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Abstract and Keywords

Abstract

Carbon (C-) rich solids from the incomplete comrsbf biomass (termed biochars) produced
by pyrolysis (pyrochars) and hydrothermal carbaiiora(hydrochars), have the potential to
improve certain soil properties when applied to@dtural soils. The main hypotheses of this
work are (i) to examine if physico-chemical propestof different feedstock are reflected in
different C degradation rates of hydrochars. Furtioee, it is assumed that (ii) sorption of the
water soluble phenyl-urea pesticide isoproturotJflih soil amended with pyrochar is higher
compared to soil amended with hydrochar. In addjti®t is suggested that (iii) the
bioaccessibility of IPU depends on the degradagbdit pyrochars and hydrochars. Lastly, it is
hypothesized that (iv) the water repellency of bhars inhibits the increase of the plant
available water capacity and hydraulic conductiatyhe soil amended with biochars. Physico-
chemical properties of the biochars, their shamiteC degradability, the sorption and
mineralization of IPU, and the soil hydraulic propes were examined in four independent
laboratory investigations. Therefore, loamy sanits sgere amended with different hydrochars
(carbonized at 200 and 250°C for 6 h and 2 MPa)pgndchars (pyrolyzed at 750°C for 0.75 h)
in realistic addition amounts (0.5 to 5% by weigligedstock materials (digestate, miscanthus
and woodchips) of different biological resistan€N ratio) were chosen for pyrolysis and
carbonization. For evaluation of the short-term €yrddability additional hydrochars from
digestate, grass, straw and woodchips, carboniaddrugentle conditions (180°C for 8 h and 2
MPa) were used.

Pyrochar degradation within 56 days was low (<2%ndfal char-C). In contrast, hydrochars
revealed a high content of readily available C tm@d4% of the original char-C was degraded
within the same period of time). Lower degradatiates were found for biochars from lignitic
raw materials, with a high C/N ratio and low O/Q@a#/C ratios, and for hydrochars carbonized
under high temperatures (250°C). Sorption of IPtfeased by a factor of 13 after hydrochar
application and by a factor of 2283 after pyrochpplication. The mineralization of IPU was
significantly reduced by up to 56% after hydrochaplication and up to 81% after pyrochar
application. Presumably, pyrochars will occlude pesticide in their micro-porous structure
resulting in long-term persistence of IPU in sdil. contrast, hydrochars will guarantee the
bioaccessibility of IPU, because hydrochars likédgrade within a few years. The retention of
plant available water of the soil increased aftppligation of hydrochars (5 to 15%) and
pyrochars (3 to 10%). Water repellency of biochiaasl little counteracting effects on the
improvement of soil water retention and saturateadactivity. Thus, other biochar properties
(i.e., particle size, intra-particle porosity, seapnd plasticity) are over-compensating possible
negative effects of repellency. In conclusion, doigheir good pesticide and water retention,
hydrochars can be recommended for application tenskely used, agricultural soils, if they
are relatively stable in soil, hence, when they preduced at high process temperatures
(>250°C) and from lignitic feedstock. Because of lingh diversity of biochar types, standard
procedures should be developed to evaluate thabditif of a specific type for a desired use in
a certain soil before its application. In additida,guarantee that there is no risk for human
living and the environment, a monitoring progranowl be installed after biochar application
at the agricultural site.
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Zusammenfassung und Schlagworte

Zusammenfassung

Kohlenstoff (C-) reiche Feststoffe aus der unvahsligen Verbrennung organischen Materials
(Biokohlen), die mittels Pyrolyse (Pyrokohlen) unbydrothermaler Carbonisierung

(Hydrokohlen) hergestellt wurden, bieten nach Bhedung in landwirtschaftliche Boden die

Mdglichkeit, bestimmte Bodeneigenschaften nachipaiti verbessern. Die dieser Arbeit
zugrunde liegenden Hypothesen sind, zu untersucfiergb sich die physiko-chemischen

Eigenschaften verschiedener Ausgangsmaterialiedem daraus produzierten Hydrokohlen
wiederspiegeln, z. Bsp. in unterschiedlichen C Aivaten. Darlber hinaus besteht die
Annahme, dass (ii) die Sorption des wasserlosli¢hestizids Isoproturon (IPU) aus der Klasse
der Phenyl-Urea im Boden nach Zugabe von Pyrokohidrer ist als von Hydrokohlen. Zudem

wird angenommen, dass (iii) die Bioverfugbarkeibh ¥BU von der Abbaubarkeit der Biokohlen

abhangt. Abschlieend wird vermutet, dass (iv) wasserabweisenden Eigenschaften von
Biokohlen den positiven Auswirkungen nach Biokohlgabe entgegenwirken, den Pflanzen
verfligbaren Wasseranteil und die hydraulische &kiglkeit zu erhthen. Die physiko-

chemischen Eigenschaften von Biokohlen, ihr kutigmi C Abbau, die Sorption und

Mineralisierung von IPU, und die hydraulischen Buoeigenschaften wurden in vier

unabhangigen Laborexperimenten untersucht. Dazudemurlehmige Sandbéden mit

verschiedenen Hydrokohlen (bei 200 und 250°C fih @&und 2 MPa carbonisiert) und

Pyrokohlen (bei 750°C fir 0.75 h pyrolysiert) iralistischen Mengen (0.5 bis 5 Gewichts-%)
verwendet. Als Ausgangsmaterialien wurden orgamis&teststoffe (Garreste, Miscanthus,
Holzhackschnitzel) mit unterschiedlicher biologisciiResistenz (C/N Verhaltnis) ausgewahlt.
Fur die Bewertung des kurzzeitigen C Abbaus stamdeiétzlich Hydrokohlen aus Garresten,
Grinschnitt, Stroh und Holz zur Verfligung, die umbélden Bedingungen (180°C fiir 8 h und 2
MPa) produziert wurden.

Pyrokohlen wurden innerhalb von 56 Tagen kaum adugie(<2% des Biokohle-birtigen C).
Hydrokohlen hingegen wiesen einen hohen Anteilegcht verfigbarem C auf (bis zu 14% des
urspriinglichen Biokohle-birtigen C abgebaut). Gmie Abbauraten wurden fir Kohlen aus
Lignin haltigen Ausgangsmaterialien, mit hohem QNd niedrigem O/C-H/C Verhéltnis
festgestellt und fir Hydrokohlen, die bei hohen Ppenaturen carbonisiert wurden. Die Sorption
des gut wasserloslichen Pestizids IPU konnte unml@&gache nach Hydrokohlezugabe und um
das 2283-fache nach Pyrokohlezugabe gesteigerteweRie Mineralisierung von IPU wurde
nach Zugabe von Hydrokohlen um bis zu 56% und wmokehlen um bis zu 81% reduziert.
Pyrokohlen binden das Pestizid in ihrer Mikrostuktvahrscheinlich langfristig. Hingegen
gewahrleisten Hydrokohlen die Bioverfiigbarkeit vistJ, da sie dem C-Abbau sicherlich
schon binnen weniger Jahre unterliegen. Die RutkhglPflanzen verfigbaren Wassers im
Boden erhohte sich nach Zugabe von Hydrokohleng3%26) und von Pyrokohlen (3 bis 10%)
im Vergleich zum reinen Boden. WasserabweisenderiSichaften hatten kaum gegenlaufige
Auswirkung auf die Erhéhung der hydraulischen Baigenschaften. Folglich scheinen andere
Biokohleeigenschaften (z. Bsp. Partikelgrof3e, ianBorositéat, Form und Verformbarkeit)
mogliche negative Effekte zu kompensieren. Zusanfmssend konnen auf Grund der guten
Schadstoff- und Wasserriickhaltung Hydrokohlen fén cinsatz auf landwirtschaftlichen
Flachen empfohlen werden, wenn diese relativ schalmgebaut werden, also bei hohen



Zusammenfassung und Schlagworte

Temperaturen>250°C) und aus Lignin reichen Ausgangstoffen hegfiesvurden. Auf Grund
der Vielzahl an Biokohle-Typen, sollten Standardtentwickelt werden, die die Eignung eines
Typs fur eine vorgesehene Verwendung noch vor Awmgbng prufen. Zudem sollten
Monitoring Programme sicherstellen, dass nach Angbng auf landwirtschatftliche Flachen,
keine Gefahr fir Mensch und Umwelt von der eingasatBiokohle ausgeht.

Schlagworte: Biokohle, Pyrolyse, Hydrothermale @aibierung, Ackerboden, Isoproturon
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General introduction

1 General introduction
1.1 I ntroduction and definition

Biochars are carbon (C) rich solids from incompledenbustion (e.g., pyrolysis, gasification,
combustion, carbonization, vaporization) that aseduas soil amendment (Lehmann and
Joseph, 2009). After appropriate application (inmte of amount, timing, frequency of
application), amendment of agricultural soil witledhars is expected to result in an increase of
water and nutrient retention, an improvement ofreggte structure and stability, and, with
respect to climate change mitigation, an incredgbeoC stability in soil. However, so far, no
standard procedures for appropriate applicatiobiofhars have been established. Similarly,
application techniques and practical recommendstfon proper utilization are lacking. Most
likely, this can be ascribed to the large variety biochars that originate from the above
mentioned different carbonization processes andenons possible feedstock materials, which
in turn result in differences of physico-chemicedgerties of the chars and their effects on soil

quality which are matter of ongoing research.

The term biochar does not define solely productsnfrecological farming. Therefore, in

German language the terrRftanzenkohléhas been introduced as synonym (Schmidt, 2011).
But this labeling seems to be misleading and dsiicibecause biochars are not exclusively
produced from vegetable material but also from eugimal wastes or municipal sewage sludge.
Moreover, since a few years, many scientists rdebiochar when the charred material is

produced by pyrolysis (also termed pyrochar) (Caal.e 2011; Schimmelpfennig and Glaser,

2012). Products from hydrothermal carbonization (i are termed HTC-chars or hydrochars,
respectively. Products with carbonaceous propeffiiesn other production processes are
currently of less ecological and economic inter&sius, this work focuses on pyrochars and
hydrochars. The generic term for chars from diffiéqgroduction processes in this work is the

most commonly used term biochar.

1.2 Production processes

Currently, biochars are produced either conventipria pits or brick kilns or in modern,
automated reactors, which allow controlled procesmsgineering. Product yield and
characteristics are thereby determined by a sefactors: process technology, feedstock
material, moisture of the feedstock, way of feedicantinuous, singular batch), highest heating
temperature, heating rate, cooling rate, pressamd, process duration (Schimmelpfennig and
Glaser, 2012). All organic materials from domest@ste to municipal sewage sludge can be

used as feedstock. In Germany, the recycling oédddage from biological treatment plants and
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General introduction

waste from landscape management as well as renewablmaterials (e.g., from short rotation
coppice) are applied. According to the processreldgy, pre-drying of the feedstock and

chaffing may become necessary.

The production processes are distinguished in thelemical processes (e.g., pyrolysis,
gasification) and hydrothermal techniques (e.gdrbthermal carbonization, vaporization).
According to the process conditions the basic camge (cellulose, hemi-cellulose, lignin) of
the feedstock undergo a sequence of chemical matdhs (e.g., dehydration,
depolymerization, dehydrogenation, decarboxylatiorrecondensation, degasification,
carbonization), and determine the product yielcthkbmpiantitatively and qualitatively (Knicker,
2007; Keiluweit et al., 2010; Titirici and Antonigt2010).

Pyrolysis is the most frequently used productioocpss. It is performed in a wide temperature
range under oxygen limiting conditions that inhilcibmplete combustion of the biomass
(Karaosmanoglu et al., 2000). According to the pssaduration, slow, conventional and fast (or
flash) pyrolysis can be differentiated (Quicker12Q) According to the process temperature,
low (<500°C), medium (500-800°C) and high (>800°@mperature pyrolysis are
distinguished. Besides the solid product biochampfwochar), pyrolysis produces ash, bio-oil,
and non-condensable gases (00O, CH, H,) (Spokas et al., 2009).

In the year 2006, the articlZauberkohle aus dem Dampfkochtopbout the research of Dr.
M. Antonietti from the Max Planck Institute of Coitls and Interfaces, drew the attention on a
technique that had already been developed by Be(g@d3) and had been further investigated
by Berl and Schmidt (1932). Today the techniqué&nswn as hydrothermal carbonization
(HTC). It allows the use of organic residues witlvaer content between 50 and 80% and is
conducted at temperatures between 180 and 250°Grattedt a pressure of around 2 MPa (Libra
et al., 2010). Thus, the HTC process is less enanglycost intensive than e.g., pyrolysis. The
products comprise a higher solid yield comparepyimlysis, a significant amount of dissolved
organic compounds and a small quantity of gasewdLét al., 2010; Cao et al., 2011). Due to
the different production conditions of pyrolysisdaHTC, the physico-chemical properties of

pyrochars and hydrochars vary substantially asifpedn the following.

13 Physico-chemical properties of pyrocharsand hydrochars

The microstructure of pyrochars comprises threearoaimponents: first, a principal component,
in which aromatic-aliphatic structures are held etbgr amorphously and in which the
heteroatoms H, O, N, P and S are imbedded cygfli¢&kiluweit et al., 2010; Knicker, 2010);

second, a mineral component, and third; a cryst@licomponent of conjugated aromatic
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compounds (Keiluweit et al., 2010). At higher temgteres, the latter progressively adopts the
structure of graphite layers. With increasing agge{ng) the biochar surfaces will undergo
partial oxidation creating an aryl-C backbone wstibstituted carboxyl- and carbonyl groups
(Glaser et al.,, 2002; Cheng et al., 2006). The tgreamount of functional groups in aged
biochars results in an increased cation exchangacds, and a stronger formation of soil char
complexes that have already been detected formyl@®@il amended with pyrochars from rye
grass (Hilscher and Knicker, 2011). Furthermoresirag reduces the amount of hydrophobic

functional groups with unknown effects on the $gitirologic budget.

Hydrochars are typically produced at temperatusta/den 180 and 250°C (Funke and Ziegler,
2011). Visually, hydrochars from lignitic materiatssemble their raw feedstock (see woodchips
in Fig. 1.1) because lignin primarily breaks dowhen temperatures exceed 300°C (Liu et al.,
2013). Like a sponge, these materials are charaeteby a continuous amorphous nano-pore
system with high amounts of hydrophilic carbongrkoxyl and hydroxyl functional groups on
their surfaces (Sevilla and Fuertes, 2009; Titidod Antonietti, 2010). Hydrochars of less
lignitic feedstock appear as meso-porous sphepagicles of 20 to 200 nm size (Titirici and
Antonietti, 2010). The particle size is mainly detsed by the temperature, pressure, and
duration of the production process and added ialie.g., citric acid). Additionally, the
formation of raspberry like structures has beemtifled (right side in Fig. 1.1) that have been
created after impregnation of beech wood with tbBusous amino acid cysteine, and are
probably due to an increase of the surface teredfi@hdroplets (Kruse, 2011).

Fig. 1.1 SEM images (3000-fold) from HTC (180°C, 8h) of woodchips, straw, grass cutting (from I. to r.),
and from HTC (180°C, 4h) of beech wood impregnated with 10% Cystein, modified after Kruse (2011)

The meso-porous network of hydrochars and the canfrbostratic structure of pyrochars
generate a specific surface area (SSA) of diffedanensions. For hydrochars, SSA values of
around 10 rhg’ have been measured (Schimmelpfennig and Glasg®) 2Byrochars possess
an SSA of up to 1000 7y (Uchimiya et al., 2011). Nonetheless, differentttmes (e.g.,

feedstock loading with salts and water soluble maeegrs, post-treatment with hydrogen
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peroxide) may be helpful in increasing the SSA aedctivity of hydrochars (Titirici and
Antonietti, 2010; Xue et al., 2012). According taanded use, the biochar can be optimized in
its desired functionality via systematically predgpost-treatments thereby producing so called

designer biochars (Novak et al., 2009).

For evaluation of the short-term C degradabilitypmichars the atomic O/C ratio of the charred
material is plotted against the atomic H/C rati@igo called Van Krevelen diagram (Fig. 1.2).
Generally, the O/C and H/C ratios decrease withemsing degree of carbonization, and are
typically lower for pyrochars than for hydrochanmsdauntreated feedstock (Keiluweit et al.,

2010; Hoekman et al., 2011). The decrease of tieadd H/C ratios usually goes along with

the formation of stable aromatic structures andnarease of the calorific value (Chun et al.,

2004; Cantrell et al., 2012).
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Fig. 1.2 Van Krevelen diagram, values of biomass and biochars from Eibisch et al. (2015), and values of
bitumen, graphite, and lignite (grey dots) from Allen-King et al. (2002)

The liquid products of HTC have been subjectedttie Iresearch so far. However, it is known
that HTC liquids are rich in readily available ongacompounds (Libra et al., 2010), which in
turn cause a high microbial activity at room tengpare. This can be observed e.g., from the
formation of biofilms on the product surface (i.enpuld spores or fungal growth). It is
conceivable that during separation of the solid liondd phase at the end of the HTC process,
these C condensates adhere on the hydrochars. miiné€ralization experiments this would
cause a high initial COemission peak leading to an overestimation ofdgngradability of pure

hydrochars. Washing with water or a solvent mayaheeffective procedure to remove the
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condensates from the hydrochar surfaces (Cao,e2@l1; Spokas et al., 2011; Gagt al.,
2012). Furthermore, in the HTC process water afsgitermediates from the decomposition of
carbohydrates has been detected. Typically theseaeetic, glycolic and carboxylic acid,
different aldehydes, ethanol, phenol, as well asrfufal, methylfurfural and
hydroxymethylfurfural, that all contribute to thetal C content of the liquid HTC product
(Kruse et al., 2003; Berge et al., 2011). The qtatite composition and the enrichment or
depletion of specific elements in the solid or idjphase strongly depend on the feedstock and

process conditions and are still matter of research

14 Potential benefits and knowledge gaps of biochar application to soil

Prototypes of biochars are highly aromatic comptmehthe so called Amazonian dark earths
(portug.Terra pretg that were formed 500 to 7000 years ago througtimuBrazilian Amazon
Basin and that are characterized by a high sdilifer(Glaser, 2007). As the name suggests,
these dark Anthrosols can be distinguished fromacadjt soils by their dark color and by the
high amount of ceramic fragments. Presumably, acgaesidues from pre-Columbian
settlements had been collected in clay jugs, wttien had been burned and subsequently been
ploughed in the soil, for waste disposal on the baed, and on the other hand to allow
cultivation of tropic soils that are otherwise paornutrients (Solomon et al., 2007). The
procedure that resulted in the accumulation of@aabeous material and the formatiorTefra
preta soils is not exactly known. But it is widely acteg that carbonaceous components are
responsible for the improved water retention, thghér nutrient availability and cation
exchange capacity, and the higher amount of staigignic substance in these soils (Glaser et
al., 2001; Birk et al., 2011).

Recent positive experimental results on C sequastrand nutrient and water retention by
application of pyrochars to soil give rise to expbeneficial effects when biochars are used
constantly in agriculture. However, there is a laflsystematic investigations with pyrochars
from different feedstock and process conditiond thstify repetitive application. Moreover,

knowledge about the material and structural charitics of HTC-biochars, and their impacts
on soil hydraulic properties, nutrient and pesBdidtention, and the C degradability in soil has

just begun to grow in the last few years. In tHofeing this is explained in more detail.

Biochars for carbon sequestration

The high resistance of char particles in the Amaaodark earths encouraged the scientific and

public community to believe in the use of biochasslarge and long-term sink of atmospheric
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CO, by the path of the photosynthesis (Kuzyakov et2009). According to estimations, an
amount of 5.5 to 9.5 Gt C could be sequesteredypar by the production of biochars
(Lehmann et al., 2006). This approach would agtiv&unteract the anthropogenic emissions
from fossil fuel combustion and effectively contrib to climate change mitigation. The
recalcitrance of different pyrochars has been itgated intensively in the last decade,
primarily under laboratory conditions (Sohi, 200B)om&*°C incubation experiments over 120
days with soil amended with 1 to 4% (w/w) Eucalypyrolyzed at 450 and 550°C for 40 min,
mean residence times of biochars were calculated the reciprocal of the decomposition rate
and range between 62 to 248 years (Keith et alL1RMigher residence times have also been
reported (200 to >3000 years), generally increasiitly process temperature (200-600°C) and
duration (2-48 h) (Kuzyakov et al., 2009; Majoraét 2010a; Peng et al., 2011). For hydrochars
estimated mean residence times lay within a fevadies (Steinbeiss et al., 2009; Gagt al.,
2012). However, investigations on the mineralizatié hydrochars from different feedstock are
rare and labile and stable hydrochar C fractioesusually not differentiated. Hence, residence
times are likely underestimated. In addition, eations of mean residence times are based on
short-term incubations and generally do not comsiy@amics of mineralization conditions in
the field (e.g., biological activity, C stock, anlimate) which complicates the evaluation of the
C sequestration potential of biochars. Moreovematle smart indirect impacts, e.g., on the
primal soil C content, the demand of fertilizensgan the greenhouse gase®©Nind CH have

to be considered as well. In short-term studiega$ shown that )0 emissions decreased after
application of pyrochars and hydrochars to sanlly esnd then increased significantly after a
rain event and N fertilization (Kammann et al., 2DIThese opposing results demonstrate that
different parameters (e.g., climate, soil type, agement) have to be taken into account to
validate conclusions on the potential reductiogreenhouse gases after application of biochars

to agricultural soils.

Biochars for improvement of pesticide sorption

In the recent years, various studies have repdttatithe yield of diverse crops (e.g., rice,
sorghum, maize) could be increased consideraldy afiplication of pyrochars to different soil

types (Steiner et al., 2007; Major et al., 2010kptda et al., 2011a; Liang et al., 2014). The
increase was attributed to an improved nutrientlabidity and reduced leaching after rainfall,

and highly depended on the process temperaturdesus$tock of the added biochar. In soil
amended with high temperate pyrochars (<750°C) l@mmacentration of N, P and heavy metals
were measured, which has been ascribed to the ehaingtructural product properties after

pyrolysis (i.e., break down of micro-porosity, desse of SSA, formation of aromatic
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structures) (Gaskin et al., 2008). Additionallypgtolysis temperatures above 400°C negatively
charged functional groups were lost resulting lovaer cation exchange capacity (Chun et al.,
2004).

Most likely, the high SSA, the micro-porosity, atfié quality and quantity of functional groups
of biochars are also responsible for the retentiborganic compounds, such as pesticides in
soil. Zheng et al. (2010) have found out that theptson of triazine pesticides onto pyrochars
from green cuttings (pyrolyzed at 450°C for 1h) waagher for finer pyrochar particles@.125
mm) with an overall higher SSA than for coarseipk$ £0.250 mm). Moreover, it took less
time to reach the sorption equilibrium in soil amed with fine sized pyrochars compared to
coarser particles. This points to the circumstatiheg pesticide diffusion in the micro-porous
structure and occlusion takes longer for coarse padicles. Nonetheless, most sorption studies
are based on batch experiments in soil suspensiod, therefore, do not reflect natural
conditions in the soil very well. Furthermore, dint feedstocks have not been considered so
far, and the sorption potential of hydrochars asdus this study has been rarely investigated
(Sun et al., 2011; Sun et al., 2012).

There are indications that pyrochars reduce pdstichineralization due to their sorption
capacity (Jones et al., 2011). However, most emp@ris concerning pesticide mineralization
were done in soil suspensions (Zhang et al., 2006)examined insecticides with high
hydrophobicity (Yu et al., 2009; Yang et al., 201These are considerably different to the
relatively water soluble phenyl-urea herbicide dpron (IPU) that is frequently applied to
agricultural soils and has been used in the pready. Only Si et al. (2011) and Sopeia et al.
(2012) investigated the mineralization of IPU. Teported amounts of mineralized IPU were
high (i.e., up to 50% of the original IPU amourpypbably because IPU had been applied
regularly in the past to soils that have been ameéndith technical charcoal. Thus, the
microbial community could already adapt to mine&llPU metabolically. Soils from organic
farming that have not been subjected to pestigigdiGation for at least 15 years have not been
used so far and the effects of pyrochars from diffefeedstocks are not known. The impact of

hydrochars on pesticide mineralization as usetli;study has not yet been investigated.

Biochars for improvement of soil hydraulic propesi

Due to their high SSA and micro-porosity, biochars likely able to hold high quantities of
water. Hence, the soil water storage capacity asg@e after application of biochars (Karhu et
al., 2011; Kammann et al., 2012). However, gengrétle water storage capacity is not well

defined. Establishing water retention curves, aglooted in this study, is convenient to assess
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the plant available water capacity (AWC) that idiE=d as the fraction of water released
between field capacity, pF 1.8, and permanentnglpoint, pF 4.2, and an important issue in
agriculture. In most cases, the AWC increased batwabout 30 and 170% after pyrochar
additions compared to control treatment. The irsweaas significantly higher for high char

additions (5% compared to 1%, w/w) and higher pysisl temperatures (500°C compared to
300°C), and generally higher for sands comparddamy sands (Uzoma et al., 2011b; Kinney
et al.,, 2012; Peake et al., 2014). Hardie et &142 gives the following explanations for the

improvement of water retention by char additiop:ifira-particle porosity of the added char,

(i) modification of the original soil pore systelny the new texture of soil and char particles,
and (iii) improved persistence of soil pores duénttreased aggregate stability. The impact of
the char particle size on the soil porosity and Isgilraulic properties was not clear so far and

has been investigated in this study.

It is often assumed that the water repellency af€ls an important factor influencing the water
retention of soils. Water repellency is inducedobjar aliphatic and aromatic functional groups
on the biochar surfaces. When the water conteméases, the inner polar ends of amphiphilic
groups may change their orientation to the outdemside and allow wettability of the surface
(Fig. 1.3) (Doerr et al., 2000). On the other hasutface hydrophilic groups tend to bind to
each other under desiccative conditions and causeasing water repellency (Diamantopoulos
et al., 2013). Both processes imply that the wegpellency depends on time and the water
content of the soil. Consequently, in laboratorpiege experiments the initial moisture
content and the way of sample saturation is assumédhdamentally determine retention and
hydraulic conductivity curve characteristics. Todgatigate the soil hydraulic properties, in this
study biochar amended soils were capillary satdrateler the atmosphere of the lab as well as

under vacuum conditions.

Amphiphilic molecule
hydrophilic @ hydrophobic
end (polar) end (non-polar)
Water
droplet
Water
LLLLLL V‘ .\ ¥
| Hydrophobic | Amphiphilic | . Hydrophilic |
surface surface surface

Fig. 1.3 Change in orientation of functional groups while in contact with increasing water content (changed
after Doerr et al., 2000)
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2 Objectives and working hypotheses of the present study

For the present study biochars were produced frgmolysis and HTC and different organic residues

were selected as feedstock. The main objectivésofesearch were to

1. investigate physico-chemical properties of biochasulting from different feedstock and
different carbonization processes (pyrolysis, Ha€well as of HTC process water,
examine their short-term C degradability,
evaluate the impact on pesticide sorption and ralieation, and

assess the effects on soil hydraulic propertiesiagricultural soil.

The different issues were realized in four sciéntfticles with the following working hypotheses:

Article | “Properties and degradability of hydrothermal carbmation product$ (Journal of
Environmental Qualityd2, 2013) comprises a comprehensive physico-clemi@aracterization of the
solid and liquid phase of the HTC of feedstockgédtate, green cuttings, straw, woodchips) with
different physico-chemical properties, e.g., C/No,goH value, and ash, lignin and dissolved organi
C content. In addition, aerobic incubation experitaeover 30 days were performed to evaluate the
short-term C degradability of different hydrochasbhich was then related to the HTC product

properties. This work comprises two main hypotheses

Hypothesis |: Differences in physico-chemical properties of @ifint feedstock are reflected in
hydrochars, i.e., resulting in different C degramfatates.

Hypothesis 11: A significant part of easily degradable C, whiclyrsorb onto hydrochar surfaces
during separation of liquid and solid phase after HTC process, may be removed by washing the

hydrochars with water before application to soibider to decrease hydrochar degradability.

The experimental part of this work was conductedtre Thiinen Institute of Climate-Smart

Agriculture in Braunschweig.

The laboratory work for articles Il and Ill was fmed at the Institute for Soil Ecology of the
German Research Center for Environmental Healtiunich. Article 1l “Pyrochars and hydrochars
differently alter the sorption of the herbicide figoturon in an agricultural sofl (Chemospherd19,
2015) describes the impact of different feedstopkscess conditions, and char addition amount on

the sorption capacity of the herbicide isoproturoan agricultural loamy sand.

Hypothesis | 11: Isoproturon sorption capacity in soil amended vgttochar is higher compared to

soil amended with hydrochar and varies with theddeedstock.

9/100



Objectives and working hypotheses of the preseialyst

Article Il “Effect of pyrochar and hydrochar amendments onntiirgeralization of the herbicide
isoproturon in an agricultural sdil (Chemospheresubmitted) aims to clarify if pyrochar and

hydrochar application to an agricultural soil regisithe mineralization of the herbicide isoproturon.
HypothesisV: Isoproturon mineralization is directly relatecthe sorption of the herbicide.

Hypothesis V: The production process and feedstock have sigmifieffects on the bioaccessibility
of isoproturon, and the bioaccessibility dependshendegradability of pyrochars and hydrochars.

The work to article IV Does water repellency of pyrochars and hydrochamgnter their positive
effects on soil hydraulic propertiesfGeodermasubmitted) has been assessed at the Department of
Soil Science and Soil Physics of the Institute feoecology at the Technische Universitat
Braunschweig. As there is sparse knowledge abeutinge in hydraulic properties after application
of biochars to soil, the main objective of this wavas to comparatively investigate the effects of
pyrochars and hydrochars, and to evaluate the impdaifferent feedstock and char particle size, a

well as saturation under atmospheric and vacuurditions.

Hypothesis VI: Particle size and type of added char affect wadtention characteristics and

hydraulic conductivity.

Hypothesis VII: The water repellency of chars inhibits the inceca$ the plant available water

capacity and hydraulic conductivity of the soil amded with chars.

The dissertation is based on an inquiry of the Garfrederal Ministry of Food and Agriculture, and
was financed by means for the reporting on the @armational greenhouse gas inventory for the

sectors agriculture and land use.
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3 Articlel. Propertiesand degradability of hydrothermal carbonization
products

Eibisch, N2 Helfrich, M2 Don, A2 Mikutta, R®, Kruse, AS, Ellerbrock, R, and Flessa, H.

4 Thinen Institute of Climate-Smart Agriculture, 381Braunschweig, Germany

P |nstitut fiir Bodenkunde, Leibniz Universitat Haneo, 30419 Hannover, Germany

¢ Institute for Catalysis Research and Technologgrldtuhe Institute of Technology, 76344
Eggenstein-Leopoldshafen

¢ |nstitute of Soil Landscape Research, Leibniz-@emf Agricultural Landscape Research,
15374 Miincheberg

Abstract

Biomass carbonized via hydrothermal carbonizatldmQ) yields a liquid and a carbon (C)-
rich solid called hydrochar. In soil, hydrochars ymact as fertilizers and promote C
sequestration. We assumed that the chemical cotigrogif the raw material (woodchips,
straw, grass cuttings or digestate) determinesptioperties of the liquid and solid HTC
products including their degradability. Additionall we investigated whether easily
mineralizable organic components adsorbed on thdropar surface influence the
degradability of the hydrochars and could be rerdowy repetitive washing. Carbon
mineralization was measured as L@roduction over 30 days in aerobic incubation
experiments with loamy sand. Chemical analysisakgkethat most nutrients were preferably
enriched in the liquid phase. The C mineralizanbmydrochars from woodchips (2% of total
C added), straw (3%), grass (6%) as well as digested%) were dependent on the raw
material carbonized and were significantly lower@®:92%; p < 0.05) than the mineralization
of the corresponding raw materials. Washing of thalrochars significantly decreased
mineralization of digestate-hydrochar (up to 40B&it had no effect on mineralization rates of
the other three hydrochars. Variations in C mirieation between different hydrochars could
be explained by multiple factors, including diffeces in the O/C—H/C ratios, C/N ratios, lignin
content, amount of oxygen-containing functionalugr® and pH. In contrast to the solids, the
liquid products were highly degradable with 61 88@of their dissolved organic carbon being

mineralized within 30 days. The liquids may be tedaaerobically e.g., for nutrient recovery.
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3.1 I ntroduction

Incomplete combustion of biomass yields a carbgrri@ solid, called biochar, which can be
used as soil amendment to increase soil fertililg mitigate climate change (Lehmann et al.,
2006; Yu et al., 2009). The debate on biochar a®ihamendment was stimulated by the
discovery of the archetyp€erra Preta do Indiowhich had been formed by anthropogenic
practices (i.e., slash and char) (Glaser et ab2p05table organic material (e.g., from charred
food waste) mixed with soil was found to be resfiuasfor long-lasting, high level of soll
fertility and greater crop yields compared to ther@unding soils in the tropics (Glaser et al.,
2000; Yamato et al., 2006; Woods et al., 2009; ¥geh et al., 2010).

A high potential for long-term C sequestration basn associated with biochars derived from
carbonization processes using high processing tepes (>450°C; e.g., pyrolysis). Under

these conditions, the resulting biochars show & liiggree of aromaticity (Lehmann et al.,
2006; McBeath and Smernik, 2009) which, in turrtréases the resistance to mineralization,
compared to the raw materials used for biochargyegn (Glaser et al., 2002). Recently, the
production of low-temperature carbonized materialhwdrothermal carbonization (HTC), so-

called hydrochar, has received increasing atten{iennke and Ziegler, 2010), and the

possibility of using hydrochars for C sequestratisas indicated by positive experimental

results for biochars produced by pyrolysis (Lehmaatnal.,, 2006; Nguyen et al., 2008).

Biochars produced by pyrolysis are likely to posskesver C degradability than hydrochars
(Kammann et al., 2012); however it is conceivabigt thydrochars also possess the ability to
stabilize C due to aromaticity in the structureéhgéirochars (Titirici et al., 2007; Sevilla et al.,

2011).

Hydrothermal carbonization (HTC) is a wet chemipgabcess that transforms biomass at
relatively low temperatures between 180 and 250t @essures of about 20 bars (Funke and
Ziegler, 2010). As energy-intensive pre-drying, lswes that required for pyrolysis, is not
necessary, organic residues with water content®0ofto 90 wt% (i.e., sewage sludge,
municipal waste, digestate, etc.) can be usedttir@dumme et al., 2011). The succession of
different HTC reaction steps (hydrolysis, dehydnatidecarboxylation, condensation) generate
() hydrochars, (ii) liquids and, (iii) small amaisnof CQ and other trace gases (Sevilla and
Fuertes, 2009; Funke and Ziegler, 2010).

Recently, the influence of different process cdondi& on the physico-chemical properties of
solid products was studied by Schimmelpfennig afeb& (2012). Compared to biochar from
pyrolysis or charcoal, HTC led to a lower degreeafbonization, as well as a lower specific
surface area (SSA) and lower amounts of aromatlw@gver, a higher number of reactive, O-

containing functional groups were maintained. Femtfiore, physico-chemical properties of
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products produced under similar process conditiorese highly variable, indicating a
considerable influence of the raw material undergdiTC. However, only a few studies have
systematically investigated the physico-chemicalrabteristics or mineralization behavior of
hydrochars produced from different raw materialdarthe same process c