbibition weight (g), p is the liquid density (g/cm?), A is
the material’s cross-sectional area (cm?), ¢ is the porosity
of the material (%), S,,r is the final saturation state of the
material, S,; is the initial saturation state of the material, r,
is the effective capillary radius (m), o is the liquid surface

@ Springer



L. Usevicité, E. Baltrénaité-Gediené

tension (mJ/m?),  is the contact angle between material and
liquid (°), i is the liquid dynamic density (mN-s/m?), ¢ is the
time (s), r is the average capillary radius (m), r, is the aver-
age capillary radius after swelling (m), C is the energy loss
coefficient (J/m) and §,, is the volumetric swelling of parti-
cles (%). According to Eq. 6, saturated mass of the material
(g) was recalculated to the height (cm) in every analysed
moment of time. Therefore, final graphs of modelling results
were presented as a function of capillary rise height (cm)
and time (s). The results of saturated material mass due to
the wicking were recalculated knowing the volume equation,
which is equal to the mass divided by the density (V=m/p)
and equation of filled column volume with the saturated
material after the capillary rise (V=mr>h). Equation 6 is
based on a force balance condition, since when a tortuous
capillary tube is brought into the contact with liquid, the lig-
uid will impregnate capillary tube due to balance among the
atmospheric pressure, the hydrostatic pressure and the capil-
lary pressure. However, Eq. 6 is only valid for early imbi-
bition times. Therefore, analytical model including gravity
should be used for long-term imbibition process, since the
effect of gravity increases with the uptake height/time.

Similarly, to another study [16], instead of the swelled
capillary radius, hydraulic capillary radius is included
and effective capillary radius of the material is calculated
according to the equation: r, = % Since hydraulic radius
(r;,) 1s more common term for pharmaceutical tablets [16]
and fibres, swelled radius (r;) was chosen because this term
is more common for materials which have more complex
structures for their pore spaces (such as wood particles, poly-
ethylene, etc.). In this model, radius of swelled capillary is
calculated according to the equation [15]:

aR*p, — (1+6,)G,,
r= ( ) .7, (7)
: ﬂ'me2 -G

m

where R is the radius of the column (m), p,, is the material’s
density (g/cm®), 8, is the volumetric swelling of the material
(%), G, is the mass of the column (g) and r is the capillary
radius (m).

The number of capillaries in the column can be calculated
using the equation [15]:

R\> G
R -
<’ 7R’p,, ®

where N is the number of capillaries in the column, R is
the inner radius of the column (m), G,, is the unit column
mass (g/m), r is the average capillary radius (m) and p,), is
the material density (g/cm?). After polymer swelling, the
number of capillaries in the column (V) should remain the
same. If expansion due to swelling is neglected, the follow-
ing equation also holds:
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where r; is the swelled average capillary radius (m), J, is the
volumetric swelling of the particles (%), M,, is the mass of
swelling material in the column (g) and # is the height of the
capillary rise (m). Combining Eqs. 8 and 9, the relationship
between r, and r can be established as it has been shown in
Eq. 7.

2 Materials and Methods
2.1 Production of Biochar

For the capillary rise experiment in the biofilter, seven bio-
char types were used: coarse fraction (900 um-1.6 mm),
medium fraction (300900 um) and fine fraction (<300 um)
of pine wood biochar (PW_CF, PW_MF and PW_FF,
respectively), coarse fraction of pine bark and hemp biochar
(PB_CF and H_CF, respectively) and pine wood biochar
types modified with steam of rhamnolipid solution (40 mg/1,
3 h) and rainfall water (3 h) (PW_CF_SRW and PW_CF_
SRS, respectively). All biochar types were produced in
low pyrolysis temperature (450 °C) and 2-h holding time
at 10 °C/min heating rate. Biochar was produced in muffle
furnace (ESCK-T) and, to create oxygen deficiency condi-
tions, feedstocks were rolled in the aluminium foil [18].

2.2 Evaluation of Biochar and Liquids’ Properties

At the beginning of the study, before the capillary rise experi-
ment, biochar’s physical properties were analysed: porosity
(¢), contact angle (), average capillary radius (r) (Table 3).
Additionally, liquid properties were analysed: density (p,),
dynamic viscosity (u) and surface tension (o) (Tables 1 and
2). According to Eq. 7, radius of swelled capillaries (r,) was
calculated, and according to Eq. 2, the energy loss coefficient
(C) was calculated in the case of hexane. It is accepted that
the cross-sectional area (A) in the case of biochar is 10.2 cm?,
and it is equal to the radius of the filled column. Values of the
composite parameter () were taken from the literature [5]. For
the modelling of liquid capillary height dependence on time,
four volatile organic compounds (acetone, toluene, xylene and
hexane) and one volatile inorganic compound (ammonium)
were chosen (Table 1). Volatile organic compounds were cho-
sen according to their different hydrophilicity/hydrophobicity
with reference to Henry’s law constant (Ky;). Henry’s law con-
stant (also called gases-water distribution coefficient) is a ratio
between gases partial pressure in the air and its concentration
in water at a particular temperature [19].
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Table 1 Surface tension (o), dynamic viscosity (u), density (p,), Henry’s law constant (Ky;) of different liquids and contact angles (6) between

liquid and coarse pine wood biochar at ambient temperature (25 °C)

Solution Surface tension Dynamic viscosity Density Contact angle Henry’s law constants
o (mJ/m?) u (mN-s/m?) Ps (g/cm3) 0 Ky (dimensionless) Reference
Water 72.8 1 0.99 84 - -
Acetone 22.8 0.32 0.78 26 0.00159 Peng and Wan [20]
Toluene 28.4 0.55 0.87 33 0.235
Xylene 28.9 0.78 0.86 33 0.3
Hexane 18.4 0.14 0.66 21 1.802
Ammonium 75 0.13 0.61 87 - -

For the modelling of a capillary rise height according
to different concentration of the solution, acetone whose
concentration ranged from 0.15 to 1 mol/l was chosen
(Table 2). It can be seen that when molar concentration
of acetone increased, its dynamic viscosity and surface
tension decreased.

Porosity of the biochar was determined using the
method of mercury porosimeter [21]. A mercury intru-
sion porosimeter Quantachrome PoreMaster PM-33-12
was used for the analysis. Before the analysis, the mate-
rial was dried until constant mass at 105 °C temperature
(Table 3).

A contact angle is defined as an angle whose liquid sur-
face centres on material’s surface [22]. The modified method
proposed by Shang et al. [23] was used. Biochar was sieved
through a 600 um sieve for the removal of coarse particles
and obtainment of flattened surface. Biochar was dried in
the air and was placed on the microscope slide and flattened
using the other slide. For the evaluation of contact angle,
0.5 ml of deionised water droplet was placed on the bio-
char surface using a pipette for 5 s from 1 cm height. Then,
pictures of droplet profiles were taken using a camera of
Alcatel Idol-4, photographing at a distance of 10 cm from
the sample. Then, the pictures were converted into the grey
scale using PhotoScape. The pictures were analysed using
ImageJ software with DropSnake plugin [24].

The pore radius of biochar was evaluated using SEM
macrostructure pictures. Morphological biochar analysis

Table 2 Characteristics of acetone solutions according to different
molar concentrations at ambient temperature

Concen- Surface ten- Dynamic Density Contact angle
tration of sion viscosity

acetone o (ml/m?)  p(mN-s/m?) p (g/ecm®) 6 (°)

(mol/1)

1 23 0.32 0.78 26

0.6 30 0.5 0.8 35

0.3 39 1.1 0.82 45

0.15 50 1.2 0.85 58

was conducted using a scanning electron microscope [25].
Then, the obtained pictures were converted to the black/
white colour scale using ImageJ software due to evaluation
of average capillary diameter (um). In each picture, diam-
eters of 30 capillaries were analysed.

Biochar volumetric swelling was analysed in the column,
24 h after the capillary rise experiment. Biochar volumetric
swelling is expressed by the swelling ratio [26]:

S V.-V,
Vi

x 100%, (10)

where S is the increase of the material volume (%), V., is the
volume of the swelled material and V, is the volume of the
dry material.

Liquid absolute (dynamic) viscosity was evaluated using
Ostwald’s viscometer [27]. The bigger sphere of the viscom-
eter was filled with a particular amount of liquid and was
pulled off until the smaller sphere filled. The viscometer was
vertically placed into the bath at a particular temperature.
Water freely flew into a capillary tube and, when the liquid
reached the mark, the stop-watch was stopped. The experi-
ment was repeated with all liquids of unknown viscosity.
For the calculation of liquid dynamic viscosity, Eq. 11 was
used [28]:

m_hd

_hdy 1
M  hd, an

where 7, is the viscosity of the first liquid, poise; 7, is the
viscosity of water, which is equal to 0.891, poise; ¢, is the
velocity of first liquid, cm/s; ¢; and ¢, is the time, s; d; is the
density of first liquid, g/cm?; d, is the density of water which
is equal to 0.997 g/cm?. The surface tension of liquids was
evaluated according to the liquid height and density in the
narrow tube. The surface tension of liquid was calculated
according to the equation:

pshga
c=—

> 12)
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Table 3 Characteristics of porous material (biochar) used in the model

Type of the Parameter of  Cross-sectional ~ Porosity Capillary radius  Swelled Contact angle Energy loss Volumetric
biochar the composite area of the mate- capillary coefficient swelling
rial radius
I A (cm?) ¢ (a part r (m) r, (m) () C (J/m) S (a part per

per hun- hundred)
dred)

PW_CF 0.51 10.2 0.77 1.22:107° 1.17-107° 84+4.71 0.123 0.025

PW_MD 0.51 10.2 0.8 1.38.107° 1.32:107° 82 0.123 0.029

PW_FF 1 10.2 0.82 6.66:1076 6.38:107° 79 0.059 0.053

PB_CF 0.51 10.2 0.65 1.25-107° 1.25-107° 89 0.099 0.005

H_CF 0.51 10.2 0.86 1.48-107° 1.42:10°  65+1.83 0.094 0.03

PW_CF_SRW  0.51 10.2 0.78 1.21-1073 1.16:1073 66 0.102 0.03

PW_CF_SRS 0.51 10.2 0.79 1.1:107° 1.05-107° 54 0.08 0.04

where o is the liquid surface tension, N/m; p; is the liquid
density, kg/m?; g is the free fall acceleration which is equal
to 9.8 m/s%; « is the tube radius, m. For the evaluation of
liquid density, a bath was filled with the liquid until 2.54 cm
height. A transparent and narrow tube was placed into the
bath, in which the capillary rise height (m) of the liquid was
measured. The diameter of the tube was measured using a
ruler. Density of the liquid was calculated according to the
equation [29]:

Py = 7’ (13)

where p, is the liquid density, kg/m?; m, is the liquid mass
of a particular volume (50 ml), kg; V, is the volume of the
liquid (50 ml).

2.3 Evaluation of the Swelling Phenomenon:
Temperature Rise

For the determination of temperature rise in biochar during
capillary rise, a J-type thermopore was placed in the tube’s
hole which was dug at the beginning of the column (at height
of 2 cm from the tubes’ holder). Loss of energy (J/m) in the
tube during capillary rise occurs due to the liquid penetra-
tion into material’s micropores, and it governs formation
of swelling heat (adsorption heat) which is expelled from
the capillary system [15]. The temperature rise phenomenon
shows that during capillary rise particles swell in the system
of material and liquid. When temperature stops rising after
some time, it can be stated that the swelling does not occur
anymore.

2.4 Experiment of Capillary Rise

For the determination of capillary rise velocity, a tube type
biofilter with capillary wetting was used (Fig. 2). For the
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analysis of biomedia capillarity, the biofilter’s lower part was
filled with water in which seven of 30-cm length and 1.8-cm
internal diameter perforated organic glass tubes filled with
biochar were immersed until 7.5-cm depth. Bottoms of the
tubes were supported with fine steal screens which prevent
water from contamination with solid particles [30].

A graduated metallic ruler was attached to the side of
one tube. Zones of wetted and dry material visually differed
and heights of wetted material were fixed according to time
[14]. The duration of the experiment was 24 h. Capillary rise
heights were fixated for nine time intervals (after 1, 2, 3,4, 5,
6,7, 8 and 24 h), and at the same time, variation of tempera-
ture in the wetted biochar was analysed with the thermopore
[15]. The scheme of the biofilter for the evaluation of capillary

Treated air 9

T

180

View from the front

Polluted air

Fig.2 Biofilter: 1, opening hole of volatile compounds; 2, closing
valve of the opening; 3, temperature regulator; 4, reservoir of solution
(water with biogenic elements); 5, tube filled with biochar; 6, tubes
holder; 7, reservoir filled with steam of volatile compounds; 8, meas-
uring hole of concentration of volatile compounds; 9, exhaustion hole
of volatile compounds
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exhaustion hole of

volatile compounds

Video camera

Perforated tubes
filled with biochar

Opening hole of
volatile compounds

Graduated metallic ruler

Holder of
perforated tubes

Lower part of the biofilter
filled with water

Thermopore with
temperature measuring
instrument

Fig.3 Scheme for the evaluation of capillary height in biochar, placed in biofilter tubes

height is shown in Fig. 3. Until the end of the experiment, a
continuous filling of tubes until 7.5-cm depth was ensured at
the bottom part of the biofilter’s reservoir [31].

2.5 Statistical Analysis

Calculations of capillary rise height (cm) as a function of
time (s) were performed using Microsoft Excel 2016. All
capillary rise experiments were done in triplicate. Average
values and standard deviations of capillary rise height (cm)
and average pore diameter (pm) were calculated and showed
in the graphs.

3 Results

3.1 Dependence of Biochar Morphological
Characterisation on initial Feedstock, Particle
Size and Modification

Morphology of biochar types was characterised according
to SEM pictures (Fig. 4a—g). An average pore diameter of
the pine wood biochar pores decreased after crushing, and,

in the case of fine fraction (<300 um) average macropore,
diameter decreased by 13% and 37% compared to the coarse
and medium fractions, respectively. The pores’ diameter of
medium size in biochar particles was similar to the coarse bio-
char (28 and 20 pm, respectively). Comparing three feedstocks
(pine wood, pine bark and hemp), hemp biochar had the aver-
agely highest size of macropores (30 um), which was by 16%
and 32% higher than pine bark and pine wood biochar types
(Fig. 4h). Comparing modification techniques (with steam of
rainfall water and rhamnolipid solution), biochar modified by
the steam of rainfall water had by 17% and biochar modified
by the steam of rhamnolipid solution had by 8% higher aver-
age macropore diameter compared to the unmodified biochar.

Biochar has a porous structure, a complex pore network
and various cracks which form during the process of biomass
pyrolysis due to fast rate of external and internal decomposi-
tion of biomass. This structure can be decomposed when it
is affected by additional mechanical stress and then it can
form colloids [32]. Physical crushing of biochar is the most
common technique used to decrease the size of particles.
Meanwhile, biochar modification by steam facilitates merg-
ing of fine pores and enlarges internal cavities that increase
microporosity of the material [33].

@ Springer



L. Usevicité, E. Baltrénaité-Gediené

@ Springer

Vacc=10.0kV PC=12

Vacc=10.0kV PC=12

Vacc=10.0kV PC=12

Signal=LEI

Signal=LEI

10pm
Signal=LEI

signal=LEI

X 200 JEOL
r-Filter=sB,0

r-Filter=sB,0

X 300 JEOL
r-Filter=sB,0

) JEOL

r-Filter=sB,0

3/6/2020 1.
Mode:

Mode=L¥ WD=10.O0mm

3/6/2020 11:55:02
Mode=LM WD=10.Omm

Vacc=10.0kV

Vace=10.0kV

Vace=10.0kV

PC=12

pCc=12

PC=12

Signal=LET

signal=LEI

Signal=LEI

X 150 JEOL
r-Filter=sB,0

r-Filter=sB,0

[
r-Filter=sB,0

Average pore diameter, pm




Modelling of a Capillary Rise Height of Biochar by Modified Lucas-Washburn Equation

«Fig.4 SEM pictures of biochar types: a coarse fraction (900 pm—1.6 mm)
pine wood biochar; b medium fraction (300-900 pm) pine wood biochar;
¢ fine fraction (<300 pm) pine wood biochar; d coarse fraction pine bark
biochar; e coarse fraction hemp biochar; f coarse fraction pine wood bio-
char modified by the steam of rainfall water; g coarse fraction pine wood
biochar modified by the steam of rhamnolipid solution; h average diam-
eter of the macropores (um) according to SEM pictures, n=30

3.2 Evaluation of the Swelling Effect on Water
Capillary Rise in Biochar

Heat of adsorption is a typical phenomenon which occurs
during swelling of the materials [15]. When liquid penetrates
and is adsorbed on the surface of internal micropores, energy
of the material and liquid typically decreases. Part of the sys-
tem energy excludes in the form of heat, which is called the
heat of swelling or adsorption. Figure 5 shows evaluation of
temperature change during water capillary rise in pine wood
biochar, which was determined with the thermopore. The
results showed that the highest jump of temperature occurred
after 4 h when temperature changed from 24.2 to 27.5 °C.
At the same time, the capillary rise height increased from
2.6 to 6.6 cm. This temperature rise phenomenon shows that
the swelling occurred at the beginning of the capillary rise
experiment (until 6 h) and, later on, the heat did not exclude
and started decreasing in the case of long-term capillary rise
(from 6 to 24 h).

Decrease of temperature during capillary rise is related to
(1) liquid in the tube which absorbs the heat of the adsorp-
tion, (2) release of the adsorption heat into the environment.
Biochar swelling during capillary rise process shows that
calculated swelled capillary radius was smaller than com-
pared to the dry capillaries which were analysed by the SEM
pictures.

3.3 Fitting of Composite Parameter to Experimental
Data

The value of the composite parameter was obtained when
modelling results were fitted to experimental (Fig. 6a, b).
Figure 6a shows that, in the case of coarse pine wood bio-
char type, the modelling results better fitted experimental
data when the value of the composite parameter reached
0.513. For almost all biochar types, except fine fraction of
pine wood biochar, best modelling results were obtained
when the value of this parameter was 0.513. In the case of
fine fraction pine wood biochar, this value was 1 (Fig. 6b).
Compared to other studies, this value can reach from 0.463
(in the case of greywacke) to 1.032 (in the case of natural
rock, Berea) [34]. Almost for all biochar types the value of
the composite was equal to the value of silica glass (0.513)
[35]. The composite parameter includes the form of the
pores and tortuosity of capillary stream.

An accumulated capillary rise height increases with time
until the constant time is reached, after which the experiment
becomes stable. In the case of coarse pine wood biochar, this
constant reached 7 cm in the case of the accumulated water
capillary rise height. It can be seen that the modelled accu-
mulated capillary rise height well fits experimental results at
the beginning of the experiment (until 8 h). Meanwhile, in
the long-term case (> 8 h), it is possible that the gravitational
force starts acting and the modified Lucas—Washburn model
is not suitable for the prediction of capillary rise height. For
the long-term capillary rise including gravitational force,
Darcy’s law or Lambert function can be used. Models based
on Darcy’s law have some advantages against the methods
based on Washburn equation, since the latter can be developed
into two-dimensional or three-dimensional capillary rise situ-
ations. Washburn models are limited with one-dimensional
streams [1]. Pezron et al. [36] noticed a steep increase of the
mass of saturated materials in the early capillary rise stages
and it was related with the force of wetting liquid, which
affects the lower part of the tube when it starts to contact with
the liquid. Lucas—Washburn equation is preferable due to its
simplicity; however, it is not valid for increasing time. It raises
the question to which time it may be used and for later times
extended solution including gravity should be considered. One
study [37] showed that, in the beginning, the Lucas—Wash-
burn solution fitted well to the extended solution; however, it
tended to deviate to higher values for longer times due to the
neglect of gravity. Fried and Dryer [37] used Lambert W func-
tion for mathematical Washburn solution rearrangement, and
the final solution including gravity (hydrostatic pressure) was
proposed for the calculation of liquid rise behaviour for longer
times. Another study [2] showed that liquid maximum rela-
tive error for long imbibition time (until 20,000 s) in porous
media was less than 0.1%. Validity of the Lambert W function
introduced there was verified. Barry et al. [38] mentioned that
Lamber W function can be used to calculate infiltration as well
as capillary rise of moisture in soils.

3.4 Dependence of Capillary Rise Velocity on Initial
Feedstock

Results of the capillary rise experiment in the case of
biochar types made from different initial feedstocks are
shown in Fig. 7 which shows the height (cm) of water rise
according to temperature due to capillary force. Hemp
biochar had the highest capillary rise height (9 cm) at
the beginning of the experiment (until 8 h) compared to
other biochar types. The modelling results also showed
that hemp biochar had the highest capillary rise height
(10 cm). The modelling showed that hemp biochar had
by 28% and 19% higher capillary rise height compared
to pine bark and pine wood biochar types, respectively.
Such results can be explained by higher hemp biochar
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porosity (86%), wettability (65°) and swelling (3%).
According to the modelling results, biochar types made
from different initial feedstocks can be ordered in such
a way: hemp > pine wood > pine bark. The order of the
feedstocks partly can be explained by the porosity of the
biochar types: hemp (86%) > pine wood (77%) > pine bark
(65%). Biochar porosity can vary from 55 to 86%, and it
mainly depends on initial feedstock (wood < grass) [42].
Differences between experimental and modelling results
of heights were by 3.89%, 10.2% and 13.8% in the case of
pine wood, pine bark and hemp biochar types after 8 h,
respectively.
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These results confirm the idea that higher porosity materi-
als govern higher capillary rise velocity [5]. Additionally, a
diameter of the pores was an important factor for the capil-
lary rise height, which was higher in the case of hemp bochar
(29.7 um) compared to pine wood or pine bark biochar types
(20.2 and 24.7 um, respectively). Similarly, another study
[14] showed that the modelled capillary rise height in the
case of coarse soil pores was higher compared to fine pores.
The latter study showed that soil with higher average capil-
lary radius (10 um) was characterised by a higher modelled
capillary rise height (12.5 cm > 2.5 cm) compared to fine
capillary radius of pores (0.35 um) after 10 min.
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Fig.6 Experimental (solid line) and modelling (dash line) results of capillary rise height (cm) in the case of coarse biochar (a) and fine biochar

(b) according to different value of composite parameter, n=3
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Fig. 7 Experimental (solid line) and modelling (dash line) results of
capillary rise height (cm) according to different biochar initial feed-
stock, n=3

In this study, capillary rise curves can be divided into two
zones: fast capillary rise zone until 8 h and stable zone after
this time. This property confirms the theoretical analysis
that the gravitational force can be neglected during the cap-
illary rise process in the early stages which are predicted by
Washburn equation [39]. In the early stages, the capillary rise
height is proportional to the square root of time (h(t)~t""?);
however, the gravitational force gains a more significant
meaning when the liquid raises further and kinetics of capil-

lary rise decreases from h(1)~t"" to h(t)~t".

3.5 Dependence of Capillary Rise Velocity
on the Particle Size of Biochar

During the capillary rise experiment, the experimental cap-
illary rise height of the finest particle size was the highest
compared to the coarse and medium particle sizes (Fig. 8).
A similar tendency was obtained comparing the modelling
results, when water capillary rise heights in the finest parti-
cle size were by 15% and 25% higher compared to medium
and coarse size of biochar, respectively. It was experimen-
tally shown that the water capillary rise height was by 17%
and 34% higher compared to medium and coarse biochar
after 8 h, respectively. When biochar particles are smaller,
the capillary rise height is higher. Differences between the
experimental and the modelling results of heights were by
11.7%, 7.63% and 5.09% in the case of coarse, medium and
fine particle size of pine wood biochar after 8 h, respectively.
Similarly, to the experiment of capillary rise height, depend-
ence on the initial feedstock, curves of capillary rise can be
divided into two zones: zone of fast capillary rise height
until 8 h and stable zone after that time.
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Fig.8 Experimental (solid line) and modelling (dash line) results of
capillary rise height (cm) according to different particle size of pine
wood biochar, n=3

Comparing how biochar volumetric swelling varies
among different biochar fractions, finest pine wood biochar
had the higher swelling (5.3%) and the coarsest biochar
had smaller (2.5%). Similarly, the finest biochar had higher
porosity (82%) than coarse biochar (77%). Despite similar
chemical composition of the materials, a higher porosity
material (with higher specific surface area) has a higher abil-
ity to swell compared to a lower porosity material [26]. A
small difference exists between swelling of coarse and fine
particles.

3.6 Dependence of Capillary Rise Velocity
on a Different Technique of Modification
by Steam

From both the experimental and the modelling results, it
can be seen that the water capillary rise height in the case
of biochar modified by the steam of rhamnolipid solution
and steam of rainfall water had slightly higher capillary
heights compared to unmodified biochar (Fig. 9). Compar-
ing the modelling results, after 8 h from the beginning of the
experiment, biochar modified by the steam of rainfall water
had a capillary rise height by 11% and biochar modified by
the rhamnolipid solution had by 7% higher compared to the
unmodified one. Analysing the experimental results, the dif-
ference between biochar types can be more clearly seen after
24 h, when the height of modified biochar was by 8% higher
compared to the unmodified biochar. Differences between
the experimental and the modelling results of heights were
by 3.89%, 0.98% and 4.06% in the case of the unmodified
pine wood biochar, biochar modified by the steam of rainfall
water and biochar modified by the steam of rhamnolipid
solution after 8 h, respectively.
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It is important to notice that, in this modelling
(describing the modification effect on the capillarity
of biochar), the used capillary radius can be ordered in
such a manner: unmodified biochar (1.01-107> m) < bio-
char modified by the steam of rhamnolipid solution
(1.01-107° m) < biochar modified by the steam of rain-
fall water (1.21-1073 m). Therefore, when the diameter
of biochar pores (capillaries) is higher, the capillary rise
height is also better. Biochar modification by the steam
facilitates the blending of small pores and increases
internal cavities [33]. Similar to another study [40], it
was found that the maximum capillary rise height of the
soil was mainly determined by the distribution of large
size pore, and meanwhile, the effect of small pore size
was quite insignificant.

3.7 Dependence of Capillary Rise Velocity
on the Properties of the Liquid

Analysing a theoretical capillary rise height of volatile
organic compounds (acetone, toluene, xylene and hexane)
and inorganic (ammonium) in the coarse pine wood bio-
char, it can be seen that hexane had the highest capillary
rise which reached 26 cm after 8 h from the beginning of
the experiment (Fig. 10). Such result can be explained
by the lowest surface tension of this compound (18.4 mJ/
m?) and comparable low dynamic viscosity (0.14 mN-s/
m?). Meanwhile, the lowest capillary rise height had
water and ammonium (9.87 and 11.8 cm after 8 h, respec-
tively). It can be explained by a similar surface tension
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of these liquids, which were 72.8 and 75 mJ/m?2 in the
cases of water and ammonium, respectively. Water also
had the highest dynamic viscosity (1 mN-s/m?) and density
(0.995 g/cm?). The theoretical maximum capillary height
of analysed liquids can be ordered in such a way: water
(17.1 cm) < ammonium (21.7 cm) < xylene (30.3 cm) < tol-
uene (36.8 cm) < acetone (39.5 cm) < hexane (45.9 cm).
Similarly, however, in an opposite manner, liquids can
be ordered in such a way according to surface tensions:
ammonium (75 mJ/m?) < water (72.8 mJ/m?) < xylene
(28.9 mJ/m?) < toluene (28.4 mJ/m?) < acetone (22.8 mJ/
m?) < hexane (18.4 mJ/m?).

50

=@ Model: water
45 =—@— Model: acetone
= =8~ Model: toluene
~—@— Model: xylene
40 Model: hexane
==& Model: ammonium

35
30 A

25 A

Height (cm)

20
15 |

10 |

0 20000 40000 60000 80000

Time (s)

Fig. 10 Modelling results of capillary height (cm) dependence on dif-
ferent solutions of volatile organic compounds (1 mol/l)
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Comparing capillary rise heights of volatile organic
compounds according to their Henry’s law constant, it
can be seen that when this constant is lower, the cap-
illary rise height is higher. Heights of capillary rise
depending on different volatile organic compounds
and their Henry’s constants can be ordered in such a
way: acetone (h(8)=22.8 cm, K;=0.00159) > toluene
(h(8)=21.2 cm, K;;=0.235) > xylene (h(8)=17.49 cm,
Ky =0.3).

4 Dependence of Capillary Rise Velocity
on the Acetone Concentration
in the Liquid

Figure 11 shows theoretical acetone capillary rise heights
in the coarse pine wood biochar according to different
concentration of acetone in the liquid. It can be seen that
when the acetone concentration increased from 0.15 to
1 mol/l, the capillary rise height also increased from 14.4
to 22.8 cm after 8 h from the beginning of the experi-
ment. When the acetone concentration increased by 7
times (from 0.15 to 1 mol/l), the maximum capillary rise
height increased by 1.6 times (from 24.9 to 39.5 cm). It
can be stated that surface tension and dynamic viscosity
are the parameters which mostly affected the capillary rise
height, since the best capillary rise velocity had acetone
solutions with an increased concentration and decreased

Fig. 11 Modelling results of 18

surface tension and dynamic viscosity. Acetone solutions
of different concentration (mol/l) according to the sur-
face tension can be ordered in such a manner: 0.15 mol/l
(50 mN/m) > 0.3 mol/l (39 mN/m) > 0.6 mol/l (30
mN/m) > 1 mol/l (23 mN/m). Similarly, when the concen-
tration increases, dynamic viscosity decreases: 0.15 mol/l
(1.2 mN-s/m?)> 0.3 mol/l (1.1 mN-s/m?) > 0.6 mol/l (0.5
mN-s/m?) > 1 mol/l (0.32 mN-s/m?). It is worth mention-
ing that the concentrated solution of acetone (1 mol/l)
has lower density than water (0.784 and 0.995 g/cm?,
respectively).

According to the literature, the surface tension (mlJ/
m?) of acetone has a linear decrease compared to its con-
centration (mol/l) [10]. The dynamic viscosity of acetone
varies depending on the molar fraction of acetone (in the
interval of 0.3-1.4 mN-s/m?) and can reach a maximum
value in the case of 0.15 molar fraction in the solution. It
is important to mention that viscosity of the solution does
not have linear variation depending on the concentration
of the solution.

Washburn method can possess a number of limitations.
Regardless of many difficulties the technique remains valuable
tool for investigating wetting properties of solids [41]. This
study hence describes a novel application of the Washburn
technique. This technique is experimentally simple and highly
versatile, allowing users to screen a wide range of solvents
for their ability to wet and penetrate into biochar in a short
period of time.

capillary height (cm) depend-
ence on different molar concen-
tration of acetone solution

Height (cm)

= Model: water

el Model: acetone, 1 mol/l
Model: acetone, 0.6 mol/l

s Model: acetone, 0.3 mol/l

sl Model: acetone, 0.15 mol/l

0 20000

40000 60000 80000

Time (s)

@ Springer



L. Usevicité, E. Baltrénaité-Gediené

5 Conclusions

The modified Lucas—Washburn equation was proposed to
model the capillary rise height of liquid in a porous mate-
rial such as biochar which absorbs liquid and swells. The
presented model considered almost all the properties of
porous media and the wetting liquid, which control the
process of spontaneous imbibition; this model considered
not only the mass of the liquid imbibed between the pores
by capillary wicking but also the effect of volumetric par-
ticle swelling what has not been addressed in the literature
about capillary wicking in swelling biochar. The change
of effective capillary radius during swelling, the swelled
capillary radius and the volumetric swelling can be taken
into account by modelling the liquid capillary rise rate. As
it can be seen from the obtained SEM pictures, biochar has
non-uniform distribution of pores’ diameter. Hence, math-
ematical model including composite parameter relating to
flow tortuosity and the pore shape of the porous media
was adopted to represent different pores’ aperture forms in
lignocellulosic biochar. The experimental results showed
distinguished features between biochar’s initial feedstocks
(pine wood, hemps, birch bark) and its fractions (fine,
medium and coarse). It was shown that higher volumetric
swelling (5%), porosity (86%), wettability (contact angle
of 65°) and average pore radius (1.48-107> m) of biochar is
more favourable for the higher capillary rise height at the
fixed time. As the radius of the pores available for capil-
lary rise increased, the rate of capillary rise increased too.
Comparing different fractions, fine fraction (<300 pm) of
pine wood biochar showed the highest capillary rise rate
compared to medium and coarse fractions. The proposed
model was validated for the short-term (8 h) behaviour of
capillary rise of liquid. However, the model was not suit-
able for the long-term (24 h) behaviour. Comparing results
obtained by fitting experimental data showed that general-
ized expression can be used not only for water but also for
many other liquids in natural and artificial porous material.

This preliminary study aimed at representing study
in environmental engineering to study the interactions
between biochar and water. These interactions are impor-
tant not only in soil but also in environmental technologies
(e.g. biofilters). Modified model can save not only the cost
of expensive experimentation but also time and effort. The
proposed model may be further developed by including
gravity (hydrostatic pressure) for the modelling of liquid
rise in swelling material for longer times. More capillary
rise tests on different types of biochar would be very ben-
eficial. Some other factors affecting capillary rise height
such as temperature need further investigations.
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