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Biosolids are the solid byroduct of wastewater treatment partiumanity produces some 50
kg/persoityea, with global output exceeding 261 t/yea. Disposal of biosolids costsew
Zealand KNZ) around 3310° dollargyear. Most biosolids are either burned or placed in
landfills, which is not a sustainable solution. Moreover, burning requires energy and results in
greenhouse gas emissions. Biosolidsnaostly organic matter and contain high concentrations

of plant nutrientsBiosolidscan alsacontain pathogens and contaminants, which is why they
are not typically appdweverihNEanddiségwheare, bhiasalids are a | u
used torebuild degraded soils for the production of ffioad crops such as timbekpplying
biosolids to soil improves plant growth, but may result in high levels of nifkide’) leaching

and can introduce contaminants into the food cHaaimed to determinthe effect of mixing
biosolids with carbonaceoumsaterials(sawdust, biochars, and ligniten NOs™ leaching from
biosolidsamended sailSawdustwoodwastewas derivedfrom Pinus radiata(D. Don), a
common forestrgpecies. Biochar was made foyrolysisasP. radiatg wasteat temperatures
between 35% and 556C. Low-grade lignite coal, which is blended with highade coal for

its disposal, was obtained from Solid Enertyy,. The capacity of the amendments to sorb

ammonium(NH4") andNOs” was measured using batch experime®tdutions containing 100



mg/L of NH4" or NOs"wereseparatelynixed with the amendments in 1:thiaterials solution

ratio. Leaching of biosolids mixed with these amendments was determined using column
leaching experimas. Columns (4 cm height x 4 cm diameter) containing biosolids mixed with
biochars, lignite or sawdust in a 1:1 ratio were irrigated with Soifrdleionised water and the
resulting leachatevas collected weekly. Large lysimeters (€@ height x 50cm diameter)

were filled with intact columns of the Lismore Stony Silt Lo@dow fertility soil). There were

three replicates of the following treatments: control (no amendment), biosolids added at a rate
equivalent to 400 kg N/ha, biosolids + lignite (1.5y weight) and biosolids + biochar (1:1 by
weight). All NH4" and NOs™ concentrations were determined uskFigw Injection Analyss

(FIA). Batch experiments revealed that none of the amendments adsorbed significant amounts
of NOs. Biochar and lignite abrbed significant amounts &fH4", giving sorbefsolution

NH." concentration quotients of up to 33 and 4.4 respectiMaynitrification occurrediuring

this long-term sorption. The time to rach equilibrium of the lignitdlHs" mixture was in the
orderof 6 hr, while the biochar took some 1%0 to reach equilibrium. Increasing pyrolysis
temperatures resulted in charcoals with an increased ability tdlsafbUnpyrolyzed sawdust

did not adsorksignificant amounts of NH, however, sawdust almost elimted NH"-N
leaching and reducelOs-N leaching by>40%. Low temperature biochaeduced NH'-N
leachingfrom the columns by 40680%. Overall, dry sawdust and low temperature biochar are

the potential carbonaceous materials to mitigate N leachingbimsolids.
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Chapter 1. General Introduction

1.1 Biosolids

Biosolids contain the solid fraction of sewage treatment. They usually contain
significant amounts of water, with a dry mattentent ranging from 15% to 96%, averaging
28% (JonesLepp & Stevens, 2007Biosolids have high concentrations of organic matter (50
T 70%) and beneficial plant nutrients, such as nitrogen (N), phosphorous (P), potassium (K),
calcium (Ca), magnesium (Mg) and sulphur (Banegas et al., 2007; NZWWA, 2003hey
can also contain elevated concentrations of trace elements, especially zinleddn)Pb)
cadmium (Cd)copper (Cu), iron (Fe),nickel (Ni), boron (B), molybdenum (Mo) and
manganese (Mn(Esteller et al., 208). These trace elements may be beneficial or detrimental
to both plants and soBiosolids may also contain tracesesfdocrine disrupting compounds
and pathogengGarrec et al., 2003; Jonéepp & Stevens, 2007 he chemical composition
of biosolids depends on the effluent source amdttbatment process. It is therefore highly
variable. Nevertheles3ablel.1s hows t he <chemi cal properties
(stockpiled) biosolids. There is no clear cut definition for aged biosdhgisaccording to
Bernal et al. (1998the major differences weredhfresh biosolids contaia high proportion
of their inorganic N as ammoniwN (NHs™-N), whereas aged/matured biosolids contain

higher proportion ohitrateN (NOs™-N).
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Tablel.1. Physicochemical characteristics of typical fresh biosolids and aged biosolids [adopted from:
(Bernal et al., 1998; Esteller et al., 2009; Knowles et al., 2011; Rigby & Smith,]2Gb8centrations
are on a dry weight basis

Fresh biosolids Aged biosolids
Moisture content (%) 83 53
EC (mS/cm) 5.2 8.3
pH (H0) 6.4 4.1
Total C (%) 45 28
Organic matter (%) 62 60
Total N (%) 4.3 2.7
NHs-N (mg/kg) 3400 182
NOs -N (mg/kg) 5.1 4192
C:Nratio 8.4 6.9
Olseni P (mg/kg) 5192 4683
CEC (cmol/ kg) 39 41
Na‘( mg/kg) 460 713
K*(mg/kg) 5183 4984
Ca* (mg/kg) 4268 9818
Mg?* (mg/kg) 3949 2204
Cu?* (mg/kg) 352 561
Cd?* (mg/kg) 32 2.8
Zn?*(mg/kg) 809 878
P+ (mg/kg) 79 112

1.1.1 Biosolids production: a growing environmental issue

Humanity produces some 27 kg of dry biosolids (sewage sludge) per person per year
(Hue, 2014)with the world production exceeding 30%1f/ear(Ronald et al., 2008)This is
expected to increase as the population grows and becomes more urbanised, leadeastgincr
volumes of treated human waste. The total biosolids production of New Zealand is
approximately 400,000 500,000 t/yealANZBP, 2014) Global Water IntelligencéGWI,
2015) reported that China, the most populous country, has doubled its biosolids production

from 2005 to 2015Kigure1-1).
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Figure 1-1. Graph showing sludgeproduction in China, 198R015. (GWI, 2015) URL
http://www.globalwaterintel.com/markattelligencereports/sludgeananagement/

1.1.2 Biosolids disposal

Disposal of biosolids is a global environmentasue. Worldwide, biosolids are
disposed of into landfills and ocea(Ronald et al., 2008)They are also burneavith the
resultantash applied to landr disposed of in landfill§Ronald et al., 2008)n New Zealand,
biosolids are disposed of through landfiling (60%), ocean discharge (1&8p)ied to
agricultural land (10%) used forland rehabilitation (10%)¢omposting (5%)r applied to
foress (5%) (ANZBP, 2014) Land filling is expensiveln New Zealand, e cost is
approximately NZ$Q0-250 per tonne, excluding transport costgh anaverag annual cost
of NZ$ 33<1(P per yeafWCC, 2008) Moreover,apart from the cost of landfilling biosolids,

this methodology results in a waste of valuable plant nutrients and organic CBalbal(1).

1.1.3 Land application

Biosolids can improve soil fertility when applied kand (SancheaVlonedero et al.,
2004) The proportiorof produced andubsequently appliebiosolids to land/ariesbetween
countries In the USA 63% of biosolids are applied to IgRdB, 2015) while in New Zealand

10% of biosolids are landpplied.
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Biosolids contain athogens and some trageetals, whichcan potentiallyendanger
human health and soil quali($ingh & Agrawal, 2008; Sullivan et al., 200@herefore, there
can be public opposition to the application of biosolids to prime agricultural land (B&@ett
& Russell, 2001) The risk of biosolids degrading soil quality higher when repeated
applications are applied and soil quality may decline due to the accumulation of Cd, Cu and Zn
in concentrations that negatively affect soil microbial functi@enry et al. (1994)Pre
treatment of biosolids can reduce the risk of land application of biosbiidexampleBernal

et al. (1998khowed that composted sewage sludge had significantly lower pathogen loads

1.1.4 Rebuilding degraded soils using biosolids

An alternativeto land applicatiorof biosolids is to use them for rebuilding degraded
soils (Kowaljow et al., 201Q)Here, the contaminants that they contain are less likely to enter
food chains, especially if the land is rehabilitated into-agncultual production such as
forestry (Magesan & Wang, 2003; Wang et al., 2010). For exarimeChristchurch City
Council(CCC)is collaborating with Solid Energy New Zealand to reuse biosolids produced at
the ChristchurchWastewaterTreatment PlantWTP) to rehabilitate mined areas at the
Stockton mine siteigure1-2 shows the effeabf applyingbiosolids (the green patchasith

respect to imprang vegetation on the mine sjteompared to wiamended bare areas.
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Figurel-2. Outcome of biosolids application e Stockton mine sitglCCC, 2011)

In 2010, New Zealand had 2B ha of land in forestry. Radiata pinRigus radiataD. Dor)
plantations account for the vast majority of commercial plantifigsi(e 13), of which several
thousands of hectares are classified as degraded after Iqiyfg 2010) During logging,

much of the top soil (which has a higher organic matter content) is removed. Moreover, soils
under pine forests become acidic and depleted in plant nut{iEckehard et al., 2005)
Similarly, lands affected by mining often fail to develop a vegetation cover and require

remediationThus,there is potential to improvlerestrysoils via land application of biosolids.
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Biosolids have been shown to successfully improve soils degraded through mining and
forestry activitiegLee et al., 2003; Novak et al., 200Rebuilding such soils using biogts
has required high rates of application {5800 t/ha) to achieve a meaningful increase in soil
carbon and plant nutrien(Magesan & Wang, 2003%iven that biosolids comprisei 5% N
by weight(Lee & al., 2001) rebuilding degraded soil can result in excessive N loadings of
2500- 20,000 kgha (Henry et al., 1994; Lee et al., 200dhich is well in excess of the
maximum permitted N applications in most jurisdictions (ca. 200 kg N#a/yExcessive
loading of mineral N is associated with high levels MDs leaching (Davis, 2014)
Korboulewsky et al. (2002) reported that rates as low as 30 t/ha could cause NQgess
leaching from a&tonyvineyard soil in France, while Samaras et al. (2008) reported that 10 t/ha
was a safe application rate for biosolids with resped®i®@a leaching. Others reported that
biosolids application should not exceed 30 t/ha to contrad M@ching (Binder et al., 2002;

Brenton et al., 2007; Lavado, 2006; Nash et al., 2011; Rajendram et al., 2011).

1.1.5 Mitigation of nitrate leaching from biosolids

More than 95% of N in biosolids is organic N, with smaller amounts of ldhd NQ"
(Correa et al., 2006)The ratio of NH* to NOs" decreases as the biosolids &8enith et al.,
1998) When biosolids are applied to soil, the N@resent can leach immediately, often
resulting in a flush of leachin@g<nowles et al., 2011)Ower time, the organic N mineraés to
NH.", which is then nitrified to N© (Figurel-4). Reducing the amount of NQeaching from
biosolids requires that the N is held in the soil so that it can be taken up by plants rather than
leached. Theoretically, this could be achieved at several stages in the leaching(piguess
1-4). Plants willtake upsome of the N®@ formed through nitrification, while the excess will
eitherleachor undergo denitrificationLeaching occurs because negatively chargeg N@s
are repelled from soil colloids that also generally carry a negative surface charge. Leached

NOs" will end up in either surface or ground waters. This results in reduced water quality, algal
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blooms, and eutrophication (affecting flora and faug@mothy et al., 2015) High
concentrations of N@in drinking water are harmful to human heglfindrews et al., 2007;

Di & Cameron, 2002a; Goulding et al., 200Besearch by McKinney et al., (1999) indicated
that high NQ levels in drinking water may cause stomach cancer and diabetes mellitus, but

this remains unmven. The allowed maximum limaf NOs™ in drinking water is 10 11.3 mg

v
<
Figurel-4. Nitrate leaching pathway from biosolids (shown in blue) and whetential changes could
be made to reduce nitrate leach{ggeen).

NOs-N/ L (WHO, 1984)

The hypothesis for the research in this thesis is that mixing biosolids with eachon
materials could reduce NOleaching from biosolids. Carbonaceous substances such as
sawdust, biochar and waste coal (lignite), could be mixed with thelisissto offset some of
the negative environmental effects of biosolids addition to ditewles et al., 2011; Lee et
al., 2001; Schmidt et al., 2001; Simmler et al., 20C@)mposting biosolids with sawdust has
been shown to effectively reduce Bl@aching(Tarek et al., 2012) New Zeal andds

industry produces large volumes of weedste, including sawdust, which is often
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inappropriaely disposed of in wootvaste pilegRobinson, 2007)Provided the sawdust is not
contaminated with timber treatment chemicals suaopper(Cu), chromium (Cr) and arsenic

(As) (CCA), this waste material may potentially be used to improve environmental outcomes
from biosolidsamended soils. Costs would be greatly reduced if savidustthe degraded
landcould be incorporated with the biosolids on site, rather than being composted beforehand.
However, it is unclear whether wwomposted mixtures would still #fective in mitigating

NOs leaching General properties of each of these materials are giv€hapter 4

1.2 Sawdust/woodwaste

Figurel-5. Left Accumulated sawdust pile from a pine forest site in New ZeaRigtt Kopu sawdust
timber waste piléarrow) located inthe North Islandof New Zealandan aerial view(Robinson et al.,
2007)

Sawdust is a wastby-product of the timber industry. Timber processing on site
includes the removal of bark and branches resulting in considerable amounts of sawdust
accumulating over time{gure 1-5 Left). Robinson et al. (2007%&tudied a timber waste pile
(located on the CoromandBéninsula, North IslandNew Zealand37.2S, 175.6E) which
accumulated over a 30 yr period, eventually covering an aregpafamately 3.6 ha and to a

depth of 15 mFKigure 1-5 Righ{. The leaching of concentrated tannins, contained in wood
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waste piles, can cause contamination of ground and surface waters. SiMilemtjong et al.
(2005)showed that the tannins leached fronogavaste depleted soil oxygen.

Sawdust waste, as a carbach materid can be directly mixed with biosolids to reduce
NOs" leaching. Alternatively, sawdust can be converted to biochar. There is a dearth of research
examining the effectiveness of mixing sawdust with biosolidse et al.(2001) applied
biosolids mixed at different rates with sawdust, to two soil types and grew 2eamfayys
wheat {riticum aestivanmand soybeangGlycine max over threegrowing seasons. Sawdust
reduced N@ leaching from the biosolidamended soil b%6.4%, but also negated the positive
effects of adding biosolids on plant growth.

Tarek etal. (2012)studied the composting of sewage sludge, sawamnst organic
waste from the food industry. They concluded that both fine sawdust and organic waste mixed
with sludge were the most effective as compost with respect to plant growth. There was n
effect on inorganiéN leaching whemlBugbee (1999jnixed hardwood dried sawdust in potting
media containing biosolids compost. All the leaching occurred during the first four weeks of
the 5month experiment, and mostly in the form of NH\. Bugbee (1999%pund no difference
in the growth ofCoreopsis grandiflord.. andRudbeckia hirtel . ( A Go Ipldnsstvheru mo )
rates of sawdust addition were increased.

Banegas et al. (200omposted either aerobic or anaerobic sewage sludghs wi
sawdust. Two ratios afludge to sawdusit:1 and 1:3 (v/v) were used ahdpidium sativum
seeds were germinated. The 1:3 ratio appeared to reduce toxic effects (including some
phytotoxic compounds) of the anaerobic sludge composting mixturehédtl ratio was
sufficient for composting and agricultural use of aerchicige

Keranen et al(2015)used a chemically modified sawdusith increasedsurface
functional groups(Pinus sylvestris to sorb NOs. They treated pine sawdust with

epichlorohydrin, ethylenediamine and triethylamine in the presence of- N,N
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dimethylformamide and achievedrption capacities of 22.22.8 mg/g for N@-N. However,
in this current study sawdust will be used with no modification.

Harmayani and Anwar (2018howed that drie®. radiata(pine) @awdust could adsorb
nutrients NHs-N, NOz-N and NQ-N) from stormwater. They showed sawdust sorkmd
immobilized55% ofNHz-N and100% of botiNOs-N, and NQ-N. Kim et al. (2003showed
that alfalfa, leaf mulch compost, newspaper, sawdust, wheat straw, wood chips, and elemental
sulphur, could potentially be usealremove contaminanfsom stormwater.

Xuan et al. (R10) used agreen sorption medium (comprisimgcycled materials) to
remove all pollutants from the undergroutield drain of a sewage treatment and disposal
system. An increase in denitrification was achieved with less than 10% sawdust in their
adsorpion method. In anaerobic conditions, sawdust acts as an electrortiancompletely
reducesany introduced N@to N gas via denitritation These athors also showetthat 96%
of NOs” was removed when 24 bf contact (green sorption medium and grd water) was
followed by 24 I of anaerobic conditions.

There is limited literature explaining the exact mechanisms by which sawdust adsorbs
contaminants from stormwater and other sourceShukla et al. (20023howed that sawdust
can adsorb dyes, oil, toxic salts and a variety of catioojding heavy metals, from water.
Different types of sawdust and their sorption ability were shown to be pH dependent, and this
provides a possible mechanism for the sorption by saw8hskla et al. (200Zheorized that
the sawdust sorption mechanism included (iyéwxhange and hydrogen bonding in sawdust,
as well as (ii) compounds in the cell walls, such as lignin, cellulose and hydroxyl groups that
act as an iofexchange medid his would explairthe results reported Bugbee (199%vhere
he found nosignificantreduction in N leaching when he used sawdust from hardwood, which

contains less lignin than softwodBi 25% and 2535% respectivelyShukla et al., 2002)
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The sawdust contact time anthe concentration othe sorbent mediunaffectsthe
sorption efficiencyUsing sorption agation period betweer21 hrand96 hr, Harmayani and
Anwar (2012)showed 21 hr was effective d#Os-N sorption at0.5 mg/L concentration
Generally, most research uses 20 (§ifahab et al., 201@r 2 hr to 6 h(Shukla et al., 2002)

The C:N ratio ® an organicmaterial influencesN immobilization (McLaren &
Cameron, 1996)When organic matter decomposes in soil, theeerislativeincreasen the
inorganic N content. This process affects the C:N.ristineralization(Equationl.l) is a result
of excess N presence andeversa. The threshold faret mineraliation of organic matters

a C:N ratio ofless than 25:1.

R-NH2(in organic matter) + D A NHs + R-OH + energy [Equationl.1]

Equation 1.1s called mineraliation(McLaren & Cameron, 1996)

According toSuzuki et al. (1974 )nitrification by AmmoniaOxidising Bacteria (AOB
e.g.Nitrosomonasp.) involvestwo reactions Equation 12 and 13). Nitrification transforms
ammonia(NHs) to nitrite/nitrous acidHNOz). A similar situation exists ifNitrobacter sp

bacteria, where they use HN®@ather than N©, to form NG (Suzuki et al., 1974)

NHz+ O, +2H" A NHOH + H.O [Equationl.2]

NH.OH + HHO A HONO + 4H [Equationl.3]

Where organic matter has lddga high C:N ratio) microbesnmobilize inorganieN
in the soil.In this casethey will take up any mineral N available from their surrounding
environment. This process is called immobilization.

The C:N ratio is one of the most important factors governing the composting of organic
waste(Huanget al., 2004; Ogunwande et al., 200Bunwande et a{2008) reported that the

composting efficency of chicken manure and sawdustapéimal at a C:N ratio of 25:1, with
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minimal loss of total NTarek et al. (2012neasured the effect ofitial C:N ratios of 30:1 and
20:1 when composting sawdust with sewage sludge. They reported that only an initial C:N

ratio of 30:1 was suitable for composting.

1.3 Biochar

Biochar is a byproduct obtained following the pyrolysis abmasgqKloss et al., 2012)
The pyrolyzing process is controlled by a range of parameters, sacfeastock type,
pyrolyzing temperature, activation conditignand thesupply of oxygen. Each of these
parameters influences the characteristics of a particular bid€igairé 1-6).

Biochar can be used as a soil conditionel
soil texture, aeration, water holding capacity and microbial habitat), and chemical properties
(e.g. pH, conductivity, Cation Exchange Capa¢CEC)). It has been advocated as one of
many partial solutions to mitigate humantduced climate chang&Voolf et al., 2010)When
untreated biomass added to a soil, natural decomposition leads to greenhouse gas emissions
(Gholz et al., 2000)Therefore, converting this biomass to biochar icaneasesoil fertility

and offset greenhouse gas emissions that would otherwise occur via decompaosition.
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Figure1-6. Biocharpyrolyzed from pine wooavaste(Photograph by Dharini Paramashivezf11)

Previous studies have shown thatdbiar pyrolyzed at temperatureg0¢°C had the
ability to sorb inorganic Nrom various sourcesia surface functional groupdehmann,
2007) Kameyama et al. (20123howed that bamboo charcoal manufactured &t@@ached
just 5% less N@ from an amended soil, whereas a char produced &C4Wd no effect on
NOzs leaching.

A single study demonstrated that under certain conditions, biochar could redece NO
leaching by over 50% when a pasture soil was amended with bigdmitdise authors did not
determineany mechanism for this reductigknowles et al., 2011)The biochawas made
from Monterrey PineR. radiatg pyrolyzed at 35%C. It is unclear whictbiocharproperties
were responsible for the NOleaching mitigation reported by Knowlest al. (2011).
Identifying these properties would allow biochtode specificallydesignedor mitigation of
NOs leaching from biosolidemended soil.

The sorptive properties of biochar are profoundly affected by the source material/feed
stock(Enders et al., 2012)he pyrolysis temperatuf@sada et al., 2002; Glaser et al., 2002;
Lehmann, R07), the particle sizéKwapinski et al., 2010and the weathering of the material
in soil (Novak et al., 2009)Cheng et al(2006) studied the oxidation process of black carbon
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at 30°C and 70C, in biotic and abiotic conditions ovedamonthperiod. The rate of oxidation

was higher under abiotic conditions at’C0where CEC increased 53538% (due to an
increase in thearboxylic functional group)Biochar weathered in soil showed higher NH
sorption than freshly pyrolyzed biochar. Mosontteo @Phyllostachys pubescénbiochar
pyrolyzed at 500C adsorbed more NHfrom initial 100 mg/L to 5 mg/Lthan biochars
pyrolyzedat > 700C (from 100 mg/L to 60 mg/L) in Br (Asada et al. (2002Asada et al.
(2002)reasoned that pyrgation at higher temperatures removed the aromatic acid functional
groups. Different groups would be removed at specific temperatures and they concluded that
biochar must be specifically selected for use as an adsorbent.

Wildfire is an event that naturalgdds charcoal to soil. Comparing pine forests that
had undergone a minimum of2fires in the last 100 yr with a forest that had suffered no
recent fire showed that the fires resulted in high soil charcoal contents, which resulted in higher
rates of nitification (Ball et al., 2010; Berglund et al., 2004; DeLuca &S2006)

A questionoften poseds what is the adequate and cost effective rate of biochar
application? As yet, no set rate of biockamdapplication has been defined, with studies using
different rates. Depending on their needs, the cost of biochar manufacture, transport and
application can be restrighg factors. A few examples afi t/ha biocha{Mukherjee et al.,

2014) 20 t/ha biochafClough ¢ al., 2010) 22.4 t/ha biochafLentz et al., 2014)25 t/ha

biochar(Scharenbroch et al., 2018hd 102 t/ha biochgdKnowles et al., 2011)

1.3.1 Possible mechanisms involved in N retention by biochar

(i) Adsorption of NH/ organicN due to the cation exehge reactioffMandal et al., 2016;
TaghizadehToosi et al., 2012a; Thangarajan et al., 2015)
(ii) Increase in immobiliation of Ndue tohigh labile carbon availability in biochardgpolito

et al. (2012khowed that low temperatucharcoa25@C) leached less Nxompared tdhe
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onesproduced at 55C. They reasoned that the presence of available C/ degradable C in low
temperature biochar imobilized the N, hence Nleaching was reduced.

(i) High temperature pyrolyzed biochar appears to adsorp € to the increase in surface
areaand Ncontaining functional groupsf biochars(Kameyama et al., 2012; Mizuta et al.,
2004; Yao et al., 2012)

(iv) The water holding capacity of the biochar reducesateof leaching through the biochar
(Dempster et al., 2012bghmann et al., 2003Here the soil type and particle size of the char
and pore size distributiorr@key to reduce leaching.

(v) Better crop coverlyield due to lwbaramemment where more N/nutrient uptake by

pasture leads tareduction inleaching(Knowles et al., 2011)

1.4 Lignite

Lignite is abundant worldwide: the proved and recoverable world lignite resources,
cited by theWEC (2010)are ca. 195x10t, with 333x16 t being located in New Zealand
(Figure 1-7 Left). It is considered a lovgradecoal (always blendedvith high-gradecoal)
because of its high moisture content, which requires more energy to produce heat, and higher
sulphur contentwhich forms acid rainBurning this lignite Figurel-7 Right) would contribute
ca 8 x18t of CO; (CANA, 2012)to the atmospherandany alternative use would reducesthi
COz burden.

Lignite has a similar structure to many bioch@wiatkowska et al., 2008However,
there are also important differences. Wheradsy/potheticalbiochar comprise$4.9% C,
2.14% H, 4.97% N and 20.04% @zcimen & Karaosmanoglu, 20Q4 typical elemental
composition of lignite is 70% C, 85% H, 1.2 % N and 25% (Xwiatkowska et al., 2008)
In general, lignite has a greater number of functional groups than biochar. This results in a
higher CEC in lignite, typically 2670 cmobkg (Wong et al., 1996)compared to 20 35

cmol/kg for biochar/charcoal both fresh and weathé@andale & DelLuca, 2007 he high
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CEC of lignite may lead to the retention of NHthus potentially reducing its availability for
nitrification. Commercially, lignite is combined with urea (CgY), as an outer layer on urea
granules, and sol d3) as Bieclaasclk wrfedd g@idisaeptse ral
Abl ack ur iedasd a slow releadeeNnfartidizf Therefore, lignite may have the ability

to significantly reduce N@®leaching from biosolids, where the lignite may retairuNtHat is

initially presentor produced as a result of mineraition of organic N. Lignite may also confer

other benefits to biosolidamended soilsSimmler et al. (2013ylemonstrated that lignite
significantly reduced plant Cd uptake from biosoldsened soils. Lignite may also offset

the potentially toxic effects of high Cu and Zn concentrations that are typically found in

biosolids(Lafferty & Hobday, 1990Q)

Figurel-7. Left West Coast coal mine, New Zealamight Lignite recovered in Southland, mainly
disposedf via burning(CANA, 2012)

Qi et al. (2011)showed that heavy metal leaching was well below the biosolids
guideline (2003) levels for dewatered sludge application to soil when mixed with lignite.
Lapcikova and Lapcik (2006hodified the lignite surface area to increase theNddrption
from wastewaterkKhan et al. (2011inodifiedthe surface ofgranular ligniteincreasingNOs’
sorption Chassapis et al. (2008jscuss the use ¢ifnite as a soil conditionewhere it carbe

a sourceof humic acid and other organic compounds mineral fertilizer(Kucerik et al.,
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2003; Pehlivan & Arslan, 2007; Song & Schobert, 1988)wever the addition of lignite to
soil is not always beneficial as more minerals (ions) and chemical compcuctisas poly
aromatic hydrocarbons (PAHshay beleached int@roundwater(Fabianska Kurkiewicz,

2013; Peuravuori et al., 2006)

1.5 Summary of Key Knowledge Gaps:

There is naconsensus ohow biochar feed®ck materialinfluences the reduction of
NOs or NH4" leaching/sorption.

While biochar is recognized as influencing N cycling in soils, there are conflicting
reports on the key properties of biochar that affecgN&aching. Further woris requiredto
identify biocharcharateristics that affed retention

Researclshowedhat biochar reduces N leaching from biosofilsowles et al., 2011)
yet the mechanisms remain unclear. Hypotheses as to why biochar may rddachkihy are
described in ections 1.1.5 and 1.3.1As yet, there has been no comprehensive study
investigating the nature of biosolitigochar interactiongMandal et al., 2016)Few studies
haveinvestigaedthe effect obiocharthe efficiency of Nfertilizer use.

ABl ack ureao i s afertpizers Eherdidnepuldidhedwstudipyevhdne a s e
Vuuren and Claassens (200@hich showedhe positive effecdf the slow releasing fertilizer,
in a trial reported by Agricultural Research Trust (Hard2€09) Therefore further studies

are warrantednfi b | a ¢ k soilameaded with both lignite and-ich materials

1.6 Aim of this thesis
The aim of this thesis is to identify potential low cost carbonaceous soil amendments
that couldbe mixed with biosolids to reduce N mobiliBotentially, hiscould enable biosolids

additionto degraded soils without the risk of excesdi@s" leaching
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1.7 Objectives of this research

Objective 1: ldentifying potentially suitable, low cost cars@mm materials to migate
inorganic N leaching frorbiosolidsamendedoil (Chaptes 1, 2 and3).
Objective 2:Pyrolyzation and characterizatiari the different biocharand other potential
materialsghatcould be incorporatewith biosolidse.g: woodwaste and different
lignites. (Chapte#).
Objective 3: Batch ®rption and laboratory leaching experimentshere biosolidsare
combinedwith different biochars and woedastematerials (Chaptes).
Objective 4:Examire, usinga series obatch sorption studies angsimeter &perimens, the
effect oflignite on N-fluxes in hosolidsamended so{Chapter6).
Objective 5:Quantify the massyield and N uptake by rye grass different greenhouse
trials where woodvaste, biochars and lignitere combined with biosolids

amened soils(Chapter7).
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Chapter 2. Background

2.1 Sewagesludge/biosolids

Sewage sludge and biosolids are products of Wastewater Treatment Plants (WTPSs).
During treatmentsewage is separated intdiuid fraction which is typically released into
waterways or used for irrigatigpurposegda Fonseca et al., 200While the remaining solids
are referred to as sewage sludge or biosoli®@wage sludgelerives from variousvaste
streans that includeindustrial processes and urban waste, but they exchgaieultural
manure and slaughterhouse wastes. There is potential for biosolids to play a twi¢has
fertilizer anda soil conditimer, $nce they contain significant amounts of plant nutrients and
organic matterBiosolidsmay be mixed wth other treated and/or stabéd materials (green

waste, soil, or pumice) and applied to land

2.2 Magnitude of the biosolids resource

The humarpopulation is predicted to reach 81%° by 2050(UNNC, 2013) which
will result in a proportional increase in the amount of sewage produced. Management of
biosolids is therefore a growing environmental issue. Around 41% aof the | pdpdlation
(2.6 billion people) live without basic sanitation, with their untreated sewage dispbsed
diredly into waterways or onto lar{@®onald et al., 2008However as these countries develop,
reticulated water systems aWdl'Ps will be built, thus increasing and concentrating biosolids
production. Most developed countries hav@ Ps linked to elaborate sewage systems and
produce large quantities biosolidseach yern(Table 2.). Each country regulates how sewage
sludge is disposed of, with the main concerns being the effect of treated human waste to human

health, soil fertility, and risk oénvironmentatontamination.
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Table2.1. Countries swage productioand their population in 200&onald et al., 2008)

Country Estimated sewage sludge Population

production (dry metric (from

tons) http://www.infoplease.com/ipa/A0004379.h{m
Australia* 330,000 36,250,000
Brazil 372 188,078,000
China 2,966,000 1,313,974,000
Turkey 580 70,414,000
Slovakia 55 5,439,000
Hungary 120 9,981,000
Japan 2,000,000 127,464,000
Canada 550000 33,100,000
Italy 1,000,000 58,134,000
Norway 87 4,611,000
Czech Republic 200 10,235,000
USA 6,514,000 298,444,000
Portugal 236,7 10,606,000
Germany 2,000,000 82,422,000
United Kingdom 1,500,000 60,609,000
Slovenia 57 2,010,000
Finland 150 5,231,000
Netherland 1,500,000 16,491,000
New Zealand* 74,000 4,500,000

* Dataaccording to 2014 (ANZBP, 2014).

2.3 Production of biosolids

Wastewater influent from domestic and industrial sources undergoes preliminary,
primary, secondary, and in some cadediary treatment before sewage sludge is produced
and the final effluent is dischargdelgure2-1 shows a typicalVTP wherea range of treatment

processesre usedo produce recycled water and biosolids.
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Figure2-1. A typical WTP produces wastewater sludge and various grades of recycledAZ&P,
2014)

During sewage treatmenFEigure2-1), the material is screened to remove large (> 1.5
cm) particles (e.g. g&s, stones, plastics or wgodrhe remaining solid material is then
separated sequentially in up to three settling tanks. Water is separated from the solids either by
gravity or dissolved air flotatio@@onesLepp & Stevens, 2007Yhe separated water may then
be treatedurther and discharged or reused while sludgecanbe treated as shown fiigure
2-2. Organic compoundm the sludgeare first digested completely by microorganisms, the

resultant sludge is then dewatered
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Figure2-2. Further processing of wastewater sludge, may use digestion, lime stabilization, composting,
heat treatment and combustion, producing biosalidsrying quality and end ug&dNZBP, 2014)

Digestionmay occur undeginaerobic or aerobic digesters. This procedsces volatile
solids by up to 65% (e.g. fatty acids) agignificantly reduces pathogen loadi@pnesLepp
& Stevens, 2007)Conditioning/stabilizatiori inorganic (lime or ferric chloride) or organic
(polymers) are added to reduce pathogen I¢Bae et al., 204) and increase the pH of the
sludge. In addition to chemical stabilization, pathogen counts can be further reduced by heat
treatment or UV radiationSome WTPs use composting and thermal treatment in drying
facilities (JonesLepp & Stevens, 2007)Composting uses municipal green waste or other

bulking agens (e.g.sawdust, sand or pumice) to achieve a compost of about 50% biosolids.

The return of treated waste (liquid or solid) to land, completes the flow of nutrients

through the environmenEjgure2-3) . Thi s i s c¢ al (Relnsoi ethl.o201i1)n g
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See Figure 1
Processes In 2 seaRge
treatment olant
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waters

Nutrient returned to land
through biosclids application

Nutrient Loss

Figure2-3. Nutrient flowsthrough urban environmegANZBP, 2014)
2.4 Biosolids quality

Often, the quality of biosa@s is monitored by central or local Government to reduce
the possibility of dangerous compounds enter
metals §uch asNi from stainless steel manufactureRiy from battery recycling farm waste
may contairresiduals from chemical sprays to control weedsects or disease control and
household sewage may contain significant levels ofGmber & Gunn, 1996and human
pathogensOnly the highest grade biosolids can be used to grow food for human consumption,
while lower quality biosolids may be used in plantation forest rehabilitation, mine rehabilitation
or used to seal the roaSNZBP, 2014)

In New Zealangbiosolids are graded according to their quality (NZWWA, 2008gy
are | abelled AA0O and ABO depending on their

biosolids have undergone treatment to reduce pathogens, including pathogenic bacteria, enteric
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viruses, and viable helminths ova, to below detectable levels. On t#sehathd, Class B is
defined as biosolidthat contairpathogensut at areduced densityJoresLepp & Stevens,

2007) Similarly, another key denoteisa ¢ a malinly feflers to thdevel of contaminants,
where BAaascbass cont aclassifieation is usédagandérdnomany T hi s
countriesaround the worldin Australia,biosolids are classified as;,TT. and Tz (microbial

level) and G and G (Chemical) where Fand G is not suitable for any sort of use/application

because itontains high levels of microbes and chemical contamir(&ms-VA, 2004).

2.5 Composition of biosolids

The organic matter content of biosolids is typically 75%dbyweight and includes
nutrients that include nitrogen (N 3.5% wi/w), phosphoru8.82 w/w), and potassium (K
0.2% w/w). Biosolids also contain trace elements including Zn ~1000 m@ikg500 mg/kg,
Ni ~40 mg/kg,Pb ~200 mg/kg, andCd ~3 mg/kg and also some pathogens (&goli,
Salmonellamore examples are Table 2.5 and some residues of organic contaminants (e.g.
polychlorinated biphenyls, DOTmore examples are imable 2.7, pharmaceuticals and
personal care products (PCPs) e.g. Triclosan, lbupr(fmald et al., 2008and more
examplesare shown imable 2.4 The effect of these contamants werediscussed in Section
2.5.2. Biosolids composition varies with decomposition stdgblé 2.2 and sourceTable

2.3).
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Table2.2. Chemical analysis of the biosolids at different stages wigg@doptedrom: Bernal et al.
(1998)

Initial mixture asampled at the end of PMatured compost
decomposition

pH (H0) 7.6 8.0 7.3
Electrical conductivity (S/m) 0.39 0.50 0.67
CEC (mmol /kg) 535 1007 1244
Organic Matter (%) 82 65 65
Organic C (g/kg) 439 360 356
Total N (g/ kg) 21 37 38
Organic N (g/kg) 20 36 34
C/N ratio 21 10 9
NH4*-N (mg/ kg) 802 208 182
NOs-N (mg/ kg) <1 526 4192

2under 58C with aeration sampled after 49 da¥after it was stabilized by decomposition, 2 months later this
was sampled.

Table 2.3. Chemical properties of sewage dige$tom different sourcesafloptedfrom: (Rigby &
Smith, 2013)

Properties® Biosolidg Municipal solid Animal slurry ¢ Food wasté&
waste
DS (%) 29 29 5 17
OM (%) 60 42 38 86
pH 7.2 8.8 8.2 4.4
Total P (g/ kg) 28 4 6 4
Total K (g/ kg) 1.9 5.1 37.6 54
Total Mg @/ kg) 3.0 8.0 6.3 2.4
Total S ¢/ kg) 12 8 6 3
Total N (%) 4.6 2.3 11.3 3.5
NH4i N (mg/ kg 3400 3360 52,500 2800
NOsi N (mg/ kg 82.1 191 0.43 0.19
Organic N (%) 4.22 1.96 6.00 3.22
Mineral N (%) 9.09 15.3 46.6 8.01
C to N ratio 7.5:1 11:1 4:1 14:1

aValues on a dry solids (DS) basis.

b Dewatered, mesophilic anaerobically digested biosolids.

¢ Dewatered, mesophilic anaerobically digested organic fraction of municipal solid waste.
d Liquid, anaerobic caligestate of food and animal slurry.

€ Liquid, thermophilic aerobically digested foadste.

2.5.1 Heavy metak

fiHeavy metalg is a generic term for elements with a density >5 (Arsenic (As) is the
exception). Most are associated with contamination and all are potentially toxic to animals
and/or plants. Common elements considered include Asgcl@dmium (Cr),Cu, mercury

(Hg), Ni, PbandZn. Industrial wastewater is often the major source of heavy metals in sewage.
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Wastewater from surface treatment processes (e.g., electroplating and galvanizing industries)
can be a source of metals such as @u,Ni and Zn. Urban activities including stormwater
drainage, business effluents (e.g., car washes, dental clinics), atmospheric deposition, and
traffic related emissions2(g. vehicle exhausts, brake linings, tyres, asphadar, petrol/oil
leakagé, which are transported with stormwater into the sewage systenalso a source of
heavy metalsMost Cu originates from Cu pipingZn generallycomes from household
products(since it is a component of skin creams, ointments, makeup, deodorant, talcum
powder, shampoo, and aftershav@driano, 2001; Haynes et al., 2009)able 2.4shows

typical concentrations of heavy metals commonly encountered in biosolids.

Table2.4. Heavy metals antypical concentratios found inbiosolids(Haynes et al., 2009)

Element Concentrations (mg/kg) dry weight
Arsenic (As) 1i 20
Cadmium (Cd) 1i70
Chromium (Cr) 50i 500
Cobalt (Co) 5120
Copper (Cu) 100/ 800
Lead (Pb) 100/ 600
Mercury (Hg) 1i 10
Nickel (Ni) 10i 200
Selenium (Se) 5110
Zinc (Zn) 100Q 3000

2.5.2 Pesticides, pharmaceuticals and other organic contaminants

Industrial byproducts contribute contaminants such padychlorinated biphenyls
(PCBs), dioxins, pokaromatic hydrocarbons (PAHS), pesticides, herbicides, chemicals found
in day to day house hold cleaning products, cosmetics, mouthwash (e.g. polybrominated
diphenyl ethers (PBDESs), nonylphenol, linelikybsulfonate, pharmaceuticaléRonald et al.,

2008) Pesticide residues accumulate in the body fat of grazing animals, and enter humans via

the food chain andrethen excreed.
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2.5.3 Endocrine Disrupting Compounds (EDCs)

Endocrine Disrupting Compounds (EDCs) araroad class of chemicathat include
natural estrogens, androgens such as testostendifiejal synthetic estrogens or androgens
(Blair et al., 2000) compounds used imdustry such as bisphenol Aand nonylphenol
(Ramamoorthy et al., 1997They interfere with the hormone system in mammals and can
cause tumours, birth defects, and developmental dissfidiu et al., 2009) Such chemicals
have been founth wastewatersurface waters, sediments, groundwater, and even drinking
water. Therefore\WTPs are a major source of EDCs, particularly those that preciicegen
like responsefLiu et al., 2009) While EDCs have been attributedaasause of reproductive
disturbance in humans and wildlif€ampbell et al., 2006)many are degraded during the
treatment proceds.iu et al., 2009)

EDCs from Personal Care Products (PCPs) were widely identified in surface waters
around the United Kingdom, parts of Europe and North America, and in high taticers

downstream oWWTPs(Ronald et al., 2008)

2.5.4 Microbial presence

Sewage sludge and biosolids can contain a wide variety of pathogens, including
bacteria, viruses, grasites (helminths/protozoa), and furigathogens of most conceare
passed by the faeeatal route and includ8almonella sppenteric viruses, helminth ova and
oocysts of protozogBina et al., 2004)Escherichia col(E. coli) is the indicator species for the
presence of bacterial pathogens in biosolids, where high cour@slofly Forming Units
(CFU) indicate that other human pathogens are likely pregaaty et al., 2011)Salmonella
spp.are comron in the environment, budre easily controlled through good food hygiene
practises. HoweverSmith (1995)showedthat the presence @almonella sppdoesnot
increase when biosolidse used properlyd.g. application depth, sson, wind flow, timely

harves} in agriculture. Protozoa found in sewage incligl@gamoeba histolyticdamoebic
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dysentery), Giardia entestinalis(gastreenteritis), Cryptosporidium (gastreenteritis) and
Balantidum coli (gastreenteritis). These organisms generally occur as cysts, which are
inactivated by hetaand/or lime treatment duririgosolids productioiNZWWA, 2003) Some
common pathogens present in Class B biosolids are list€dhie 2.5.Treatment processes
such asanaerobic digestion, can considerably reduce, butefiminate the pathogen load.
Feecalcoliform counts in stabilizd sludge can still be high, up to®Agdry sludgeand potential
contamination of food crops, surface and ground waters bgffusf pathogens from land

applied sewage is a potential public health risk.

Table2.5. Approximate concentrations of pathogens in Class B biosolids and animal manures. Values
are in colony or plaqueforming units (CFU and PFU, respieely) (Gary et al., 2011)

Organism Source CFU or PFU g* References
Bacteria
Manure 1400 Chinivasagam et al. (2004)jutchinson et
Campylobacter jejuni Biosolids 2 Jones et al. (1990)
Manure 110 Berry and Miller (2005)Hutchinson et al.
E. coliO157:H7 o
Biosolids <1 Pepper et al. (2010)
Manure 210 Hutchinson et al. (2005McLaughlin et
L al. (2009)
Listeriamonocytogenes
Biosolids 20 Garrec et al. (2()
Chinivasagam et al. (2004)jutchinson et
Manure 180 al. (2005) McLaughlin et al. (2009)
Salmonella .
Biosolids 50 Zaleski et al. (2005)Gerba et al. (2008)
Pepper et al. (2010)
Viruses
Adenoviruses Biosolids 20 Pepper et al. (2010)
Enteroviruses Biosolids <1-30 Guzman et al. (2007)ang et al. (2007)
Pepper et al. (2010)
Parasites
Cryptosporidium Manure 3 Hutchinson et al. (2005)
Biosolids 2 Guzman et al. (2007)
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2.6 Fate of biosolids

2.6.1 Discharge into waterways

Discharge of sewagdudge to the sea is banned in most developed countries, but it is
common practice in many poor countries with minimal sanitary infrastructure. In some parts
of Asia, Central and South America, and Africa untreated sewage sludge is dumped directly
into naural water bodies (rivers, lakes and oceans), resulting in the transmission of human
diseasesand pollution of the environment (Ronald et al 2008). Some developed countries treat
their sewage sludge before discharge into waterways. AccordiAlZBP (2014) 10% of

biosolids produced in New Zealand are disckdrmto oceans

2.6.2 Incineration

Incineration of biosolids is standard practice in large, densely populated areas of some
technologically advanced countries (Ronald et al. 2008). This process greatly reduces the
volume of excreta and wastewater sludge bydigmxidizing the organic matter. However, it
requires a large capital investment in infrastructure and ongoing fuel costs. It also contributes
to air pollution and the emission of greenhouse g@eesls will be much less than combustion
of fossil fuel) Japan incinerates more than 70% of its wastewater sludge and the ash is used in
construction materials (Fujik{Ronald et al., 2008)n the Netherlands and Germartg rates
are 58% (Kreunen) and 34% (Schulte), respectifRbnald et al., 2008 Blovenia dries much
of its wastewater sludge and then sends 50% aieaiountry(to Germany for example for
disposal in incinerators (Gril§Ronald et al., 2008)n Canada, about one third of the sludge
is incinerated, and in the USA, 15R®onald et al., 2008)ncinerationmay be a low cost option
for biosolids disposal, because the average cost for biosolids landfill application ranges

between NZ$ 256300 per tor(WCC, 2008)
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2.6.3 Other uses for sewage sludge/biosolids

Elsewherebiosolids are used to make bricks, construction materials, biofuels, in glass
manufacture, as a fuel substitute in cement works, as an additive to road basested,

(ANZBP, 2014)

2.6.4 Landfilling

Dumping of untreated excreta, septdgeptic tank was)eand wastewater sludges on
land is common in undeveloped countries but dumping posesvamonmental problem, and
a risk to human health. On the other hand, modern landfills are no longer a cheap and easy
method of disposal. In developed countries, landfill space has become more expensive, with
stricter regulations regarding what ynde landilled, and operations are moreostly.
Dewatering of wastewater sludge is the only requirement before placing it in a |lamlfill
no regulation of microbial/chemicatontaminantlevels) Therefore, this representbe
cheapest option ia developing cantry where landfills are allowed. Some European Union
countries (e.g. Germany and France) legally banned landfilling with biog8lasald et al.,
2008) Other countris (e.g.the province ofQuébec in Canada) discourage landfill application
with additional taxes(Ronald et al., 2008)In Austrig the minimum requirements for
landfilling statethat the wastewater sludge must contain at least 5% organic (Ratexld et
al., 2008) In New Zealand78% of the biosolids produced in 2011 were disposed of in landfills,

this reduced to 60% in 2012 ANZBR014)

2.6.5 Land application of biosolids

Many countries oppose the application of biosolids to agricultural. ldlowever,
biosolids have significant fertilising and soil conditioning properties (increasing nutrient and
water holding capacity). In Australia, land application of the highestle biosolids

(combination of Tand G) is permitted with unrestrictedsa, including in residential areas and
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can be applied to human food crops that are consumeddiathe other hand, lesser grade
biosolids (G, T2 and T) have restricted uses and require controls on public access to application
sites, withholding periods for stock or human food crops, foreatg,land rehabilitation
(EPA-VA, 2004).

The grade of biosolids, determines the withholding period following land application
(EPA-VA, 2004). In Australia anly T1 grade biosolids are allowed to be in direct contact with
human food crops, e.g. carrotsftiees, strawberries, mushroamSrade b} biosolids
application is permitted on crops, which are harvested above 1 m di®seilt surface, and
the biosoids application should not take place within a period of three summer months before
the harvest. This regulation applies to grazing land as well. Ther2 yre60 d or 30 d
withholding periods for 7 cattle and poultry farmingr T> for cattlefarming (respectively)
applied to grazing lands in Australia.

Evidenceindicatesthat biosolidscanbe beneficially recycled to land, provided the
treatmentand application of biosolids is subject to adequate management ¢IEMMWA,

2003) Biosolids application rates, in terms of N inputs, should not exceed the agronomic N
needs of the crop. Surface application of biosolids to animal grazing grassland has been
identified asapotential pathway for human exposure to contaminants in thelidisgSection

2.5.2. In New Zealand limits for heavy metals and organic contaminants that may be applied
to land have beepreviouslydeterminedNZWWA, 2003) Table 2.7. Somebendicial use

options for biosolids other than landfills are shawfable 2.6
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Table2.6. Potentiabeneficialuseoptions formunicipalbiosolids andnunicipalsludge(CCME, 2012)

Potential Beneficial Use Option

Examples

Compost and Soil Products
(e.g., topsoil and compost)

Municipal biosolids, used as an ingredient
in topsoil and compost, provide a source ¢
nutrients and organic mattevhich supports
plant establishment and growth.
Municipal biosolids can be usedtime
development of a final cover for placemer
on landfills to mitigate fugitive methane
(CH,) emissions

Agricultural Land and Forestry Applications

Municipal biosolds provide macronutrients
(e.g.N and P) and micronutrients (e@u,
Co, Crand Zn).

Land application of municipal biosolids ca
supplement and potentially reduce other
fertilizer use.

Municipal biosolids contain organic mattel
that improves soil physical properties
including porosity, bulk densityand water
holding capacity.

LandReclamation

Municipal biosolids serve as a source of
nutrients and organic matter to help prom:
soil development and the establishment o
vegetation on degraded sites.

Municipal biosolids can be used at mine
sites to assist in reclamation initiatives.

Energy production

Biogas generated during anaerobic digest
of municipal sludge can be captured and
used for heating or to generate electricity.
Energy capture in the form of heat from
combustion of municipal sludge can be us
to generate electricity ansteam.
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Table2.7. Soil allowed limits after application of biosolids and biosolids classification by contaminant

levels(NZWWA, 2003)

Parameter Soil limit or Biosolids limits
ceiling Grade a max. concentration Grade b
concentrations (mg/kg dry weight) max.
(mg/kg dry concentration
weight) (mg/kg dry
weight)
Metals Until 31/12/12 After 31/12/12
As 20 20 20 30
Cd 1 3 1 10
Cr 600 600 600 1500
Cu 100 300 100 1250
Pb 300 300 300 300
Hg 1 2 1 7.5
Ni 60 60 60 135
Zn 300 600 300 1500
Organics
DDT/DDD/DDE 0.5 0.5 0.5 0.5
Aldrin 0.02 0.02 0.02 0.2
Dieldrin 0.02 0.05 0.02 0.2
Chlordane 0.02 0.02 0.02 0.2
Heptachlor and 0.02 0.02 0.02 0.2
Heptachlor epoxide
Hexachlorobenzene 0.02 0.02 0.02 0.2
(HCB)
Hexachlorocyclohexane 0.02 0.02 0.02 0.2
(Lindane)
Benzene hexachloride 0.02 0.02 0.02 0.2
(BHC)
Total polychlorinated 0.1 0.2 0.2 0.2
biphenyls (PCBs)
Total dioxin TEG 0.00001 0.00003 0.00003 0.00005

2.7 Benefits of applying biosolds to land

Inorganic N (i.e. NB, NOs and NH*") contained irbiosolids is potentially available

for plant uptake when municiphiosolidsare applied to land. The inorganic N that is actually

available to plants is the total inorganic N in the biosolids minus any lost to other aspects of

the N cycle through volati#ation, immobiliation or leaching(Prasad & Power, 1997)

OrganicN contained in thenunicipal biosolidds not directly available to plants. However,
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following applicatiornto land a fraction of therganicN will mineralize (i.e., be transformed

to available inorganic forms by microorganisms in the soil) in the year of appli¢Rtiasad

& Power, 1997) The amount of potentially plant available N in the first year is the sum of the
inorganic N plus the mineralizestganicN.

A site specific nutrient management plan requires the consideration of: (i) the
mineralizaton rate of themunicipal biosolids(ii) the volatilization rate of ammonil, (iii)
nitrateN concentrations in theunicipal biosolids at application tim@v) crop type and (v)
soil fertility level (Haynes et al., 2009)

Korboulewsky et al. (200%howed that biosolids application rates of 10, 30 and 90
t/ha on a fresh weight basis, significantly increased the soil organic matter content (up to 3000
mg/kg) in a vineyard soil 18 months after the biosolids application. sbileinorganic N
concentrations increased 26 kg N/ha. Higher rates (90 t/ha) posed a risk of N leaching to
surface and ground waters and it was recommended that 10 t/ha was the appropriate rate for
the associated land management in order to minif@@e-N leaching(Korboulewsky et al.,
2002)

In GreeceSamaras et al. (2008)udied soil fertility, cotton yield and N leaching after
multiple applications of biosolids. The biosolids were incorporated to a soil depthooh at
10, 30 and 50 t/ha durinigur consecutive years. Soil organic matter, soil nutrients and soil
physical properties improved, but an increase in soil electrical conduatiagynotedwhich
could affect plant growtliespecially salt sensitive plant$jowever, the cotton plant is salt
tolerant.Higher biosolids application ratgroduce high soil N©-N concentrationswhich
are beyond the requirements of the crops aesult inleaching. ThereforeSamaras et al.
(2008) suggestd a safe rate of application wa6 t/ha. Their comparison of the effect of
biosolids with inorganic fertilizer showed that nganic fertilizer could be replaced by the

biosolids.
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Nash et al. (2011peported on a three yetiral of pasture and vine growtllowing
the application of biosolids isoutheasterrAustralia. They showed that soil Cd, Cu and Zn
concentrations increased linearly witldplids application rates (0-31.5 kg N/ha); however,
these concentrationsmained under the soil quality guidelines. For pasture soils, there was a
marginal increase in total C and N, and a significant increase in total P,invthie vineyard
soil there was significant increase in total C, N and P. Soil microbial populaticere not
affected by biosolids application on either the pasture or vineyard soils.

Lavado (2006applied biosolids at 7 t/ha and ¥4a to a sunflower farm in Argentina.
There wasan increase in plant available P and soilsN®, and sunflower yield, but the
sunflower seed oil content, nutrients and tra#al concentrations of the oil, and individual
grain weight were not affected.

Other studies have also showed the benefit of biosolids application to agricultural
land/food crops/farniBinder et al., 2002; Brenton et al., 2007; Rajendram et al., 20hé&}e
studies indicate that an application rate randiegveenl0-30 t/ha avoid® and N leaching
from soils, mitigating the negative impacts to the environment, soil and human health.

New Zealand is dependent on its dairy industry and otherdasdd sectors. New
Zealand exports are sold as being produced in a,ctgeen land and the application of
biosolids may compromise this qualibr the publically perceived quality. While the use of
biosolids for food production may be distasteful to the general public, the selective use of
biosolids to rebuild some degraded soils may be better acc@pedy et al., 2003)Thus,
research detailingenefits of biosolids and its safety is necessary for public acceptance of land

application of biosolids.
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2.8 Fate of biosolidsborne contaminants after the land application

2.8.1 Heavy metal accumulation

There are publi@and environmentdiealth issues involved with the use or disposal of
biosolids as they contain heavy metals and chemical contaminants. Repeated application of
biosolids increases the risk of heavy metal accumulati@oiln The main metals of concern
from a human health perspective are Cd, Pb andStgth, 1995) Crops cannot take up Pb
and Hg, while Cd can be accumulated. AccordinGhaney and Oliver (199@&)osolids with
high concentrations of Zn can reduce crop Cd upthleeto amantagonistic effect between
these two metalsTable 2.7details the heavy metals and other compounds found in two

different biosolids grades and their limitations.

2.8.2 Other toxins (EDCs, pharmaceuticals and pesticides)

According toSmith (1995) there is miniral risk to human health from the organic
contaminants listed imable 2.Avhen crops argrown in biosolidgreated soils, because there
is little or no plant uptake (except for some PCBs). The U.S Environmental Rnotect
Authority (EPA) gatheredoil samples from 84 lanbased biosolids application areas and
analysed for the presence of pharmaceuticals/organic chemicals. Their rEguite 2-4)
showed that Triclosan was found in 79 sampling sites, and three compoipnd8oxacin,
diphenhydramine, and triclocarban were found in 84 gi&snbrot, 2012) As mentioned

before these compounds are identified similadiDCs.
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Pharmaceuticals in Sewage Sludge
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Figure2-4. Pharmaceutical sidues in the biosolid§hinbrot, 2012)
2.8.3 Pathogens

The application of biosolids to land also raises concerns about pathogenic microbial
contamination. Human health is threatened from untreated excreta, wastewater, andierastewa
sludge containing pathogens and microorganisms that can cause disease. In developed
countries, the risk is much reduced, because of the presendeRsf, food hygiene regulations,
and established and funded medical infrastructure. Poor countries, Wdukhsuch
infrastructure andegulationsare at much higher risk from the same pathogens.

The long term effect of biosolids application can cause the accumulation of organic
contaminants (mentioned above), some of which havenaiotobial properties, hich can
harm/interfere with the function of beneficial soil microlp@enald et al., 2008)

Zerzghi et al. (20103tudied a longerm trial, where biosolids had been appliedZor
consecutive years (Class B biosolids, 8 and 24 t/ha) to soil in Tucson, ArizonagrEiaey

cotton Gossypium hirsutunh.) followed by the first application. Bacterial diversity was
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investigated by analysing the soil surfac8@cm).Extracting and aalysing the total bacterial
community showed that the number of @ex(identifiable > 96%) increased at the 24 t/ha
application when compared to the control (no amendment). However, the identified bacterial
communities were typicalf the bacterialdiversity found in control sasl They concluded that
long-term application of Class B biosolids had no deleterious effect on soil microbial diversity.
Similar results was shown B®rasad and Power (199#) their four year experiment conducted
in the Southwest United States.

Land application of biosolids can, however, significantly change the structural,
diversity of the microbial communitgSullivan et al., 2006)Monitoring the soil microbial
community can be a useful way to manage the sustainability of recgiving biosolids

(Gilmour et al., 2003)

2.8.4 Nitrous oxide and air quality issues

The Intergovernmental Panel on Climate Change (IPCC) document on waste
management has mentioned landfills as one soumtigrofis oxidgN-O) emission. The major
greenhouse gas (GHG) emissions from the waste sector are laneffiiane CHs and,
secondarily, wastewater Gldnd NO. In addition, the incineration of fossil carbon results in
minor emissions of CO(Bogner et al., 2008 Methane and pD are formed when organic
materials such s excreta, wastewater, wastewater sludge, and biosolids decompose in
anaerobic (or almost anaerobic) conditiBeecher et al., 2009%pokas et al. (2006}udied
CH. emission in landfills and showed rates ranged from 0.09 to > 417 mg¢ZH.

When biosolids are applied to lanthey release less GChan when they are
incinerakd In addition to CQ, incineratioralso releasesJ® (Bogner et al., 2008)he IRCC
default valuds 563 g NO-N/t biosolidsin a land applicatiofBeecher et al2009) Borjesson
and Svensson (199Measured D emissions from Swedisgewage sludgndfills. Sewage

sludgethatwassurfaceappliedhadhigherN>O emissions ranging from 1.23 to 35.7 mgON
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N/m?/h, than sewage sludge filled sitesvered with soil where emissions ranged fr@®11
to 16.7 mg NO-N/m?/h. They collected gas samples 5 times during the experimental périod
16 monthswhichinvolved almost 12,100af sewage sludge. This studisoshowedthatfresh
sewage sludge used as land cover retehggrer levels of NO emissions thaagedsludge
However, they commented that the sewage sludge could be a mince s6dbO compard
to the national level of }O emission.

These resultgdicatethat biosolids used as landfill cover can potentially release N
It is unlikely that landfilled biosolids would releaseN at the same or a similar rate to
materials applied to the soil surface, as the environment within a laisdfilbre oxygen
deficient than the environment at the landfill surface, leading to further reductic®dbN\.
Table 2.8hows the air pollutas released in two different circumstaned®re biosolids were
involved.

Table2.8 Rates of |\210 emissions from different types of combusted biosolids. (so(Beecher et al.,
2009)

Country Biosolids g N2:O/Mg Biosolids Weight basis
Japan Dehydrated 900 Wet weight
Lime sludge 294 Wet weight
Cake 15206400 Dry weight
Germany Cake 990 Dry weight
Montreal Cake 1-5 kg Dry weight
IPCC default - 990 Dry weight
IPCC default - 900 Wet weight

2.9 Nitrate leaching from biosolids

Nitrate (NQ) is a negatively charged ion, not retainedtbg normally negatively
charged soil particles. Following application afri¢h soil amendmentNOs” can leach from
the soil and into surface or ground wat@mder et al., 2002)High concentrations of NQin
waterways are deleterious to the health of humans and promotes eutropli@raiton et al.,

2007)
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The availability and total N content miosolidgwastewater vaes greatly depending
on the origin of the waste and treatment procBgsically, biosolids compsean average total
N content of ~5%. The main forms Nfin biosolids are organic N (~ 95%), NQ-4%), and
NH4" (~ 1%)(Henry et al., 2000; Lee et al., 200The NQ  form is highly mobile in soil and
can leach through the soil profile to contaminate surface/grovaigr. The biosolids
application rate is determined ltlge N loading calculation, which is based on a balance
between the inorganid fraction in the biosolids and the N assimilative capacity of the
ecosystem.

Bernal et al. (1998)eported that composted biosolids provided a better resofie o
(astable N supply for the planéiind consequently a better plant growth response than raw or
digested sewage materia¢cause of unstable mineral Nenry et al. (2000¥tudied the N
mineralization rate of biosolids, using porous ceramic cups, tometerthe effect of biosolids
application rate, type of biosolids (dry and wet) and soil incorporation. There werslighty
differences in mineraletion between wet and dry biosolids, and no difference between the
biosolids application ratesSommers et al. (1980)oted that N mineraliation rate of
anaerobically digested biosolids are 2Q%tal N) for the first year. However, other studies
showed it would have beemearly 74% (Gilmour et al., 2003)The rate of organic N
mineralization from the biosolids is important know whenestimating the safe rate of
biosolids applicationrand plant available N.Excessive mineratation leads to high N©
leaching in addition to plant uptakidenry et al., 1994)Therefore, it is important to understand
the fate of N in soils treated with biosolids for both plant nutrition and managing the

environmental risk of N® leaching.
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2.9.1 Influence of the N cycle tonitrate leaching

Most of the total N in biosolids is organic N (approximately 95&b)ichis unavailable
to plants(Henty et al., 2000) When biosolids are mixed and surfaggplied wih soil, soil

microbes mineraliz the organic N to form N, which isplantavailable.

2.9.1.1Mineraliz ation and immobilization

In biosolids,the rate ofN mineralizationis related tothe total organic N contentA
large proportion of the biosolids organic N is thought to be proteinaceous in origin and this
fraction represents a labile pool of organiqdiaynes et al., 2009Nitrogen mineralization
from biosolids is mainly a consequence of catabolism of the protein pool rather than
decomposition of the material as a wh{fRewell et al., 2001)However, when biosolids are
incorporated in soil these two process are mainly influenced by the C/N ratio of organic matter
present in the soil, so that a low C/itio will lead toa high mineraleation rate and viceersa
(Burgos et al., 2006)immobilization of N is defined as the transformation of inorganic N
compounds (NE, NHs, NOs” and NQ) into the organic state. Soil organisms assimilate
inorganic N compounds and transform them into the organic N constituents of their cells and

tissuegdMcLaren & Cameron, 1996)

2.9.1.2Nitrification

Nitrification is the aerobic conversion of Nkb HNO; according tdSuzuki et al. (1974)
(seeEquations 1.1, 2.and 13 in Chapter 1)and this is further oxidised to NOSuzuki et al.
(1974) showedthat NH; is the substrate generally used by microlbather than N and

growth of these nitrifiers is affected by the ratio of ]NNH,4".

2.9.1.3Denitrification
Denitrification is the stepwise reduction of Bl@ N, carried out by denitrifiers such

as Pseudomonas spp., Bacillus spand Thiobacillus spp.These microbes are facultative
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anaerobes that are able to usesN®place of oxygen. Reductase enzymes catalyse each step

in Equation 2.1.

2NO; = 2NO, =—» 2NO —» NFO —» NF _
[ Equation2.1]

Denitrification may be performed by nitrifiers in a process known as nitrifiers

denitrification or by true nitrifiergWrage et al., 2001(Figure2.5).

NO,, —* NO —* N,0 —* N,

t
I
Nitrification NO,-
A

Denitrification

NH, — NH,0H — NO,—> NO —* N,0 —* N,

Pathway: Nitrifier Denitrification

Figure2-5. Summarized pathways to mineraltbhnsformation in soifWrage et al., 2001)
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Chapter 3: Background on potential agents to mitigate N

leaching from biosolids

3.1 Mitigation of N leaching

Many studies havexamined methato mitigate N leachingBriefly these include(i)
strategically managed fertilizer registhatincludeslow-releasdertilizers andor nitrification
inhibitors, (ii) soil managemen(iii) crop managemenand (iv)water mangement (Zhaohui
et al., 2012). értilizer managememequires thaapplication rate, seasoandcroptypeareall
taken into consideration. Normally N fertilizer can be replaced by glelwag fertilizer such
ascoated urea (Black et., 1985) On the other handitnification inhibitors (Dicyandiamide)
commonly known as DCDan be incorporated with N fertilizey mitigate nitrate losses from
the applied fertilizer My aim is to identify low cost,readily-available materialfor

incorporation in soil to mitigate N leaching

3.2 Biochar or charcoal and woodwaste

3.2.1 Wood-waste

Woodwaste isa by-product of the timber industry and deforestation, and is readily
available worldwide and yeaound. Worldwide mostly in temperate anslbtropical areas
deforestation is incresing rapidly to fulfil the need for agricultural land as global food demand
increase¢Chakravarty et al., 2012)

Commercial logging operations remove trees for timber or @apwing et al. (1996)
showed a commercial timber logging operation, followed by sawmilling, created
approximately 24.7 Atha of woodwaste. Wooedvaste is left at the logging site and lagsto
sawmills wherefurther woodwaste §awdust is createdIn New Zealand woo@aste is
readily available for little or no cogSchipper & VojvodieVukovic, 2000) In this thesis,

wood-waste/awdust specifically refers tantreatedsawdust/woodvaste.
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3.2.1.1Physical and chemical properties of a typical sawdust/woedaste
Wood is a complex structyri consists of polysaccharides which are made of smaller

monosaccharidesThese cells have different chemical compositions depending on their
physiological need. Cells containing cellulose, hemicellulose and lignin are responsible for the
strength and shape of the t(&ostrom, 1993)The basic physical structure of wood is shown

in Figure3.1.

Log 0.1-1 m cellulose resin
.:-'L-\-"_"' g y

LT
Ly '-.M'),
Growth ring ’ ‘z | Board
1-15 mm 5 10-100 mm

Tracheids

Molecule ) Hydroxyproline rich glyco proteins
<2nm

Microfibril
2-10 nm

Wood Physical Structure Wood Microscopic Structure

Figure3.1 Diagrammatic wood molecular structures and a view of its microscopic appefRaeces
McLaughlin, 2009)

Figure3.1 shows the chemical components of typical sawdust. Pimai$.sp sawdust
has a heating value of 15.01 MJ/kg, lower than coal at 31.8 MJ /kg, and is therefore not an
efficient energy sourcd&.herefore, alternativelyawdust can be added to soil as a carbonaceous
materia)] where long term cropping has led to declining € concentration§Shepherd et al.,
2001) When wooewaste is applied to soil, soil N is inwhilized and denitfied. The
sawdust/wooevaste has readily available C, which can be easily consumed by microbes as

shown Equation 3.1Robertson & Cherry, 1995)
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5CH20+4NQGs - 5C0Oz+2N2+3H20+40H" [ Equation3.1]
Robertson and Cherry (1995) concluded that sawdustAwaste influencedhe N cycle

through the immobiliation of N and denitrification.

Table3.1. Characterization of pine sawdy§thaula et al., 2014)

Proximate Analysis, dry basis (% w/w) Ash composition (% w/w)

Moisture 16.44 Sodium (Na) 90.9
Volatile Matter 81.03 Sulfur (S) 3.56
Fixed Carbon 18.60 Potassium (K) 3.23
Ash 0.37 Iron (Fe) 0.76
Ultimate Analysis (% w/w) Chlorine (CI) 0.40
Carbon (C) 48.62 Phosphorus (P) 0.38
Hydrogen (H) 5.79 Chromium (Cr) 0.35
Oxygen (O) 43.2 Lead (Pb) 0.30
Nitrogen (N) 2.39 Copper (Cu) 0.06
H/C ratio 0.12 Zinc (Zn) 0.04
O/C ratio 0.89 Manganese (Mn) 0.03

Most sorptiorrelated research has been conducted with dry sawdust, and there are
previous studies linking sorption of metal ions, inorganic N, dgad,oils. (Harmayani &
Anwar, 2012; Shukla et al., 2008awdust waste has been used as a bulking agent with sewage
sludge, before addition to soil, in an attempt to eliminate the negatbgeerties(such as
unstable mineral Npf the sewagé€Banegas et al.,@7; Bugbee, 1999However, sawdust
has a poor water holding capacity and contains low amadipisnt rutrients(Trolove et al.,

2005) This leads to a reduction in plant yields when sawdust is apjiatey & Colt, 1991;
Trolove & Reid, 2003) Trolove et al. (2005gIso showed that sawdust cation exchange
capacity (CEC) increasedom 9 cmolb/kg, to 94 cmafkg after 13 months when applied to
soil. This potentially enhancesmdtention in the soil. Sorption of NHN by sawdust may also
improve N retention in so{(Hu et al., 2007)

Sawdust haslso been identified as an excellent electron dofitm et al., 2003;
Robertson & Cherry, 1995; Schipper & Vojvodimkovic, 1998; Shukla et al., 20Q2)

supporing denitrification and possible N immobilizatiorKim et al. (2003)showed that
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sawdust wused in fAbioretent ifomsyntletc ktarmwaser, r e mo v

compare to 6% in the control columns.

3.2.1.2Microbial properties and interaction with N
Robertson and Cherry (1998pnducted a field tal on denitrification in a septic field

system using reactive porous media barriers. Two configuratiobargérs (horizontal and
vertical) were positioned below a conventional septic system. The reactive material consisted
of sawdust (20%v/v)enhancedeterotrophic denitrification. During the ogear trial, there

was a 60100% reduction in N®. The authos estimated that aboutk®) of C was required for

the denitrification of 1 kg N@-N, and the sawdust (slowly degradable C) incorporated in this
trial could provide for200 years of denitrification. Even if only 10% of the organic C were
available for dettrification, this would last for about 20 years, the typical design life of a septic
system.

Schipper and Vojvodid/ukovic (2000)built aninterception wall perpendicular to the
shallow ground water flow mixing excavated soil with #8 of P. radiata sawdust The
denitrification rate was in the range of 818.1 ng/cr¥/h, this accounted for the NEN losses
equal to 0.812.8 ng Ném?/h from the ground water. The treatment wall rentbM®s™ from

groundwatefor more than 2.5 years.

3.2.1.3Persistence or degradation in soil
Woodwaste longevity in the soil depends ondhiginalplant species, part of the tree,

original state of the wooedaste (wet or dry conditions and decomposition level), its
coarseness, soil texture and temperaf@Gtaolz et al., 2000)According toBarney and Colt

(1991) the hardwoods (broadleaf trees) generally decompose more rapidly than softwoods
(conifers) and thatetomposition is accelerated by a high soil N environnieotwever, the

wood of Scots pine has a high resin content, which makes it much more resistant to decay, and

it can take several decades for a pine log to decompose fully. The C:N ratio of theegnosyst
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strongly affects wood decomposition dynamics (Aber 1990). For example, a material with a
lower C:N ratiowould be more easily decomposed by microorganisms, being known as a more
labile materialReinertsen et al., 1984)

The persistence of woedkrived C in soil can be increased by pyrolysis of these organic
wastes to biochar/charcoal. Conversion of biomass C to biochar le@dsetjuestratioiithe
stable fraction of C in biochar].he recovery of C is abo&®0% of the initial C compared to
3% remainingwhenthe biomasss burnt or biological decomposition (<1@0% after 510

years)(Lehmann et al., 2006)

3.2.2 Biochar or charcoal

3.2.2.1Expected structure of biochar or charcoal

Biochar is the product of thermal degradation of organic materials in the absence of air
(pyrolysis), and is distinguished from charcoal by its use as a soil amen@®lemiann et al.,
2011) It comprises a range of materialgrh poly-aromatic carbon sheets or graphitic carbon,

linked by covalent bonds, with other elements such as (hydrogen) H and (oxygeigufe (
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Figure3-2 Left: First proven structure for grapiby JD Bernal in 1924, cited behmann & Joseph,
2009) Right: Inter-linked covalent bond between the sheet
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3.2.2.2Pyrolysis

Pyrolysis is one of the technologies used to produce energy from bi(Bnaigsvater,
2003)(Figure3.3). The heat and gasesxHCO, and CH) can be used to produce efggty,
bio-oil or hydrogen for household usesefimann (2007) These gases are also used in
industrial processes, such as Fischeopsch (CO as a precursor for diesel) aiathei Bosch
(H2 as a precursor for atmospheric N fixatig8phi et al., 2010)The source (feedstock) for
biochar production includes a wide range of materials, from parts of a tree (wood, bark, leaf,

fruit skin orshells), to grasses, crop residues, animal residue and other biomass.

Biomass

- manure

- organic Transport
wastes Energy

. gg?m m Coproducts (oil, cosmetics)
(grasses, willows) Industry

- crop residues

Residual heat

i Optionally, N,, NO,, SO,,

* CO, can be added to
increase C sink and nutrient

, Returmned to ] content

. . " _ soilas biochar

Figure3-3 Concept of controlled lowwemperature pyrolysis (46800°C) and production dbio-energy
with biochar sequestratighehmann, 2007)
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The physical and chemical characters of biochar depend on both feedstock and pyrolysis
conditions(Gai et al., 2014)During pyrolysis, the oxygen environmentéstricted to low or

nil. High temperature pyrolysis (>780) causes gasification, where the yield of biochar is
reduced (complete ashing). Water in the biomass is lost through evaporation, while thermal

decomposition generates volatile organic compounds.

Plant cells degrade at different temperatures; hemicellulose at betweeBA6200,
cellulose between 24@50°C and lignin between 28&0C°C (Sjostrém, 1993)This thermal
decomposition concept of wood is showrFigure 3.4 Thermal Gravimetric Analysis (TGA)
is a method of thermal analysis where changes in the physical and chemical properties of a

material #&& measured as a function iotreasing temperature. TGA aiscussed further in

Chapterd.
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Figure3-4. Pyrolysis of the wood biomasemponent by TGAReed & McLaughlin, 2009)
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Table 3.2 shows the major components and their recovery during different pyrolysis
conditions. Hergthe proportion of biochar (solid) and syngas recovery decreases with

pyrolysis rate but production of biil increases.

Table3.2. Pyrolysing processes arftktfate of the feedstockEA (2007)and cited bysohi et al. (2010)

Solid Gas
Liquid (biochar) (syngas)
Process (bio-oil) (%) (%)
Fast pyrolysis: Moderate 75% (25% 12 13
temperature (~500 °C), water)
short hot vapor residence
time (<2 s)
Intermediate pyrolysis: Low- 50% (50% 25 25
moderate temperature, water)
moderate hot vapor
residence time
Slow pyrolysis: Low- 30% (70% 35 35
moderate temperature, water)
long residence time
Gasification: High temperature 5% tar (5% 10 85
(>800 °C), long vapor water)
residence time

3.2.2.3Physical, chemical and microbial properties
Biochar was identified as a material suitable for C sequest(@&ikimson et al., 2010)

Lehmann (2007)mentioned that this is @romising approach to lowering GOn the
atmospherdas plants canfix CO), which is then used t@rodue biochar based on low
temperature pyrolysislhere are many studies on its use in waste managdmgiievor et

al., 2010; Cao et al., 2009omposting with other waste materials, such as bios(lidstler

et al., 2013; Knowles et al., 2011; Steiner et al., 20EDuilding degraded lar{@Robinson et

al., 2011)and reducing greehouse gas (PO or CH;) emissiongLiu et al., 2014; Sohi et al.,
2010; Spokas et al., 2009; Steiner et al., 2010; Taghizadesi et al., 2011; Yu et al., 2013;
Zhang et al., 2010)There is interest in the use of biochar for the sorption of nutrients and
contaminants from the soil/water and other induspiiaducts(Asada et al., 2002; Spokas et

al., 2009; Wang et al., 2010; Yu et al., 2009)
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Biocharos physical, chemical, dlelmarmi ol ogi
et al., 2011)There is considerable interest indhar due its long persistence atsdability to
retain cations better than other forms of soil organic matteoténtiallyimproves soil fertility
by having the following properties:

porosity
functional groups on the surface
surface areaof sorptiondesorption of ions

Some biochars influence tipél of the soil by liming effect

= =2 =4 A -

microbial pool on the char and persistence in the soil

Biochar can be activated tpromote these characteristic properties, using physical
activation methods e.g. ste activation(/Azargohar & Dalai, 2008; Fan et al., 2004)ater
nitrogen mixture gasification (uncatalgzl and irorcatalysed) (Rodriguezreinoso &
Molinasabio, 1992)CC, (Koutcheiko et al., 200Qr chemical activation e.g. compound ZnCl
(Chen et al., 2002ko-precipitation of F&/Fe?* (Chen et al., 2011oncentrated k50O, acid
(Mohan et al., 2004and KOH(Azargohar & Dalai, 2008)

Figure 3.5 shows how pyrolysis conditions affect yield and chemical properties.

Biochars manuctured at high temperatures (5000°C) contain mainly aromati€ (due to
the effect of carbonaion) andthe CEC (up toa certain temperaturepH and surface area
increasewith temperature. At temperature$00°C the surface areaan declire, due to
shrinkage of microporg®ownie et al., 2009)The CEC plays an important roletive capacity
of biochar to retairwater, nutriens, gasesand soluble organic compounds. The CEC is a
function of the presence of hard ligand functional groups in the char such as carboxyl and
phenolic groupgCarrier et al., 2012)Some biochars produced yrolysis result in high pH

and high CEC chars whidiavea high liming effect in soilLibra et al., 2011)
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Figure 3-5. Factors affecting biochar properties, mainly pyrolysis conditid@syperature and C
recovery, cation exchange capacity (CEC; measured at pH 7), pH, antksamréa are shown here
(Lehmann, 2007)

3.2.2.3.1 Physical

Naturally occurring biochar, resulting from forest fires, shows a basic graphite structure
(Figure 3.2left) however, manufactured bioars have a form that depends on the pyrolysis
conditions and feedstock type. During pyrolysis, the external and internal surfaces of the
biochar form, which is characteristic for each char and theaysis conditions. The Brunauer
Emmett and Teller (BE) method can be used to measure the surface(Anekerson et al.,
2013) The surface area increases with the activation process during the pyradyseser,

not all the pyrolysis includes activati¢@arrier et al., 2012; Mohan et al., 2007)
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3.2.2.3.1.a Porosity and particle size of the char.

Figure 3-6. Diagrammatic structure of development of biochar with highest treatment temperature
(HTT). (@) Increased amount of aromatic C;alidered in amorphous mass, (b) conjugated aromatic C
in sheets formatign(c) three dimensih graphitic formatiorfDownie et al., 2009)

Downie et al. (2009lifferentiated these pores as (i) micropores (internal diameter less
than 2 nm), (ii) mesopores-& nm) and macropores (>50 nnfigure3-6) Macropores were
responsible for the water holdif@vailable to plantproperty and aeration function of biochars
while micropores provide most of the surface area of biochar. Inittaky may be filled with
tars, but during thermal decomposition, these micropores beaocessible Their number
increases with the HTT (Highest Treatment Temperature)} {600C(Brown et al., 2006and

these are available for the sorption of ions.
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Figure 3-7. Scanning electron microscope images (280®f pine . radiatg with four different
pyrolysis conditions. (a) at 300°C, no agitation (b) at 300°C, with agitation, (c) at 350°C, no agitation
(d) at 500°C, no agitation [ PhD thesis, by A.Taghiza@lebsi 011)].

Biochar particle sizealso depends on feedstogkalso depends on pygocessing and
postprocessing of the feedstockhd this in turn affects the quality and potential uses of
biochar(Sohi et al., 2010)Particle size is bigger in the feedstock than the resultant biochar,
due to shrinkage of the material during pyrolysis. Biochar manufdtfrom sawdust and
wood chips have a different particle size than bulk woody materials. Initially, the ratio of
exposed to total surface area of biochar will be affected by its particle size. The strength of low

temperature biochar is greater than higimperature biochar, which is more brittle and

breakable into fine fractimwhen incorporated into siBohi et al., 2010)

McLaughlin et al. (2012¢haracterized pine wood biochar and studied tsemtion
and dsorpion phenomenanBiochar hasan internal volume, typically characterized as
porosity, which is filled by bsorbatge.g. gas or ions)rhe absorbent may swels additional

material is &sorbed Figure 3-8).
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Figure3-8. Characteristic shape of the isotherm relating the uptake to the partial pressure of the sorbate
in the case ofapour phase sorption (adopi@dcLaughlin et al., 2013)
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Figure 3-9. Water vapour isotherms of pine wood and pine wood chatupen at different HTTs
(McLaughlin et al., 2012)

Figure 3-9 clearly shows up to 40Q asorption was dominant in pine wood biochar,
on the other hand, above P@0adsorption was the dominating phenomen®heseresults
showa slight change iRHTT could make biochar properties dramaticallfferentand depends

on its character.
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3.2.2.3.1.b Density
Two methodscan be used tmeasurebiochar densityGuo and Lua (1998)studied

solid (true) density and the appare(tiulk) density of biochars manufactured at 40@00°C.

Solid demsity is the density on a molecular level, related to the degree of packing of the C
structure. Bulk density is that of the material consisting of multiple particles and includes the
macro porosity within each particle and the irparticle voids. Often, raincrease in solid
density is accompanied by a decrease in apparent densities as porosity develops during
pyrolysis. Solid density of biochar increases with increasyrglgsistemperature and longer
heating residence tim¢Bownie et al., 2009)Guo and Lua (1998howedthat solid density
increased up to 80C, while apparent density decreased. This was due to the &dreas
porosity (8.3-24%) of the charsTable 3.3. However, at 90 the apparent density of the

char increased even though the porosityesed, and thisasattributed tahe sintering effect

(shrinkage of the pores).

Table3.3 Densities and porosities of the chars prepared at different tempefatwasous timegGuo
& Lua, 1998)

Pyrolysis Retention time (h) Solid density Apparent Porosity (%)
temperature (°C) (glcn?) density(g/cn)
400 3 1.57 1.44 8.3
500 3 1.60 1.40 12.5
600 3 1.63 1.35 17.2
700 3 1.64 1.32 19.5
800 3 1.67 1.27 24.0
900 3 1.69 1.31 22.5
800 1 1.58 1.33 15.8
800 2 1.63 1.30 20.2
800 3 1.67 1.27 24.0
800 4 1.68 1.29 23.2

The correlation between feedstdollk densityand biochabulk densityis shown in Figure
3-10, where the effect of feedstock can be s@aownie et al., 2009)The loss of volatile and

condensble compounds during the pyrodtzon of biochars andhe relative increasen

71



graphite form leds to the increase in solid density (or true density) of the biochars compared
with their feedstocKEmmerich etal., 1987) Lower amounts of volatiles, which have lower
molecular weights than fixed C, and lower ash contents result in higher solid density in biochars

(cited byDownie et al. (2009)
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Figure3-10. Bulk density of woody feedtocks verses #ir resdtant biocharg{Downie et al., 2009)

3.2.2.3.2 Microbial property of the biochar/Persistence in nature
3.2.2.3.2.a Microbial property
Biochars have distinctive porowdructures with different diameters. These porous

structures provide more sorption ar@a sorb solution/gasedpr the biochar and help in
sorption ofheavymetal ions, inorganic ions, soluble gases like oxygehd@d CQ and water.
However, the porouspaces are also suitable habitats for soil microbes (bacteria and fungi) to

grow, reproduce and coloniz&gble 3.4)Thies & Rillig, 2009)

72



Table 3.4. Pore diameters in wood and bamboo biochar compared to the diarhéypical soll
microbes(Thies & Rillig, 2009).

Diameter (um) range

Bamboo biochapores 0.00%:1000
Wood biochar 10-3000
Bacteria 0.33

Fungi 2-80
Protozoa 7-30
Nematodes 3-30

If there is sufficient @in these pores, then aerobic respiration will dominate in that
microenvironment, while anaerobic respiration will dominate in loye@vironmentandthe
common engroducst formedare NO, NO, N2, NOs, NH3, H2S, CH; (Thies & Rillig, 2009)
Anderson et al. (2014showed some bacterial familiese.§ Bradyrhizobiaceaeand
Hyphomicrobiacedewere capable of using gases/nutrientdhsag N, NOs', NHs. Theywere
also able to fixN2 from the atmospherasing theN: fixation process. In their study, the
microbial soil community did not change aftero years. However, where biockamended
soil was incorporated withuminanturine patchesthere was an increase in nitrifiers and
denitrifiers, which influencg N fluxes. Dempster et al2012a)showed that the microbi&
biomass significantly decreased and hierobial N biomass was unaltered, after application
of biochar manufactured from JarrdfuCalyptus marginataat a rate of 25 t/ha.Theyalso
showed that net N mineradiionwas highetin control soil,anddecreased with the increased
addition of biotar. Compared to bacteria, fungi are more tolerant of extremes of pH and
temperatureThies and Rillig (2009)These conditionsfluence the ratio dbacterial fungal

colonies in soils amended with biochar.

3.2.2.3.2.b Persistence in nature

As organic matter decomposes, labile C is easily degraded (as in the microbial
biomass) with a turnover of3 years, however huni@mrganicC takes decades to decompose

(Free et al., 2010According toWinsley (2007) biochar is a highly stable and lotgym form
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of C sequestration overall, because charcoal is inert and resistant to biochemical breakdown.
The Terra pretasoils (it owes its name to itfark colour, caused byragh charcoal content)

are up to several thousand years old. The average age of black C buriedseasediments

was found to be up to 13 900 years, greater than the age of other organic C, such as humic
substances. Charcoal from volcanic eruptions wated back over 20 000 yegWinsley,

2007) Information shows that ‘recalcitrant’ carbon baistored for many more years thas it

original source.

3.2.2.4Interaction with N

Biochar has th@otentialto alter the N cycle, via, (i) inhibiting N imeralization, (ii)
influencing nitrification (iii) adsorbing NH* from the soil, (iv)immobilising either NH* or
NOs, (v) influencing NQ" leaching, and (vi) influencing &0 emission

Ammonium sorption by a bioch&s relatedo the CEC othatbiochar. CEC values are
highly dependent on pyrolysis conditions and feedstock type (describ&igume 3-5)
(Lehmann, 2007)Cheng et al. (2006%tudied oxidation of biochar by biotic and abiotic
processes. They incubated biochar in soil &3hd 70C for a duration of 4 months with and
without microbial inoculation. In thabiotic environmentbiocharpH decreased from 5.4 to
5.2 and 3.4 respéively and CEC increased by 53% and 538% respectiVélg.increase was
due to the increased number of carboxylic functional groups. A&, Xxidation penetrated
through the biochar into the pore surfaces, at the same time*b@&dised the outer siace
of the biochar.

Rodrigues et al. (2007¥tudied NH sorption on a commercially activated C,
manufactured from coconut shell. They used betweef2800 mg/kg concentrations of NH
and studied the sorption capacity at three different temperatures. The results were 0.6 to 1.8,

0.2t0 0.7, and 0.15 to 0.35 mg gl carton at 40, 80 and 120 respectively.
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Fewstudieshave specifically examedNOs™ sorption or leaching in biochathintala
et al. (2013ktudied N@ sorption by fast pyrolysis (at 6%D) usingbiochar from corn stover
(Zea mayd..), Ponderosa pine wood chipBiifus ponderosdéawson and C. Lawson), and
switchgrassRanicum virgaturjy showedthatacid (concentrated HCI) activated pine biochar
increased\Os™ sorption by 440%Knowles et al. (20113howed a 5% reduction in N@
leaching, when pine biochar (102 t/ha) was incorporated with biosmigsded sodompared
to biosolids alone treatmemt a field lysimeter trial.

Toxic or nitrification inhibiting compounds in biochar and also the level of biochar
weathering and residence time in the soil clearly influence N cyditmugh and Condron
(2010) Some toxic compounds amendensed during biochar pyroétion e.g. polycyclic
aromatic hydrocarbons, cresols, xylenols, formaldehyde, acrolein, and other toxic carbonyl
compounds that can have bactericidal or fungicidal agtfiAainter, 1998)However,Ogawa
(1994) showed that such toxic chemicalan provide & energy source for certain types of
microbes. These chemicals eveltifudisappear with weatherg of biochar in soil, at the same
time CEC increases.

Steiner et al. (2008tudied the retention of N in a central Amazonian trial. Charcoal
derived from seondary forest wood was incorporated (at a rate of 11 itih&)il. They used
15N added ammonium fertiler and grew sorghun$6rghum bicolot.. Moench).Their results
showed higher N retention by organic amendments (chBrcompared to mineral fertikz
plots. They concluded that N retention wasither by increasedCEC or enhanced

immobilization by the microbial biomass.
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3.3 Lignite

The chemical composition of lignite is not defined. Its properties vary by site and
formation history of the lignite and the processcuis over geological time frame&Vood
buried in soil decomposeda oxidation, with the formation of hydrogen, carbormicid,
carbonic oxide, water, petroleuM/ith time, pressure and heat, this turns in to the darker and
denser substance called lignitEBigure 3-11). Lignite occupies an intermediate position
between pegBowen & Irwin, 2008; Zein EAbedine, 1982and hard bituminous codtigure
3-12). In favourable conditions, peat turns into lignite, and lignite into coal or anthracite. There

is limited researcimto lignite or brown coal with respect to inorganic N sorption.

Pressure

Heat
&9,
Peat o

Lignite gl

Figure3-11. Geological processes in the formatiorpeft, lignite and cogBowen & Irwin, 2008)

3.3.1 Physical and &iemical properties
Lignite is a lowgrade fossil fuel, with a high moisture content (up to 70% by weight)

(Bowen & Irwin, 2008) Therefore, tineedshigh energy to burn and releases large amounts of
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CQO; and other pollutants. The calorific value is between 7.8 to 10.5 MJ/kg, half that of firewood
and providing three times less fuel capacitiian of hard coal (2733 MJ/kg) in power
generation. Lignite is dafrown or black in colour when moist, and light brown when dry. Its

density falls in the range of 1.0.35 g/cm (Pehlivan & Arslan, 2006)

Figure3-12. Pile of lignite (a), bituminous coal (b), anthracite coal (c), and the appearfandévidual
particles(Bowen & Irwin, 2008)

Physical properties vary for each stage of coal formation ,(pé&gt grade coal via
lignite). This is mostly controlled by (hoisture, (ii) volatile contenaind (iii) C contentTable
3.5). While no precise chemical formulae for coals carglen, the approximatempirical
formulacomprisingbituminous coal is &7Hs7OsNS, for highgrade anthracit€24dH90OsNS,
and lignite G7oH24dN3S:1090- Anthracite is a dense, hard rock,-fgack in colourand with a
metallic lustre Figure3-12). It contains 888% C by weight. Volatile matter decreases as the
coal rank increases, but low rank coal contains a higher percentagérofén, oxygen and

N whereas higiiank coal contains pure C up to 9%Bowen & Irwin, 2008 Kabe et al., 2004)
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Table3.5. Propertiesof four different coal¢Bowen & Irwin, 2008)

% weight Anthra cite Bituminous Sub- Bituminous Lignite
Heat Content 13,00015,000  11,00015,000 8,50013,000 4,0008,300
(Btu/lb)

Moisture < 15% 2-15% 10- 45% 30-60%
Fixed Carbon 85-98% 45 - 85% 35-45% 25-35%
Ash 10- 20% 3-12% O 10% 10-50%
Sulphur 0.6- 0.8% 0.71 4.0% < 2% 0.47 1.0%
Chlorine (ppm) 340 * 40ppm 340 *= ppm 120 + 20ppm 120 + 20ppm

BWib British thermal unit/pound
3.3.2 Lignite as a soil amendment

The negative properties of lignite would not be an issue if used feemergy or non
fuel applications. Many studidsave showrthat lignite can be an effective soil amendment
because of its higHumic Acid (HA) content(Janos et al., 2011; Kucerik et al., 2008)d soil
conditioning propertie@Chassapis et al., 2009; Doskocil et al., 20&hlivan & Arslan, 2007,
Song & Schobert, 1996 ahir et al. (2011¥studied plant growth in different soils amended
with lignitei derived HA They incorporated rates of 30, 60 and 90 mg/kg HA, the highest
height and shoot fresh and dry weights were observed with 60 mg/kg treatment compared to
control (no HA added). The water and nutrient holding capacity of the lignite improved

degraded sof[Richards et al., 1986)

Lignite can reduce or remove metallic ions/heavy metals from contaminated soils
(Budaeva et al., 2006; DomaGska & Smolinska,
al., 1996)and remove radionuclides and poteligigoxic metals from waste water treatments/
polluted water{Mizera et al., 2007; Mohan & Chander, 200Bgcent research shows lignite
can reduce plant uptake of Cd and therefore may be an important amendment to New Zealand
pasturegSimmler et al., 2013Pehlivan et al. (2004tudied adsorption and desorption of Cu,

Pb, Cd, Ni and Zn on a few Turkish lignites. They showed that sorption increased with pH, up
to a certain value (2.6.7). They used a reversibility technique for the sorptsmaked in a

metal solution and used buffer solution to recover the metal). Binding was only 5 and 30%
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reversible,indicating that ion exchange was not a dominating adsorption mechanism and
hypothesised the size, shape of the cawtyhe lignite structureand naturally occurring
functional groups influencethe metal sorption and desorption. The authors concluded that

lignite is therefore an inexpensive sorbent for the heavy metal ion.

Opinion is divided over lignite usas asoil amendmentwith environnentalists
claiming it harms both air and sokigure3-13). Lignite can release unwanted chemicals such
as aromatic hydrocarboiiBabianska & Kurkiewicz, 2013andsome water soluble organic
trace componentdeuravuori et al., 2@). Janos et al. (201¥pund a type of young brown
coal contained low concentrations of dangerous radionuclides, hedsisraad potentially
hazardous elements but suggested the levels did not significantly exceed average values present

in the earthoés crust.
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Figure 3-13. Protesérs campaigragainstlignite mining in NZ fttp://www.stuff.co.nz/southland
times/news/7010403/Antignite-mining-billboard-put-up).
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3.3.3 Cation exchange property

Lignite is known for its high concentration of oxygeontaining functional groups
(Figure 3.14)These functional groups allow the ligmito remove cationsdm solution via

ion exchange.

Figure3-14. Diagrammatic chemicatructure of a lignitéKabe et al., 2004)

Skodras et al. (2014}udied the CEC of low rank Greek lignite and chars and identified
two different CEC sites in bbt The first type was pH independent; they called it permanent
CEC, primarily derived from inorganic sites. They used a potentiometric titration method to

measure the changes in CEC with pH variatieigre3-15).

CEC [onng /100 ligmie]
\

Figure3-15. Variation of the CEC of lignite with the solution pH, obtained by titration with 0.1M NaOH
(Kabe et al., 2004)
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The second type of CEC was pH dependent and they called this variable CEC, derived
from the organic matten the lignite. Dissociation of carboxylic groups was directly linked to
the oxygen content of the lignite. Greek lignite showed a CEC maximum of 33@kgmol
Others showed CECs of Z® cmod/kg (Janos et al., 20113and44.8 cmodkg (Simmler et al.,

2013)

The effect of lignite soil amendments on the Nleys unknown, but two groups have
examined the effect of modified lignite on the sorption of inorgani&ian et al. (2011)
showed nitrate removal by a chemically modified ligniteey studied the pH of the solution
and contact time for sorption (30 min) and the optinzhemical requirement to maxingiz
sorption by ligniteBudaeva et al. (2006fudied ammonium ion sorption from wastewdgr
air plasma modified lignitethe modified lignite sorbed23.2 g NH*/kg compared to the

unmodified lignite, which sorbed ju&sg NH;/kg.

Kwiatkowska et al. (2008pund that seven years after application, soil amended with
lignite had a higher C content, slightly higher N content and a higher C:Ntlatiocontrol

soil. The C:N ratio has a critical influence on N mobility within soil.

334 Rol e of Anbl ack ureabo

Among the currenhitrogen management, urease inhibitors, nitrification inhibitors and
impervious coatings have been utilised with some sucBémsk urea is carboncoaedurea
which is speculated to influenbs increasing microbial activity and exchange capacity around
the granule, resulting in the N being held in the cation and organic forms longer, reducing
losses and improving N uptak&dvanced Nutients, 2015) This is widely used by farms and
many field trails were conducted in Australia (unpublished research so far). It is coated urea
granules Figure3-16) and its composition is 46% N and 21% C. The coating can be any kind

of organic compound which includé$A, fulvic acid, ulmic acid, amino acids, melanins,
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peptidespolysaccharides, vitamirend mineralfAdvanced Nutrients, 2015 hese bind to
urea and allow it to release the nutrient slowly and black urea is cathas a slowelease
fertilizer (ARTH, 2009) Humic acid is one of the main components of the coating material,
and is highn lignite low rank coal. Lignite could be a potential candidate as a coating material,

but further studies are required.

Buffered
organic Urea
complex
Figure3-16. Coated urea granu(Black Ureg 2015)
There is no scientific evidence so far

knowledge, only one study was published/by Vuuren and Claassens (20@08%outh Africa.

Their greenhouse pot trail usHi&erfolgrovantaize. ur e a o
ABl ack ureao increased plant yield by 46 %, C
effect of black urea on N loss via emission or leaching was not studied. They suggested that
black urea would be best suited to grain cr@sswell as sugafruit and vegetables. They
referred to another unpublished field trial
out performed urea by 2B0%. There is no information available on the outcome of black urea

application on grazkpasture.
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3.3.5 Microbial propeties of lignite and the interaction with N

It has yet to be determined whether lignite has a positive effect on nitrifying and
denitrifying bacteria in the soil. Equally unclear is whether lignite will provide esfoigsoil
microbes. The highly porous nature of lignite is similar to that of another carbonaceous
amendment (e.dpiochar)(Kabe et al., 2004However, according tKabe et al. (2004)some
fungi and bacteria (mostly aerobic) can degrade coaletgpanycetesyeasts, mould and
lignin-degrading fungi have the ability to depolymerize coal matter to convert into low

molecular matters.

Dong et al. (20093howedhat soil amended with urea, with the addition of lighi#e,
could buffer the change in microbial community composition and numbers, laasitbe
ammonia oxidising bactetipopulation size and potential nitrification, by reducing the urea to

ammonium hydrolysis rate through the inhibition of urease.

3.3.5.1interaction with N
Few publications relating to lignite coal and inorganic N sorption/leaching exist, while

there are numerous studies relating lignite to heavy metal sorpameikova and Lapcik
(2006)studied ammonium sorptidrom wastewater by a treated South Moravian lignite. Both
the treated and untreated lignite (each 100g) showed affinity towards [(ihitial
concentration was 150 mg/L), at 23 g NiHg and 9 g NH'/kg respectively. Using their
adsorption isotherm, theyrgdicted that adsorption wabie toboth chemical (27%) and
physical (73%)processesThey suggested the use of lignite as a sorption material fatihNH
industriatscale wastewater treatment.

Hao et al. (2007%tudied a commercially available lignite extract (97% water, 3% dry
matter, denoted as LC) in gas emission in a cattle feedlot manure. They used 4 groups, each
included 20 steers (randomly selected). The control group animalsedenati barley silage,

while the other three groups received barley silage sprayed with 0.5, 1.0 and 2.0 L of LC/ t of
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dry matter (DM). Manure samples were collected daily from Day 25 up to Day 150. The
manure collected from the L€piked group showddw pH and dissolved Nkt NH4" content

in manure collected after 25 and 53 days of the experirmadhadsignificantly reduced Nk
emission during this time. The values for samples collected on Dayep53166 mg/kg
(control) to 275 mg/kg of NEIN and 1328 mg/kg (control) to 4289 mg/kg of NHN from

the highest LC application. A similar effect was found on samples collected onthiag3
however; later days did not show any significant difference. They suggested that the lower
manure pH, NH'" content ad NH; emission at early sampling dates indicated that LC could
play a role in reducing gaseous ammonia N emissions to the atmosphere.

Vassileva et al. (2008tudied NH* removal from aqueous solution by two types of
lignites, one from Chukurovo deposits in Bulgaria, and another commercially available. They
used a different technique (treated with H{NB&>0. and moist air) to activate both lignites.
The initial NHs* concermration was 36280mg/L and the agitation/contact time was 2 hr.
Lignites were activated by HN@howed NH* sorption of 29 and 28mg/g from the commercial

lignite and Bulgarian lignite respectively.
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Chapter 4. Characterization of biosolids and carbonaceous

amendments used in this study

4.1 Materials

4.1.1 Introduction

Biosolids and the carbonaceous amendments used in this study are heterogeneous
mixtures based on a matrix of organic macromoled@ésissapis et al., 2009; Knicker, 2010;
Singh & Agrawal, 2008) These materials have a diverse range of properties, depending on
their provenance, level of treatment, and age (Chapter 2).

Clearly, it is impossibledo measure all the permutations of biosolids mixed with
carbonaceous amendments. To make any results relevant to scenarios other than the ones
tested, the properties of the materials must be compared with other materials. Low cost
carbonaceous matelsaae the key to this research atitey were chosefor New Zealand
conditions.

One ofthe carbonaceous matesaselected for this research waschar.Biocharis a
rapidly-growing area of scientific researchspecially for agronomic ug&ulyk, 2012) soil
rehabilitation or soil quality improvemen{Scharenbroch et al., 2013)mitigating
environmental pollutior{ippolito et al., 2011and greenhouse gas rgation (Felber et al.,

2014) However, the readily availébfeedstock for biochar pyratgition may differin each
country. Common examples include rice hiyskasulili et al.,, 2010)and rice straw char
(common in many Asian countries), waste from tea plantatfiBagapaksha et al., 2014)
coconut products (shells, husk, kernel wag&tenbagavalli & Mahimairaja, 201,2)alm tree
waste waste from rubber plantatio(@harmakeerthi et al., 2012; Ghani et al., 204r8) sugar
cane bagassgCarrier et al., 2012)Sugar cane bagasse is a common feedstock in African

countries, especially South Afri¢€arrier et al., 2012)n Europe, biochar is commonly made
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from corn or wheat stover switgrasgEnders et al., 2012¢ucalyptugZhang et al., 2015)
Woodwasteis amther possible waste material. The availability of weastecan also differ

by region orcountry. Pine plantatianareabundant in New Zealandustralia,around Europe,
and in thdJSA. The other widely available carbon rich materiédve-gradecoal called lignite.
While many countries possess deposits of lignite and/or(seeChapter3 for details) other
countriesdo not e.gSri Lanka Therefore, lignite availability is restricted to coal producing
countries.Currently, lignite is used mainly for power/energy production in those lignite
producing countries. Therefore, if this reseaudcoversany significant findings regarding
lignite and mineral N retention, it could opap anew area of lignite research.

The aim of this study was to determine pgsicalandchemical propertiesf biosolids
(Chapter 1 & 2) from th& a i k @asteveatetreatment plantWTP), lignites from mines at
New Value, Spring Creek (lignite Charleston) and Stockton (lignite Millerton), as well as a
range ofP. radiatabiochars and sawdust (Chap8rand compare these properties with those
of publishedmaterials. Furthermore, | sought to elucidate how the materials used in this thesis

may differ in their ability to mitigate nitrate leaching from biosolids.

4.2 Material collection

4.2.1 Biosolids

Biosolids were obtained from thé¢ a i k @egioral treatment worksFigure 4-1:
422 1E45. 304BE2173 4¢&E) , New Zeal and. The
sedimentation and anaerobic digestion in settlement pf#8smonths)and then mound

storaggover 25 years)whence the biosolids used for this experiment were obtained.
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Figure4-1. K a i k PRushaaving the sewage settlemeang and storage moun(ioogleEarth)

Some 150 kg of biosolids were sampled fromWAEP storage pile, sampling occurred
at eight locations across the pile to obtain a representative sample. Studies by lthalles
(2011) Robinsoret al, (2011) Simmleret.al, (2013)and Gartleret al, (2013)also sourced

their biosolids fromth& a i k WUP. a
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Figure4-2. Left to Right K a i k Regional treatment settlement pond (in the background); sand pit;
sewage sludge/biosolids sampling site

The collected biosolids were then homogenized in a concrete mixer and subsequently
sieved to a grain size of <20 mm (nylon sieve). A-sainple was alected and sieved to a
grain size of <2 mm (nylon sieve). This was then air dried, collected and sealed in a plastic bag

and stored in a refrigerator for future experiments.

4.2.2 Sawdust/woodwaste

All experiments used sawdust/woewaste fronP. radiatatrees which is subsequently
refer ed t o as 0 pntneated sawdust was ebtainee fram.a local sawmill (SRS,
Shands Road Sawmills Ltd), located in Canterbury, New Zealanést~owoodwaste was
collectedfrom a pine plantation after loggingigure4-3). Woodwaste washen hanecleaned
by removing the small stems and leaaes dried overnight in a 60 oven. Biochar details

are given in the subection4.3.1
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Figure4-3. Pine woodwaste generated from logging operations, McLeans Island Forest, Canterbury
(Photograph by Brett Robinson)

4.2.3 Lignite

Three types of powdered lignites were provided by Solid Energy New Zealand Ltd. The
New Valel gnite (NV particle size <200 em), a |o
an opencast mine in Southland, New ZealaRigure 4-4:460858.2% S 45 B09. 38¢&E)
Charleston lignite (particle size2.mm) was sourced from the Charleston underground mine
near Charleston, West Coast, New Zeal&igure4-4:R: 415 4 E5 1 . T2456E5 81. 7113 € E)
the Millerton lignite (particle size 0.5 mm<2 mm), was sourced from the Millerton section of
the Stockton opencast mine on the West Coast, New Zedkiguird 4-4:L:4113 9 E4 7 . 41 &S

17151 E55. 51&E) .
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Figure4-4 Top: Stockton opencast mine, West Coast, where Millerton lignite was obtaitiddie:
Spring Creek underground mine, West coast, where Charleston lignite was olBaitiech:
Southlandbs New Vale mine is an opencast mine pr
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4.3 Methods
4.3.1 Pyrolysis of biochars

4.3.1.1High temperature biochars (400C and 550C)
Pyrolysis was conducted under the supervision of Associate Professor Marta Camps

Arbestain at thdNew ZealandBiochar Science Research Centre, Institute of Agriculture and
Environment, Massey University, Palmertdarth, New Zealand. The pyrolgzwas equipped
with a 5 L rotating kiln Figure4-5), used liquefied petrolen gas (LPG) as the heating source
(Pereira Calvelo et al., 201and an inlet to inject water for the steam activation. The pine
wood-waste (200 g) was pyratgd at 400C and 556C with and without steancévation. For

steam activation water was injected by pump into the pyrolysis chamber at a rate of 4 mL/min

which had an airflow of 10 L/mifFigure4-6).

Figure4-5. Left-Settingup the pyrolyer; Right During the pyrolysis, waste crude tar was collected in
a twonecked round bottom flask
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Inlet tube for steam activation

Figure4-6. Close up of crude tar flask and inlet for steam activation (arrow).

The 400C activated and 40Q nonactivated biochar reached the target temperature at
a rate of 38C/min, and the 55 activated and 5%C nonactivated biochar reached the target
temperature at a rate of ¥ min. Each biochar was held for 10 min at the target tempeyature
during which time steam activation was applidtie 400C biochars had an averagEovery
of 32.5%while the 550C biochars had a 24.9écovery(Figure4-7). After cooling the wood

waste biochars were crushed and sieved to a grain size <4 mm.

Figure4-7. Pine woodwaste (left) and biochayrolyzed at 400C with steam activation (right). NB
There was no distinguishable visual difference between steam activation aadtivated
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4.3.1.2Low temperature biochars (350C)

Low temperature (35C) biochars were manufactured using a muffle furf@ang

et al., 2015pt Lincoln Univerdly, Canterbury, New Zealanéigure4-8).

Figure4-8. Furnace equipped with a thermocouple and exhaust ventilator.

Pine woodwaste (200 g) was weighed into steel containers eqdipgth a fine metal
mesh at the bottom to hold the feedstock and covered akithinium foil to restrict the
available oxygen. The temperature was monitored using a thermocouple to ensure the
temperature of the material was maintained at®°@G5@iochars wre manufactured with
pyrolysis times of 3 hr and 12 hr at the target temperature. The target temperati@ewas0
reached at the rate of &min. The 356C pine biochars prepared at the 3 hr period had a 49%
of DM yield and the 12 hr biochar ameaage of 42%ecovery(Figure4-9). All these biochar

materials were sieved tabtaina grain size of <4 mm.
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Figure4-9. Pine sawdust (left) and biochar manufactured at@%8hr) (right).

Highest Treatment Temperature (HTT) influenced biochar textmd recovery.
Biochars pyrolyed using the furnace at 3®Dwereused for further resedrctheFigure4-10

illustrates the visual differences in biochars pyrolyzed at different temperatures.

250°C 550°C

Sawdust

Figure4-10. The anount of pine sawdust in pyrolgon (by furnace) and biochars (3 hr) at Highest
Treatment Temperatures.
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In addition to pine woodvaste, kanukakunzea ericoidgssawdust was included for
biochar preparation. Kanakis a New Zealand native plant that is used for fuel and essential
oils (Lis-Balchin et al., 2000) Some experiments included kanuka sawdust biochars
manufactured at 38Q for 3 hr and 12 hrRigure4-11). NOTE: Column leaching results of

the kanuka wooavaste and biochars aghownin Appendix A

Figure4-11. Kanuka sawdust and biochasanufactured at 35G (3 hr).

In addition to the farementioned biochars, a commercial pine sBiochar (pyrolysis
details unknown) was included subsequently r
used in previous studies at Lincoln Univerdityartler et al., 2013; Knowles et al., 2011,

Robinson et al., 2011; Taghizad€&bosi et al., 2012b)

4.4 Characterization of biochars

4.4.1 Thermo-gravimetric analysis (TGA)

The TG analysis was conducted tbe biocharswhich were pyrolyed using Kiln at
400,550C,and the fAbul k biochar 0. Figueetl2), andasuber e f i

sample was then finely ground for the TGA.
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Figure4-12. Left toRight: Sample homogenér; sample grinder; TG analsr.

Thermogravimetric analysis and the derivative (DTG) eanwere obtained using TG
analyzr SDT Q600, TA instrument, Melbourne, Austrgiereira Calvelo et al., 201I)he
samples (~ 20 mg) were placedan alumina silica crucible {21 mm diameter) which is
specific to the TGA. The crucible@as then placed in the TG anadyzand heated from room
temperature to 90CQ at a rate of ®/min under a constantoMenvironment; once the target
900°C wasreachedlfolding time was 10 min), thexSupply was cubff and air was introduced
at a rate of 20 mL/min. Under the influence of air the samplet fnoiding time was 45 min)
until it reachd a constant weighwhere upon the sampleascooled to room temperature. The

TG and DTG signals were exported to the TA Universal Analysis Software for data processing.

The percentage weight loss versus temperature was measured for each sample, and from

the TG graph (Sectiof6.3 Biochar Figure4-13) the following parameters were measured:

(i) moisture content (as %the weight loss at room temperature to °C)0
(ii) volatile matter content% - the weight loss between 1-BDC°C).

(i) thermo resistant fraction ofixed C % (at 900C after the introduced the air flountil

constant weight reached)

(iv) % ash (constant weight).
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4.5 Wet chemical analysis
4.5.1 Bulk density

Bulk densities werdetermined using material which was oadned at 105°C. Bulk density

was determined usingquation 4.1Topp & Dane, 2002)
_Ms

Vi [Equatiord.1

rb

Where,
b= bulk density (g/cr)

Ms = mass of oven dried materials (g)
Vi = volume of the materigcompacted in a measuring cylindécjrr)

4.5.2 Moisture content

Moist soil cores and othenaterials were weighed and then owiied at 10%C, until a
constant weight was reached. After cooling, these materials were reweighed, and the
gravimetric moisture content (x8/g dry material) was calculated as a percenfBizkemore

et al., 1987)

4.5.3 pH

The pH (in water) was measured using the methd@lakemore et al. (1987Ten
grams of material was mixed with 25 mLialeised water (DIW), stirred and left to stabilise
overnight (24 hr). Then the pH was measured using a SevenEasy pH meter (Mettler Toledo,
Columbus, OH, USA) which had been calibrated using buffers pH 4 and pH 7.

4.5.4 Extractable inorganic- N species (NH*-N and NOs™-N) from the soil and
biosolids

The extraction method was as describe@lakemore et al. (198@nd(Clough et al.,

2001) Potassium chloride (KCI) 2M (AR grade) was used for the extraction. The extraction
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soltion was prepared by weighing 298 g of KCI and dissolving this in 2 L of deionised water.
Four grams of sample material (field moist soil or fresh biosolids) were weighed into 50 mL
plastic centrifuge tubes in duplicate and 40 mL of 2 M potassium chl@€idg (AR grade)

added. Two blank samples were also included (solution only). The tubes were shaken for 1 hr
on an enebver-end shaker. The samples were then centrifug88#g for 10 min and filtered
through WhatmalY 41 filter paper. Samples were aysdd for NH*-N and NQ-N by the

Flow Injection Analysis (FIA), Abtkem FS 3000 twin channel anadyz(Texas, USAjgnd
inorganic N concentrations determined as follows:

_(Ne3V)
Ns= Ms Equatiord.2

Where;

Ns= Inorganic N content (mg/kg dry sample)

Ne= Inorganic N concentration of extract (mg/L)
V= Volume of ®lution (KCI + sample moisture) (L)

Ms= Mass of oven dry sample (kg)

4.5.5 Cation Exchange Capacity (CEC)

4.5.5.1Reagents and Standards preparation
CEC and % of Base Saturation (BS) were measured using the method described by

Blakemore et al. (19875ilver thiourea (AgTU) 0.01 M reagent wapared by dissolving
150 g thiourea in 3 L of d®nized water in a 10 L container. Silver nitrate (16.99 g) was
dissolved in 5 L of déonized water. The silver nitrate solution was then slowly added to the
thiourea solution and nda up to a final volumef 10 L.

Standards were prepared in five 100 mL volumetric flasks as below:
1. 100 mL thiourea,

2. 25 mL AgTU and 75 mL thiourea,
3. 50 mL AgTU and 50 mL thiourea,
4. 75 mL AgTU and 25 mL thiourea,
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5. 100 mLAgTU

These standards corresponded to 0, 0.2544,00.50x1% M, 0.75x10? M, and 1.0x1G M
AgTU.

4.5.5.2Extraction
Sample material was weighed (0.7 g) into 50 mL centrifuge tubes, 35 mL of 0.01 M

AgTU was added and the samples were shaken on aovereénd shaker for 16 hr. Samples
were then centrifuged &27gfor 10 min and filtered through Whatm&h40 filter paper and
collected in plastic vials. These samples were analysed for Ag, Mg, Ca, K and Na on an
Inductively Coupled Plasma Optical Emission SpectrometerQEB (Varian 720i ES,

Australia), fitted withan SPS3 autesampler and ultrasonic nebulizer.

4.5.5.3Calculation for CEC

CEC=(1- N)350 Equation4.3
Where;

CEC: Cation Exchange Capacity (crah)

N: Ag concentration (eg/ mL)

4.5.5.3.1 Calculations for % of Base Saturation (% BS)

The concentrations of Mg, Ca, K and Mare used to calculate % BS. The following
appropriate equations were used to calculate the ions Mg{ @a¢gl Na, the concentrations

given in cmod/kg.

g= (rmg/ mL- blank)3 0.29
Wit

M

Equatiord.4

a= (mg / mL- blank)3 0.175
Wit

C Equation4.5
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K = (mg / mL- blank)3 0.09
Wt

Equatiord.6

a= (ng/ mL- blank)3 0.15
Wit

N

Equatiord.7

Where;

pHg/mL = Appropriate ion concentration in the extract
blank= Appropriate ion concentration in the blank AgTU
Numerical facbr = Unit conversion factor for a specific ion

a(Ca+Mg+K +Na)3 100

% Base Saturation= :
’ CEC(cmok/ kg) Equation4.8

4.5.6 Total elemental analysis

4.5.6.1Pasture
4.5.6.1.1 Sample preparation
Total elemental analyses of the pasture samples (dried and finely ground <2 mm) were

performed using microwave digestion (Microwave Solvent Extraction Labstation (Ethos SEL),

ltaly). In digestiontubes8 mL of Aristar E ni tto0.5yofsanplee ( N6 9
Samples were prdigested overnight. Samples were placed on the microwave rotor and the
temperature ramped up to P@over 20 min, with a holding period of 20 min. The digests

were then cooled to room temperature and filtered using Whatmidtebpaper and made up

to 25 mL with milliQ water (double dmnised water) and stored in a refrigerator @@ &he

analyses occurregithin 3 days.
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4.5.6.2Soil, sawdust, biochars, lignites and biosolids digests
4.5.6.2.1 Sample preparation

Total elemental analyses these materials (dried and finely ground <2 mm) were
performed using microwave digestion (Microwave Solvent Extraction Labstation (Ethos SEL),
Italy). In digestion tubes, 5 mL of conc. HN@nd1 mL of HO> (Merck hydrogen peroxide
30%) were added to.® g of sample, mixed well and pdigested overnight. Samples were
placed on the microwave rotor and the temperature was ramped ug@cdlés 10 min, with
a holding period of 20 min. Samples were allowed to cool to room temperature, then filtered
usingWhatman 52 filter paper into 25 mL volumetric flasks with milliQ water and stored in a

refrigerator.

4.5.6.3Analysis
Concentrations of general metals such as Al, As, B, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn,

Na, Ni, P, Pb, S, and Zn were determined using-GES (described in CEC methods)
Reference soil and plant materials (International Soil analytical Exch@n¢®E 921 and
International Plant analytical Exchange IPE 100) from Wageningen University, Netherlands,
were analysed for quality assurance. Recoveradmeentrations werbetweer91%1 108%

of the certified values.

45.7 Total N and C

Total C and N concentrations were analysed using an Elam&farioMax CN
Elemental Analyer (Elementar GmbH, Hanau, Germany). The samples were combusted at
900°C in an oxygemtmosphere. The combustion process converted any elemental C and N
into CO, N2 and NQ. The NQ was subsequently reduced te Whese gases were then passed
through a thermal conductivity cell to determine &0d N concentrations and the % C and

% N weae calculated from the initial sample weights combusted.
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4.5.8 Water Soluble Carbon (WSC)

WSC was determined in two steps, cold water soluble C and hot water soluble C, using

the method described I&yhani et al. (2003)

4.5.8.1Cold water extract
Three grams of ovedried material and 30 mL of cold distilled water were placed in

polypropylene centrifuge tubes on an enerend shaker for 30 min and then centrifuged for
20 min at2253 g. The extracts were then decanted off and filtered throughOméellulose

nitrate membrane filters and stored in a refrigerator prior to analysis.

4.5.8.2Hot water extract
A further 30 mL of distilled water was added to the sample remaining in the centrifuge

tube which was then placed in a hot water bath & & 16 It centrifuged for 20 min &253

g and then filtered through 0.45 pm cellulose nitrate membrane filters. Total Carbon (TC),
Inorganic Carbon (IC) and Total Organic Carbon (TOC) concentrations of the WSC samples
were neasured using a TORO00A analyer (Shimadzu Oceania Pty Ltd, NSW, Ausagl

fitted with a Shimadzu ASB000A autosampleEquation4.9 was used to calculate the WSC

in both sets of extracts.

(TOC3 V)

WSC= Md Equatiorn4.9

Where;

WSC=Water soluble carbon (mg/kg)

TOC = Total organic carbon concentration of extract (mg/L)
V = volume of solution (L)

Md = Mass of oven dry material (kg)
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4.5.9 Statistical analysis

Statistical analysis of data was performed using Minitab® versiofMliGitab Inc.,
State College, Pennsylvania, USAneway analysis of variance (ANOVA) was used to
determine if treatment means differed, and when differences occurred the comparissmbetw
means was made usifigsher's individual error rate with leasgnificantdifference method
(p <0.05).Data were tested for normality before performing ANOV##&h 95% confidence

limits (p < 0.05) used tmdicate levels of significance.
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4.6 Results andDiscussion

4.6.1 Biosolids

Table4.1. Physical and chemical properties of biowaste at different stagesatment(from literature)
including theK a i k Basolids (KBS) used in this research.

Kai k @t

a
biosolids ~ Raw sludge ~ Aerobic  Anaerobic Digested dry . (’)A‘sgoe”?js
(KBS) sludge sludge sludge

General analysis
pH 4.5 5.56.5 7.6-8.2 5.8-8.1 6.4-7.3 44-45
EC (dS/m) n/a 0.4 2.2 (1.7) 4 5.5 (0.4) 2.4 (0.8)
Organic matter % n/a n/a 74 (8.5) 14 53 (9.5) n/a
CEC (cmol/kg) 16.7 (0.7) 535 101 n/a 39 n/a
Base saturation (% 107 (2.3) n/a n/a n/a n/a n/a
Dry solids % 51(2.2) 6.2 (0.3) 2.3 1.7 (0.2) 94 65
Volatile solids % n/a 85 n/a n/a n/a 26
NHs* (mg/kg) 130 (7.3) n/a 208 520 4732 208
NOs (mg/kg) 1352 (2.5) n/a 526 100 431 1848
Organic elemental analysis
Total C % 30 (0.5) 44 (0.05) 41 (1.8) 41 (4.5) 38 (1) 23
Total N % 3.1(0.06)  2.2(0.1) 4.8 (2) 9.3 (4.2) 4.7 (0.9) 1.9
Organic N % n/a 2 3.6 n/a 4.1 n/a
CIN 9.7 (0.02) 20 (1.1) 8.5(2.7) 4.4 8.1 (1.3) 12.1
Inorganic elemental analysigma/ka)
Al 17351 (500) 3242 (962) 6522 11412 8618 21709 (333
As n/a 2.2(1.8) 6.8 (3.2) 16 0.5 22 (3.5)
Cd 2.3(0.1) 0.9 (0.3) 2 (0.8) 3.7 (1.8) 3(2.3) 20 (4)
Ca 9455 (534) 15450 (8450 21348 48294 4268 11953 (441
Cu 637 (39) 138 (9.5) 161 (113) 437 (106) 300 (105) 689 (105)
Cr 34.2 (0.3) 239 (206) 408 (396) 1022 (208) 114 776 (208)
Fe 8352 (221) 2794 (274) 4253 (2573) 9882 28450 (14550)16925 (296:
Pb 114 (5.5) 60 (0.0) 73 (42) 240(15) 140 (60) 497 (112)
Mg 2994 (55) 1995 (46) - 15833 3495 (455) 1746 (46)
Mn 189 (2.2) 75 929) 159 (66) 369 196 (1) 103 (17)
Hg n/a 0.6 (0.3) 0.8 2.8 0.4 6.8 (0.8)
Ni 26.4 (1) 19.5 (11) 61 91 17.3 (1.8) 155 (29)
P 3463 (248) 3100 1400 3710 (3290) 15444 (5729) 5737 (120)
K 3014 (173) 2814 (696) 4565 18206 2887 (1152) 3171 (78)
Se n/a 1(0.2) 3 5.3 2 n/a
Na 299 (12) 4959 (719) 3957 6647 (353) 2170 (1919) 1744 (59)
S 6736 (250) n/a n/a 40000 n/a 12771 (407¢
Zn 1047 (69) 325(86) 617 (280) 1647 (47) 859 (323) 1611 (373)

1)?Aged biosolids was a combined study of Nash et al. (2011), Laidlaw(2042) and Mok et al. (20182)
val ues are an average with standard error (stderr) i
single publication (3) Electrical Conductivity (EC).

The pH of the KBS was acidic in nature (pH 4.5) as was that of the aged biosolids,

while the pH of the biowastes, affdrent treatment stages, rapetween pH 5.8 and 8.2.
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The CEC value was also lower (1&mol/kg) in the KBS compared to composted sludge and
aerobic sludge (125 and 16@ol/kg respectively). The CEC value of KB&s closer to that
of digested dry sludge/biosolids (39 cekd), unfortunately CEC values of the aged biosolids

werenot reported by the authofidash et al., 2011)

According toBernal et al. (1998natured biosolids have higher N@nd lower NH*
concentrations than fresh biosolids. This was observed in the KBS, with 1352 mg/kg of NO
and 130mg/kg of NH). Kai k Dusarict Council 6s records s
collected from a 20 yr oldstockpile In Melbourne, Australia, the Western Treatment Plant
(WedTP) was established in the 18906s. Annuall
a million tons are stockpile@Laidlaw et al., 2012)The aged biosolids properties reported by
Nash et al. (2011) aidlaw et al. (2012andMok et al. (2013)were from biosolids collected
from WesiTP, Melbourne Table4.1). In comparison, all of the sludgasa different level of
digest showedhuch lower amounts of N&and greater amounts of MHindicating these were
reasonably new sewage sludges. The migl@;: levels of the KBS indicates there would be a
tendency for N@ to leach when used as a soil amendmastnitrate is negatively charged, it

would not be bound via CEC on the carbonaceous materials.

Total % C of the six biosolgtypesin Table4.1 ranged between 284%, with the KBS
at 30%. Total % N was between - RB%, with KBS at 3.1%. Anaerobic sludge had the highest
value at 9.3%Total C values shouldpproximateo the organic C value [organic C = total C
inorganic C(Pereira Calvelo et al., 20J1pecause inorganic C contents were negligible as
dissolvel inorganic carbon (DIC)darbonate is a function of pH (at pH 8.2 there is potential
for DIC to be present, but it may be negligible comgdaoghe organic C pool) degradatian
theC pool carbecaused by exposeto heat and sunlight (U\gnd also miasbial degradation
cantake place irbiosolids stockpilednore than 20 yeardHowever, the C/N ratio was slightly
lower in KBS (9.7) than the aged biosolids (12.1), while raw sewage had the highest C/N value
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(20) as expected. In KBS, trace elemental coraptsrshowed elevated values for some
elements.g. Al, Cu and Zn, while aged biosolids generally had high concentrations of most

ions (Table4.1).

According toWayne et al. (2015)he total C contentanbe used testimate Organic
Matter OM) by multiplying it by 1.72 (organic matter= total organic C% x 1.T&jing this
equation, the KBS6s OM content was equal t
otherdigested sludgéMe | b o u resiT® éged bMkolids contained the lowest amount of OM
(~21%). Organic matter degrades with agiBgmaras et al., 2008)igher values for OM, N,
P, S were usually observed in freshly digested biosolids, however, lower nutrient
concentations were given for settlement pond biosolids, composted biosolids, and alkaline
stabilized biosolid¢Sullivan et al., 1998)Therefore, it was expected that most ofeékesting
OM in the KBSwas more resistant to degradation than the OM from fresh biosolids, because
most of the degradable OM in KBS may have already been broken down due to the age of the
stockpile Thus if KBS wereapplied to land as a fertilizer there is the potentiaélamessNOs

to leach

When biosolids are stockpiled over the long term, ground veateibecome polluted
(Peckenham et al., 2008hd Green House Gases (GHG) are emitémjumder et al., 2014)
Therefore, leaving stogiled biosolids for the long term will contamieathe soil, air and
ground water. These piles should be removed at regular intervals to protect the environment.
This may be possible if this research proves that biosolids application is suitable to rebuild

degraded soil with minimal NOreleased to thenvironment.
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4.6.2 Sawdust

Pine sawdust contained ®fy/kgtotal C, close to that found in typical sawd(8¥ilen,

etal. 2004)Table4.2], while total N wa€.6 g/kg, lower than thdg/kg of typical sawdust.

The total C and N of thgypical pine feedstock was givey Pereira Calvelo et al. (201&p

487 and 2(g/kg), respectivelyOther studies shopine feedstockaluesfor ash, volatiles and

fixed Cwere 1.8%, 89.8% and 8.3%, respectiv&nders et al., 2012)

Table4.2. Physical chemical properties of pine sawdust (feedstock for biochars in this research)

Pine sawdust
(current study)

Typical sawdust

General analysis

pH 5.7 7.6
CEC (cmol/kg) 10.6 n/g
Bulk density(g/cnt) 0.2 n/g
Base saturation (%) 448 (6.8) n/g
WSC-C (mg/kg) 6063 (21) n/g
WSCH (mg/kg) 5150 (14) n/g
Ash (%) n/a 1.4 (0.5)
Volatile matter (%) n/d 72.4 (4)
Organic elemental analysis

Total C% 51 (0.04) 51.8 (0.3)
Total N% 0.06 (0.001) 0.4 (001)
C/N 850 128 (0.2)
Inorganic elemental analysigmag/kq)

Al 0.6 (0.2) n/g
As <0.001 <1
Cd <0.001 <0.05
Ca 1059 (29) n/g
Cr 0.9 (0.06) <4
Fe 23.2 (6) 66
Pb <0.005 <1
Mg 443 (2.9) n/g
Mn 86 (0.9) 102

P 50 (0.06) n/g

K 921 (6.8) 480
Na 963 (67) 20

S 87 (0.1) n/g
Zn 9.3 (0.08) 8.9

n/g the values were not given, r/dot determine, nfanot analysed. Typical sawdust inorganic analysitad
were analysed from the agWilén et al., 2004)

The sawdust used in this research showg tracelevels of the hazardous elems

Cd, Cr and As.
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Basic analysis of pH, total N and C were conducted for kanuka sawidcaide 4.3).
Total C was 48 g/kg, similar to that opine, while total N was &.8 g/kg. A single column
leachingexperimentvas conducted with kanuk@ood-waste(because it was included this

study at a later stage).

Table4.3. Basic properties of Kanukaoodwasteand biochars

pH N (%) C (%) C/IN
Kanukawood-waste 4.9 0.08 (0.006) 49.8 (0.03) 576 (31)

Kanukawoodwasteis not readily available around the country and permission to harvest it is
required from the Department of Conservation (DCES)well as purchase of the wotidloes
not fulfil the requirements as an amendment material of low cost, aodessily obtained in

sufficient quantities.

4.6.3 Biochar

Pereira Calvelo et al. (201éharacterised pine, poplar and willow weadste biochars
to estimate the labile fractiarf C. The same centre facilities were used for a part of this current
study, mainly biochar pyrolygation. Characterization®f these biochars from the TGére

shown inTable 4.4and general propertieseshown inTable 4.5 and Figure 4.13.
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Table4.5
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Figure4-13. TGA graph for five types of biochars with and without steam activalamerals indicate
maximum pyrolysis temperature.

Asexpectedie commer ci dul ¥ prepahaned diamateriamhor e u |

than biochars prepared at 430and 55€C. Increasing pyrolysis temperatudecreased the

volatile C content and increased values for fixed-i@ure 4.13. A similar patterrwas shown

by Pereira Calvelo et al. (201With woody (pine, poplar) biochaend also byBrewer et al.

(2011) where they used corn stover and switchgrass (&2350he activated biochars showed

slightly less volate/labile C(Singh et al., 20123ompared to the neactivated biochars, and

retained moreAsh contentid not vary sigificantly for the biochars used in this current study

(Table 4.4).Ash contentwas lower where biocharsvere produced with woody material

compared to corn stover or switchgrabalfle 4.6.
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Table4.4. Measurements from the TGA grablgure4-13.

Moisture (%) Volatile matter Fixed carbon Ash (%)
(%) (%)

35C fiBul k bi 7.9 53 36.2 3.3
400°C i Biazhar 2.5 30 64.3 3.4
400°C Biochar 2.5 32 62.4 3.3
55(°C i Biazhar 2.4 23.2 71 3.4
550°C Biochar 2.4 35.7 58.6 3.4
Not e: AfAO i s st.eam activated biochar

The pH values of the biochars pyrolyzed for this research ranged between 5.5 to 8.1
(Table 4.9. Lower tamperature biochars had lower pH valudgss trend waslso shown by
Lehmann (2007)where pH gradually increased froml2 over a2001 800°C pyrolysisrange.

An exceptiornto this wast he 0 b u |l (as nmemtionedhbafore this wascammercially
pyrolyzed biochar)n this studywhich hadhigher pH thard00°C cha. Activated biochars
showed a slight increase in phang et al. (2015lso showed similarpH trend o0f4.9, 6.9
and 9.5as pyrolysis temperature increasgezin 200C, 400C and 6006C, respectively Table

4.6).
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Table4.5. Basic chemical properties of biocharsed in this study

Base saturation

pH (H20) CEC (cmol/kg) (BS)% C% N % CIN WSC-C WSC-H
Biochar 350C, 3 hr 5.5 2.2 111 71 (0.09) 0.03 (0.002) 2761 (184) 462 (20) 1043 (57)
Biochar 350C, 12 hr 5.5 1.3 265 72.8 (0.1) 0.03 (0.007) 2380 (454) 375 (6.2) 431 (16)
Bulk biochar35C°C 6.9 9.1 88 (2.2) 78 (0.08) 0.06 (0.02) 1797 (37) 1468 (28) 3054 (137)
Biochar 400C A 6.2 5.9 50 (0.3) 75.5 (0.07) 0.04 (0.004) 1793 (157) 1182 (89) 1876 (34)
Biochar 406C 5.9 5.2 52 (5.0) 75.3 (0.07) 0.04 (0.01) 1932 (37) 1300 (20) 2054 (72)
Biochar 550C A 8.1 6.7 94 (2.4) 88.4 (0.1) 0.03 (0.01) 2666 (548) 833 (75) 407 (7)
Biochar 550C 7.9 6.7 58 (6.2) 86.5 (0.06) 0.03 (0.002) 2446 (641) 150 (7) 339 (9)
Kanuka char 350 (3hr) 6.1 n/a n/a 73.3 (0.05) 0.06 (0.02) 1701 (247) n/a n/a
flaz”h‘i;‘a‘:har 350 5.3 n/a n/a 74.2 (0.07) 0.04 (0.002) 1974 (85) n/a nia

WSGC-C andi H: water soluble carbon cold and hot extract (see Methods for detail)

NOTE:|It is very importanto measure the molar Hjgto characterize a biochar, accordingttelnternational biochar initiative (1BJ)where they mentioned that the value
provides crucial information of what degree of aromatic C at the end of that pyrolyzation. In this current study | dicbumiet the H/C ratio, because | was interested in
low-tech biochars.
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Table4.6. TypicalbiocharcharacteristicéEnders et al., 2012; Hina et al., 2010; Pereira Calvelo et al., 2011; Zhang et al., 2015)

Feedstock HTTs PH (H:0)  C% N% H% 0% crr?oEIJCkg BS% Ash%  Volatiles% Fix;)d c
Pine 350 5.1 71 0.1 5 25 29 22 1.2 (0.6) 45 (12) 55 (12)
400 6.9 77 0.6 4.6 14.5 30 0.1> 2.3(0.8) 38.2 (4.5) 59.6 (4.1)
550 6.1-10 83(2.8) 0.4(0.2) 3.3(01) 12(2.8) 25 12 3.4(0.9) 27 (6.5) 69 (5.2)
Corn Stover 500 6.5 9.9 54 (10) 1.1(0.2) 3(0.3) 10 (2.5) 40 (12) 142 33 (8) 29 (2.4) 38 (13)
550 6.67 10 55 (18) 0.9(0.3) 2.8(0.5) 13 (1) 28 n/a 29 (15) 34 (3.7) 37 (12)
600 6.7-10 51 (20) 0.9(0.3) 2.2(0.2) 9.3(0.05) 33 (6.5) 172 36 (20) 21 (3.5) 43 (17)
Switchgrass 450 6.2 38 0.5 2.2 9 28 n/a 50 17 32
500 6.6 52 (12) 1.2 (0.7) 2 24 26 n/a 55 32.3(21) 36 (4.3)
550 6.7 42 0.5 2 5 26 n/a 50 14 35
Popular 400 7.2-9 55 (17) 0.6 (0.2) 34(1.1) 38 (19) n/a n/a 2.9 (0.9) 35 61
550 8.8 76 1 3.6 13 n/a n/a 6.5 28 66
Oak 400 4.66.9 64 (11) 0.4 (0.2) 3.2 17.1 51.3(9.9) 15 0.8 37 (4.5) 58
600 6.4-9.5 72 (13) 0.4 (0.09) 2.5 8.5 54.8 (42) 7.5 1.3 20.2 (7.9) 71
Oak (with Steam 400 9.6 30.3 0.5 n/a n/a 36.2 n/a n/a n/a n/a
activation)
600 9.6 37.1 0.4 n/a n/a 42.6 n/a n/a n/a n/a

n/a: values not given by the authors; the value algtitgbrackets gives an average of that parameter from a similar kind of biochar (same feedsiglvestTHeatment

Temperaturg(HTT) taken in to account) done by different authors (minimum 2 or maximum up to 4); values withoutketsteee from a sghe study.
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The CEC values of the biocharsed in this studwere 1.3 to 6.€mol/kg except the
Abul k biochar o whi c h cmolgkd). Thebebiochais thadu dowedr CECE C
valueswhencompared to the pin@ochars madat 350, 400 and 55G, reported ooy Enders
et al. (2012)which ranged from 2530 cmol/kg. Other biochars Table 4.6) were shown to
have CEC values> 25 cmob/kg, but with no relationship with feedstock or pyrolysis

temperature.

Base saturation (BS) valuegere lower as pyrolysis temperature declimath a large
variationin the rangef 50-265%. HoweverEnders et al(2012)found a BS of between5-
15% for woody (oak and pine) biochars and found higher values1i(222) for corn stover.

This observation related to the ash content of that particular biochar.

In the current study, total C% value generally increased fron89246 withincreasing
pyrolysis temperatur&he C valuedor biochars usedh this research were similar to that of
other studiesTable4.6), but N values werat leastlO-fold lower (0.04%), ranging from 0.4

1.1%.

Bi o c h aagros @lememts and important micronutrient analysis results from this
research argjiven in Table 4.7 and Appendix A There have been few previous studies
examiningthe nutrient contenof biochars Kloss et al. (2012used water to extract elements
from biochars, and these values gieenin Appendix Aand another study bignderset al,

(2012 which analysed elements from an acid digest of some biochppedix A.
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Table4.7. Macro elements (acid digestion) in the pine wea@kte and biochars fromelturrent study, values are in mg/kg,

Na K Ca Mg S P
Biochar 350C, 3 hr 762 (20.8) 1400 (48.7) 1667 (92) 511 (23.4) 107 (3.4) 79.3 (4)
Biochar 350C, 12 hr 1620 (17.6) 2211 (7.8) 3012 (31.9) 889.2 (1.8) 160.9 (1.5) 148.1 (1.5)
ABul k bi¥char o 2504 (15) 4795 (16.6) 37767 (66) 2038 (13.5) 1268 (11.3) 834 (8.0)
Biochar 400C A 2062 (35) 4782 (24.7) 5530 (23) 1723 (21) 413 (0.8) 627 (4.9)
Biochar 400C 1845 (53.5) 4443 (92.0) 5343 (156) 1696 (27.6) 392 (4.4) 587 (12.6)
Biochar 550C A 1965(19.3) 4474 (16.1) 5097 (15.8) 1756(4) 272.8 (1.0) 596 (0.6)
Biochar 556C 2032 (33) 4863 (28) 5453 (35) 1752 (2.2) 628 (120) 730 (18.2)
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Table4.8. Micro elements (acidligestion) in pine wooavasteand biochars of the current study, values are in mg/kg

Pyrolysis Al As Cd Cr Fe Mn Pb Zn
Biochar3s¢'C, 3 hr 0.6 (0.06)  0.06 (0.007) (8%’022) 1.5 (0.1) 7.1(0.4) 2.9(0.1) n/d 0.4 (0.06)
Biochar350°C, 12 r 1.0 (0.002)  0.04 (0.003) (c?'cg)(;)c?z) 39(0.13)  6.3(0.6) 4.9 (0.003) n/d 0.8 (0.01)
fiBul k IS50€ch 85(0.2) 0.09(0.002) 0.02(0.0001) 0.02(0.003) 74.4(0.4) 29.6 (0.2) 0.07 (0.006)  1.5(0.03)
Biochar400°C A 5.06(0.1)  0.03(0.002) 0.01(0.0001) 0.05(0.007) 6.9 (0.03) 11.8 (0.2) 0.03(0.002) 1.6 (0.008)
Biochar400C 63(02)  0.03(0.007) 0.01(0.0002) 0.06(0.005) 9.5(0.2) 11.1(0.3)  0.03(0.0005)  1.4(0.04)
Biochar550°C A 6.7 (0.04) nid n/d 0.07(0.001) 6.5(0.08)  11.3(0.007)  0.02(0.003) 1.2 (0.003)
Biochar550°C 6.4 n/d n/d 0.09 6.5 11.8 0.06 1.3

n/di not detectedA- Activated biocharThe values are significantly lower than the minimum allowed by International Biochar Initiative (IBI) standards.
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4.6.4 Lignite

Lignite is a heterogeneous compound, its character (chemical and physical) is mainly

influenced by the geography of where the mine is located (details are given in Cagter

the surrounding environment. The New Vale (NV) lignite, Charleston ({@jte and

Millerton (M) lignite (Table4.9) were compared with the propertiesastandard lignite (IHSS)

anda combined lignite (average of fiveuEbpean lignite).

Table4.9. Physical and chemical properties of the lignitesedin this research anstandardignite

(Janos et al., 2011)

aStandard Combined

New Vale Charleston Millerton lignite lignite
pH (H0) 4.5 4.1 3.4 4.2 5.1-6.2
Moisture% 38(0.36) 47.9(0.38) 1.2 (0.002) 12.3 11.7 (0.4)
Ash % n/a n/a n/a 14 19 (1.2)
CEC (cmolkg) 43.6 (0.8) 14.7(0.2) 2.1(0.3) n/g n/g
Base saturation (%) 115.3(0.5) 125.2 (2.5) 15.3 (4) n/g n/g
Bulk density (g/cm3) 0.6 0.8 0.7 n/g n/g
WSC-cold (mg/kg) 901(30) 203 (8) 3.4 (3) n/g n/g
WSC-hot (mg/kg) 3028 (63) 1026 (4) 77 (4) n/g n/g
Organic elemental analysis
Total C (%) 86 (0.4) 56 (1.4) 52 (0.6) 65 63.4 (0.2)
Total N (%) 1.3(0.01) 0.9(0.04) 0.9 (0.02) 1.2 0.9 (0.04)
C/N 69.8 (0.3) 64.5(1.8) 56.3 (0.4) 54.2 69.3 (2.8)
Inorganic elemental analysiqdmg/kg)
Al 2488 3629 (48.9) 134 (1.3) 8000 16600 (0.2)
B 36.3(0.1) 211.2(24) 23.4 (0.6) n/d n/d
Cd 0.06 0.1 (0.0) 0.04 (0.0) n/d n/d
Ca 17502 1850 (190) 51.9(1.1) 13000 17000 (0.05)
Cu 2 (0.0 3.85(0.4) 1.9 (0.0) n/d n/d
Cr 2.4 (0.0) 9.2 (0.5) 0.3(0.0) n/d 100
Fe 1&2;)8 3490 (198) 1704 (184) 5000 9800 (0.2)
Mg 2815 (11) 779.4 (85) 13.4(0.8) 3000 3200 (0.08)
Mn 280 (3) 30.3(2) 1.45 (0.1) 100 167 (0.005)
Ni 4.4 (0.1) 6.3 (0.5) 1.2 (0.04) n/d 100
P 57.6 (0.2) 478.3 (50) 4.2 (0.3) n/g n/g
K 219 (2) 295 (21) 30.8 (1.6) n/g n/g
Na 176 (1.1) 94 (3.7) 69 (1.5) n/g n/g
S 6539 (35) 6180 (589) 13799 (455) 7000 17400 (0.16)
Zn 9(1) 20 (2.2) 35.5(1.2) n/d 300

a&standard lignite (issued by I HSS) and Acombined

of central Europe; WSONater Soluble Carbon; nidnot detected; nfghot given; n/d not analysed

11€
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Janos et al. (201haracterised lignite from central European mines using a standard
lignite issued by the International Hiic Substances Society (IHSS), as a reference material

and thisis denotedasthefi St andar dTablledgni t ed i n

The moisture contents of New Vale and Charleston lignites were significantly higher
than other lignites, at 38 and 48%, respectively, compargeeidillerton lignite at 1.2%the
Standard lignite at 12.3% atitecombined lignite at 11.7%omparison of pH values showed
that Millerton lignite was the most acidic at 3.4, while Charleston, Standard and New Vale
ligniteswere similar (at 4.1, 4.2 and 4.5 respectivelyje combined lignite pH varied between
5.1-6.2 pH. Total C varied between 52% for the Millerton lignite to 86% for the New Vale
lignite, while total N was similar between litgs, ranging from 0.9 1.3%.Metallic dements
showed considerable variation in the presence and amount of certain elements. Co was not
detected in the Standaod combined lignite while it was present iall three New Zealand
lignite. Cr was not detected in the Standard lignite, ibmtas found intraceamounts in the
three New Zealand lignites, and was high (100 mg/kg) in the combined lignite. The Al content
of the three New Zealand lignitegassignificantly (p<0.05)lower thanthoseof the Standard
and combined lignit® with Millerton exceptionally low at 134 mg/kg. The concentration of
Mn was highest in the New Vale lignite (280 mg/k@gkle 4.9), and also higher than the
Standard and combined ligniteThe highest CEC valy@®f 43.6 cmokkg, was found in the
New Vale lignite. Thus greater NHetention should occur in the New Vale lignite. All three
lignites had high C/N rat®andthis featue could be the key fammobilization of N (Chapter

2 and3).
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4.7 Conclusions

Following biocha characteriation, the pine sawdust, biochars pyroba at 350, 400
and 550C and the New Vale ligniterere selectetbr further experiments. Kanukeood-waste
is not readily available and teusnot commonly used asvaood-wasteas timber or heating
source (fuel). Howeveit wasincluded at alater stage because of its amicrobial properties
(Wyatt et al., 2005)On the other hand, pine sawdust is readily available throughout the year
around New Zealand drmost of the timdt is free.

The low CEC values of biochars thaerepyrolyzedat 350C, 400C and 556C were
unexpected, as other authdwand biocharso havehigh CEC values. Any significant sorption
observed by any of the low CEC chasdjkely to be dominated byhysical sorptioprocesses
not chemical.

Lignite characteriation showeda wider variationin measuredparameterghan the
biochars Generally lignite related research is performed with a focus on lignite as a fuel/energy
sourceandthere are few studies that repoaiues ér CEC, base saturation or W€xcept:
Simmler et al. (2013)

The biosolids used in this research were from a small téven; k ,@mithezeast coast
of the South Island of New Zealand. Howevelth e bi os ol i ds i rpropedigsk Gur
to the fagemndthéoMelbaimd Wsd (detaifs ofahe \WsITP production were
given at the beginning of this discussion). Another common character of these two biosolids
was their aidic (without the lime stabilation) nature. However, biosolids widely used in
scientific researchhave apH range betwee®-10. These biosolids were mostly treated for
microbes (by raising the pH), therefore these biosolids can be used for l|dicatappand

other activities.
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Chapter 5. The effect of pine waste and pindiochar on

nitrate mobility in biosolids

This chapter has been published. Some repetition of material from chaftevcdur.

Additionally, | have added photographs and other details related to this chapter in appendix

Published as:

Dharini Paramashivam, Timothy J. Clough, Nicholas M. Dickinson, Je
Horswell, Obed Lense, Lynne Clucas, Brett H. Robin@&15). The effect o
pine waste and pinkiochar on N mobility in biosolid§published inJournal of
environmental gality 06" of October 2015: doi: 10.2134/jeq2015.06.0298




5.1 Abstract

Humanity produceapproximately27 kg of dry matter in biosolids per person per year.
Land application of biosolids can improve crop production and remesbdsebut may result
in excessive nitrat®l (NOs-N) leaching. Carbonaceous materials can reduce the
environmental impact of biosolids applicatiéraimed to ascertain and compare the potentials
for Pinus radiatasawdust derived biochars and raw sawdoisetiuce N@-N leaching from
biosolids. We used batch sorption experiments 1:10 ratio of material to solution (100 mg/kg of
NH4" or NOz) and column leaching experiments with columns containingpolids (2.7% total
N, 130 mg/kg NH" and 1350 mg/kg N&) mixed with either soil, biochar, or sawdust. One
type of low tenperature (350C) biochar sorbed 335 mg/kg WH while the other biochars
(400 and 550C) and sawdust sorbed <200 mg/kg NHNone of the materials sorbed BIO
Biochar added at rates 209%0% reduced NIH-N (<1% of total N)leaching from columns by
407 80%. Nitrate leaching (<7% of total N) varied little with biochar form or rate but was
reduced by sawduskncorporating dried sawdust with biosolids showed promise to mitigate
NOz-N leachng. This effect is likely due to sorption into the pores of the biochar combined
with denitrification and/or immobilization of N rather chemical sorption onto surfaces.

Keywords: ammonium; biowastes; degraded soil; leaching; sawdust; sewage sludge

5.2 Introduction

Humanity produceapproximatel\27 kg of biosolids (treated sewage sludge) per person
per year (Hue, 2014). Applying biosolids to productive land improves plant growth (Ronald et
al., 2008) but may result in both high levels of nitrate §)@aching (Correa et al., 2006b)
and contamination of the soil and food chain. The application of biosolids to prime agricultural
land is still unacceptable to many stakeholders even though many countries have guidelines to

manage their environmental impactAs a consequence, many biosolids are disposed of in
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landfills, into waterways, or burned. This represents a waste of organic matter and plant

nutrients.

Soil degradation is a common problem in most countries. In New Zealand, thousands
of hectares of lath formally under Monterey pind(nus radiatd plantations, have both low
soil organic matter levels and soil fertili{ieckehard et al., 2005%imilarly, land affected by
opencast mining often fails to develop a vegetative cover and requires remediation. In both
cases, biosolids have been used to successftdistablish soil fertilitLee et al., 2003; Novak
et al., 2009)However, to achieve a meaningful increase in soil organic matter, high rates (>50
t/ha) of biosolids are required. Given that biosolids comprisés® nitrogen (N) by weight
(Lee et al., 2001 )ebuilding dgraded soil can result in N rates of up to 2500 kg/ha, which is
well in excess of the maximum rates currently permitted (ca. 200 kg W#&jaigp most
jurisdictions(EPA-VA, 2004; NZWWA, 2003) Most of the N in biosolids is in an organic form
and as it mineralizes it provides a source of plant available inorfatti@at promotes plant
growth with mnimal N leaching. However, biosolids can also contain significant amounts of
inorganicN as ammonium (NHE-N), which can rapidly nitrify to form N&N. In aged
biosolids, N@-N may also be present at significant ley@sith et al., 1998)In both cases
NOz-N may be leached. Excessive loadings of mineral N are associated with high levels of
NOz-N leaching, which can cornlbute to eutrophication of lakes, rivers, and groundwater
(Davis, 2014)and thus, should be prevented.

Mixing carbonaceous substances, such as sawdust or biochar, with biosolids can offset
some of the negative environmental effects of biosolidgiaddKnowles et al., 2011; Lee et
al., 2001; Schmidt, 1996; Simmler et al., 2Q0X3)mposting biosolids with sawdust can reduce
NOz leaching(Tarek et al., 2012)The timber indsatry produces large volumes of wood waste,
including sawdust, which is often inappropriately disposed of in waeaste pilegRobinson,
2007; Wendong et al., 2005rovidedthe sawdust is not contaminated with timber treatment

residues, such as copper, chromium and arsenic (CCA), this waste material may potentially be
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used to improve environmental outcomes from biosdait®nded soils. Costs would be greatly
reduced if the@awvdust could be incorporated with the biosolids on(siegraded land, where
sawdust waste accumulateddther than being composted beforehand. However, it is unclear
whether urcomposted mixtures are effective in mitigating NR leaching. Compostingfo
biosolids may improve quality of organic matter, which in turn rbayeneficial for soil

(Bernal et al., 2009¥urthermore, compostingan reducéheamount of potentially phytotoxic
compoundg(Borchard et al., 2014)Thus, applying biosolids directly into soil may reduce
treatment costs, but may risk negative effects on soil health and crop growth that increase costs.

Potentially, N@-N leaching could also be reduced by pyrolyzing pine waste and using
the resulting biochar as a biosolids amendment. The sorptive properties of biochar are
profoundly affected by the source material, the pyrolysis temper@ilaser et al., 2002}jhe
particle sizg(Kwapinski et al., 2010and the degree of weathering the biochar has undergone
in the soil(Novak et al., 2009)Steam activation of biochar can change the sorptive properties
of biochar(Borchard et al., 2012Pucey et al. (20133howed that steam activation of biochars
increased the microbiological communities in the gailngo et al. (2014)eported that steam
activation of biochar derived frorkucalyptuswoodi ncr eased t he bioch.
suppress ClHand NO emissions from soil.

Amending biosolids with biochar has been shown to reducg-NQeaching from
pasture by over 50%Knowles et al., 2011)when the biochar was made frd?inus radiata
pyrolyzed at 35®C. Other authors using the same biochar, have also reported lower
concentrations of N&N in pasture soils following the application of ruminant urine
(TaghizadehToosi et al., 2011)

Reductions in soil N&-N leaching following biochar amendment to soils have been
reported to range from 10 to 96% with results varying widely due to experimental conditions,
applied N form, N and biochar rates used, biochar feedstock variations and pyrolysis

temperature$Guo et al., 2014; Knowles et al., 2011; Sika & Hardie, 2014; Troy et al., 2014)
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It is unclear why biochar amendment of biosolids reduceg-NQeaching, it was speculated
that biochar could adsorb Nf+N or NOs-N, thus rendering it less available for leaching and
plant uptake, or that it inhibited either the mineralization of orgiinoe nitrification(Knowles
et al., 2011)

We hypothesized that mixing biosolids with either pmeodwasteor biochar would
reduce the mobility of NN andNH4"-N. | aimed to determine the potential abildf/Pinus
radiata woodwasteand variousvood-waste-derived biochars to immobilizH in biosolids

and biosolidsamended soils.

5.3 Materials and Methods
Soil (Lismore Stony Silt Loam), was collected-8D cm) from the Lincoln University
Ashley Dene sheep farm (839 E0 517812%E54 1. 47€E), New Zeal and
fertility Lismore soil formed from gravel glacial outwash with a variable depth of silty loess
deposited at the surface. The soil is well drained and has moderate to rapid pernf@&Rdity
2011) The soil was a#dried to a gravimetric moisture contedg)(of 11.85% and sieved to <2
mm. Table 5.1 gives the chemical properties of the soil. Biosolids were obtained from the
Kai k@ura RegionalR 1EAFa THEB2 L.WB2 &E) (4Rew Zea
kg of stockpiled and weathed biosolids were collected and homogenized using a concrete
mixer and initially passed through a 20 mm sieve. A 2 kgssubple was passed through a 2
mm nylon sieve. Biosoliddy equalled53%. Table5.1 gives the properties of the biosolids.
Untreated pine sawdust was obtained from a local sawmill (Shands Road Sawmills Ltd),
New Zealand. After drying at 80 to a constant weight, the sawdusts sieved to <4 mm. A
further portion of the sawdust was kept modst< 25%), as collected. The dried sawdust was
pyrolyzed at a range of temperatures for varying lengths of time to produce biochars with
contrasting properties. A slow pyrolysis methuas used to produce low temperature biochars
(35C°C). A muffle furnace was used to manufacture biochars afCG3%® a low oxygen

environment Zhang et al. (2015)Sawdust (200 glas weighed into steel containers covered
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with aluminum foil. The temperature was monitored using a thermocouple to ensure the
temperature of the material was maintained at@5Chars were prepared with pyrolysis times
of 3 hr and 12 hr. The target temature, 356C, was reached at the rate oP@fnin. Higher
temperature biocha(@0CC and 556C ) were produced using a specialized furn@dma et

al., 2010)equipped with a rotating cylinder of 5 L capacity. Liquefgsdroleum gas was used

as the heat source to pyrolyze the sawdust #iCG48Ad 556C. The target temperatures were
reached at rates of 3&min and 48C/min, respectively. Treatments were prepared with and
without steam activation. Steam activation, heoaceft h denot ed as fAAO
injecting water into the pyrolysis chamber at a rate of 4 mL/min with an airflow of 10 L/min.
A further biochar was also made from pine at°85@&s previously described Byowles et al.
(2011) This biochar, contained particles sizes fromi <5 mm and was sieved (<4 mm) and

is subsequently referred ®0s i b u | dTableb.loandf @ble 5.4 shows the propdds of

the sawdust and biochars
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Table5.1. Chemical properties of the materials used in the experiments. Values represent the mean (n=3) except pH (median) r&tetsanelthe standard
error.Concentrations of other elements can be found in the supplementary data. nd=not de{proames® of itaegligible N content)

pH (HO)  CEC (cmobkg) B“(”g‘ /Ssg)s'ty C (%) N (%) CIN ratio NH.* (mg/kg)  NOs (mg/kg)
t)'zmore stony silt 6.3 13.5 (0.2) 1.1 4.3 (0.1) 0.37 (0.01) 11.6 7.9 (2.9) 181 (10.8)
Biosolids 45 16.7 (0.7) 0.7 25.3 (0.4) 2.7 (0.0) 9.4 130 (7.3) 1352 (2.5)

Pinus radiata(pyrolysis temperature, time) A=steam activation

Sawdust 5.7 10.6 0.2 51 (0.04) 0.06 (0.00) 850 nd nd
(SD,unpyrolyzd) ’ ' ' ' ' '
Char 356C, 3hr 5.5 2.2 0.2 71 (0.09) 0.03 (0.00) 2367 nd nd
Char 356C, 12hr 5.5 1.3 0.2 72.8 (0.1) 0.03 (0.01) 2427 nd nd
Bulk biochar 356C 6.9 9.1 0.2 78.1 (0.08) 0.06 (0.20) 1302 nd nd
Char 400C A 6.2 5.9 0.1 75.5 (0.07) 0.04 (0.00) 1888 nd nd
Char 400C 5.9 5.2 0.2 75.3 (0.07) 0.04 (0.00) 1883 nd nd
Char 556C A 8.1 6.7 0.1 88.4 (0.1) 0.03 (0.00) 2947 nd nd
Char 556C 7.9 6.7 0.1 86.5 (0.06) 0.03 (0.00) 2883 nd nd
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The pH of the materials was determined in water using a sample: water ratio (w/w) of
1:2.5 following the method dBlakemore et al. (19875oil carbon (C) and N concentrations
were neasured using alBlementar Vario MAX CN analyzer (Elementar GmbH Germany).
Cation Exchange Capacity (CEC) was measured for all materials using the method described
by Blakemore et al. (1987Extractable NH™ and NQ™ concentrations in the soil and biosolids
were determined using a 2M KCI extract following the methoBlakemore et al. (198 @nd
Clough et al. (2001)Water soluble C (WSC) was determined using col@@pand hot (88C)
waterextracts(Ghani et al., 2003)To measure WSC 3 g of oven dried material and 30 mL of
cold distiled water were placed in polypropylene centrifuge tubes on aowerend shaker
for 30 mins and then centrifuged for 20 min2&2&50 g 8300 rpn). The extracts were then
decanted off and filtered through 0.45 pum cellulose nitrate membrane filters. Tipdesam
remaining in the centrifuge tube had, a further 30 mL of distilled water added before it then
placed in a hot water bath at°80for 16 hr, where after it was centrifuged and filtered as before.
Total carbon (TC), inorganic carbon (IC) and total orgaarbon (TOC) concentrations of the
WSC samples were measured using a I8DG0A analyzer (Shimadzu Oceania Pty Ltd, NSW,

Australia).

5.3.1 Batch Sorption experiments

Batch sorption experiments were carried out with all individual materials (not mixtures)
using an ambient solution of 0.01M CaQolution containing 100 mg/L NH [pH 5.1 as
(NH4)2SQy)] or NOs™ (pH 7.0 as KNQ) following the method ofVang et al. (2010)Samples
(20 g of dry matter) werereighed into 250 mL centrifuge tubes, replicated thrice. Controls
were also performed and had no sample addition. Then 200 mL of either thpS&Hor
KNOs solution was added and the samples were then placed on-awvesrehd shaker for 6
hr. Previous xperiments had indicated that this was the minimum time required for the biochar
samples to equilibrate with the MHsolution (data not showniHarmayani and Anwar (2012)

showed that equitrium times for biochars in batch experiments varied fran®@ hours.
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The effect of pH on sorption was also determined for the bulk biochar. Batch sorption
experiments used bulk biochar (10 g) and the &8@H4)>SQs solution at a ratio of 1:10. The
pH values of these mixtures were adjusted by adding 400 pL and 200 pL of 0.6M HCI to give
pHs of 3.4 and 4.2. No adjustment resulted in a pH 5.1 and 450 pL of 0.03M KOH gave a pH
of 5.4. To attain pH values of 6.1 and 230 pL and 750 pL of 0.3M KOHvere adled,
respectively. After shaking (2 hr), samples were centrifuged at 3000 rpm for 10 minutes and
fitered Whatmann 52), then analyzéat residual NH* and NQ" concentrations using flow
injection analysis (FIA; Alpkem FS 3000 twchannel analyzemexas, USA)

The biosolids were not sterile. Thus a test of the potential microbial activity on sorption
experiment results was performed over a 48 hr sorption experiment where the Lismore soil and
bulk biochars were mixed with the (MASQOs solution at aratio of 1:10. Unsterilized and
sterilized 5% (v/v) phenol treatments were included. Samples were again shaken on an end
overend shaker with sub samples collected at 10 min, 6 hr, 24 hr and 48 hr intervals, with all

samples analyzed for both WHand NQ™ concentrations.

5.3.2 Column leaching experiments

Leaching columns (4 cm height x 4 cm diameter) with an internal volume of 58,3 cm
were filled with mixtures of biosolids (sied to <2 mm), pyrolyzed or unpyrod (sawdust)
pine wood (sieved to < 4 mm) and quartz sand (<1 mat)le5.2 lists in detail the treatments
with the masses of each material. Thereentree replicates of each treatment. The total dry
matter in each column was 15 g. Column bulk densities ranged between 0%5aghtm
1.5g/cn?. The volume of water in the columns at field capacity varied between 9 ¢g&anal)
and 28.9 crh(sawdust + lmsolids). Each column was irrigated daily with 5 mL of deionized
water. The eluent was collected weekly and analyzed for both-NGand NH'-N
concentrations using FIA. Columns were leached under laboratory conditi6@3 {@Cat least
three months, ountil the NH*-N and NQ™-N concentrations in the eluent hathbilized at

levels equal ta5% of the concentrations recorded in the initial flush.
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Data were analyzed using Minitab® 16 (Minitab Inc, State College, Pennsylvania, USA). Data
sets were analyzed usiigN OV A wi t h F-Bignificant@fferenceepastdc test to
compare means. Thievel of significance was 05. (NOTE: SeeAppendix A for more

laboratory experimental setup)
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Table5.2. Masses (g) of materials (fresh weight) used in the column experiments. The perDidtafjeach material is given in brackets following the name.

. pH Total N Initial NH4*-N Initial NOs -N  Total NH:"-N (mg) Total NG -N (mg)
Treatment Other material of effluent (mg) (mg) (mg) leached leached
Mass of Quartz sand  Lismore  Biosolids
treatment (>99%) silt loam (47%)
material (88.2%)
Sand control 0 15 0 0 51 <0.1 <0.1 <0.1 <0.1 <0.1
Soail control 0 0 15 0 5.2 48.9 0.2 0.8 <0.1 2.5(0.2)
Biosolids control 0 10 0 5 4.7 63.5 0.2 0.7 0.6 (0.00) 3.4 (0.09)
Soil +Biosolids 0 0 10 5 n/d 79.8 0.3 1.0 0.7 (0.03) 6.4 (0.10)
1 9 0 5 n/d 64.0 0.2 0.7 0.5 (0.03) 2.8 (0.07)
Sawdust (SD, 2 8 0 5 n/d 64.5 0.2 0.7 <0.1 2.1(0.1)
unpyrolyzd) 4 6 0 5 n/d 65.6 0.2 0.7 <0.1 1.3(0.1)
(>99%) 5 5 0 5 5.1 66.2 0.2 0.7 0.2 (0.02) 0.7(0.1)
5 10 0 0 6.0 2.7 <0.1 <0.1 <0.1 <0.1
3 0 7 5 n/d 86.3 0.3 1.1 <0.1 1.8(0.2)
5 0 5 5 n/d 79.8 0.3 1.1 <0.1 0.8(0.2)
Sawdust (SD 5 10 0 0 6.3 1.1 <0.1 <0.1 <0.1 <0.1
unpyrolyzd) (75%) 5 5 0 5 5.3 64.6 0.2 0.7 0.1 (0.02) 0.9(0.03)
Char 350C, 3hr 5 10 0 0 7.2 1.5 <0.1 <0.1 <0.1 <0.1
(>99%) 5 5 0 5 6.1 64.9 0.2 0.7 0.1 (0.0 4.0 (0.08)
Char 350C, 12hr 5 10 0 0 7.2 1.5 <0.1 <0.1 <0.1 <0.1
(>99%) 5 5 0 5 6.4 64.9 0.2 0.7 0.1 (0.03) 4.0 (0.2
1 9 0 5 5.7 64.0 0.2 0.7 0.3 (0.0 3.9(0.2)
2 8 0 5 6.0 64.5 0.2 0.7 0.3 (0.03) 4.0 (0.4)
Bulk biochar 356C 3 7 0 5 6.6 65.1 0.2 0.7 0.2 (0.0 3.9(0.2)
4 6 0 5 6.6 65.7 0.2 0.7 0.2 (0.01) 4.2 (0.1)
5 5 0 5 6.8 66.3 0.2 0.7 0.2 (0.01) 4.2 (0.3)
5 10 0 0 7.0 2.8 <0.1 <0.1 <0.1 <0.1
Char 400C A 5 10 0 0 6.7 2.0 <0.1 <0.1 <0.1 <0.1
(>99%) 5 5 0 5 6.2 65.4 0.2 0.7 0.4 (0.03) 4.2 (0.2)
5 10 0 0 7.5 2.0 <0.1 <0.1 <0.1 <0.1
Char 406C (>89%) 5 5 0 5 6.4 65.4 0.2 0.7 0.3(0.05) 33002
Char 550C A 5 10 0 0 6.3 1.5 <0.1 <0.1 <0.1 <0.1
(>99%) 5 5 0 5 6.1 64.9 0.2 0.7 0.4 (0.0) 4.0 (0.1)
5 10 0 0 7.2 1.4 <0.1 <0.1 <0.1 <0.1
Char 550C (>99%)
5 5 0 5 6.4 64.9 0.2 0.7 0.7 (0.0) 4.4 (0.2)
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Table5.3. Dissolved organic carbon of each materisf@lues represent the mean (n=3) and values in brackets
are the standard error.

Total Organic carbon (TOC) mg/kg

Materials Cold water extract | Hot water extract
Lismore stony silt loam 382 (2) 728 (17)
6063 (21) 5150 (14)
Unpyrolyzed pine sawdust
Pine char 35%C, 3 hr 462 (20) 1043 (57)
Pine char 35%C, 12 hr 375 (6.2) 431 (16)
Bulk biochar 350C 1468 (28) 3054 (137)
Pine char 40 A 1182 (89) 1876 (34)
Pine char 400 1300 (20) 2054 (72)
Pine char 55 A 833 (75) 407 (7)
Pine char 55 150 (7) 339 (9)

13C



Table5.4. Plant macronutrients in the materials used in the experiments. All concentrations in mg/kg Values represamt the3).

Na K Ca Mg S P
Lismore stony silt loam 160 (15.7) 2330 (102) 5392 (215) 1638 (18) 487 (5.2) 991 (21)
Biosolids 299 (21) 3014. (173) 9455 (54) 2994 (55) 6736 (450) 3463 (248)

Pinus radiata(pyrolysis temperature, time) A=steam activation

Unpyrolyzed sawdust 964 (67) 921 (6.8) 1059 (29) 443 (2.9) 87.1 (0.1) 49.5 (0.06)
Char 356C, 3 hr 762 (20.8) 1400 (48.7) 1667 (92) 511 (23.4) 107 (3.4) 79.3 (4)
Char 356C, 12 hr 1620 (17.6) 2211 (7.8) 3012 (31.9) 889.2 (1.8) 160.9 (1.5) 148.1 (1.5)
Char 356C (bulk biochar) 2504 (15) 4795 (16.6) 37767 (66) 2038 (13.5) 1268 (11.3) 834 (8.0)
Char 406C A 2062 (35) 4782 (24.7) 5530 (23) 1723 (21) 413 (0.8) 627 (4.9)
Char 406C 1845 (53.5) 4443 (92.0) 5343 (156) 1696 (27.6) 392 (4.4) 587 (12.6)
Char550°C A 1965 (19.3) 4474 (16.1) 5097 (15.8) 1756(4) 272.8 (1.0) 596 (0.6)
Char 556C 2032 (33) 4863 (28) 5453 (35) 1752 (2.2) 628 (120) 730 (18.2)
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5.4 Results and discussion

5.4.1 Inorganic-N sorption

None of thematerials tested sorbed M@data not shown). Using sugarcane bagasse as
a biochar feedstockameyama et al. (2012¢asoned that the increased sorption ogN¢h
increagng temperature was the result of base functional groups, on the biochar surface,
increasing in number with increasing pyrolysis temperaWieng et al. (2015lso found N@
sorption increased with increiag biochar manufacturing temperatu@ough et al. (2013)
reviewed the studies examining Bl@orption on biochar and noluded that sorption of NO
onto a biochar surface was unlikely to occur unless the pyrolysis temperature during biochar
manufacture was >600, with the degree of NfDsorption also dependent on feedstock type.
Other more recent studies, also showing lsorption of NQ by biochar, have generally
examined biochar manufactured at pyrolysis temperatures € §Qai et al., 2014; Hale et
al., 2013; Zhang et al., 2015)hus, ignoring feedstock type as an issue, the ladi@f
sorption in the current experiment is most likely a result of the relatively low pyrolysis
temperatures, used to manufacture the biochar materials, preventing base functional group
formation. Sawdust materials can retain cations but they are ndabdbiel anions unless they
are chemical modifie(Ebrahimi & Roberts, 2013; Keranen et al., 2015; Mishra & Patel, 2009;
Sousa et al., 2010; Su et al., 201@)jven these results it can be concluded that neither the
biocharsnor thesawdust will reduce N®leaching via N@ sorption mechanisms occurring.

In contrast, all of the materials tested with the exception of pine sawdust, sorbed
significant amounts of NH ranging from 14 to 335 mg NfHkg material Figure 5-1).
However, only the biochar produced at35Q0 f or 12 hr , and the fAbul
NH4* than the soil on its owrp(< 0.05). Theamounts of NH" sorbed by the biochars in the
current study were relatively small compared to previous reports. For exé&aptdpt et al.
(2013) reported biochar producdam hardwood shavings, pyrolgd at 308C, sorbed up to

5300 mg NH'/kg. Differences in biochar sorptive capacity for NHave been shown to result
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from feedstock type, for exampl€halia sp andSchinus sphave been shown to sorb hfHip

to 785 mg/kg and 3700 mg/kg B@o et al. (2012andZeng et al. (2013)espectively
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Figure5-1. NH," sorbed (mg/kg) dry weight by soil, sawdust and biochar from a 100 mg/Ldsldtion
after 6 hr of agitation. Material: solution ratio 1:10. Bars represent the standard error of the mean (n=3).
Bars with the same letter are not significantly different.

Biochar retention of N\fi s a function of 't he beiagtaer i al
function of feedstock type, is also the result of the biochar production method. Specifically, the
CEC of a biochar is a function of the biochar pH which varies with pyrolysis temperature. This
was demonstrated by Lehmann et al. (2007), uRiolgina pseudoacacias a feedstock, who
showed a strong correlation between increasing biochar pH and increasing CEC as the pyrolysis
temperature was increased, with an optimal CEC of 204gdt a temperature of 4%Dand
pH ~ 9. Similar results were obsed byZhang et al. (2015for Quercts sp. In the current
study increasing the pH during the batch sorption experiments also increased the sorption of
NH." (Figure5-2) and this is consistent with the surface charge varying with pH and directly

influencing t(keemainj200@har 6s CEC
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Figure5-22.NHss's or bed (mg/ kg) dry weight by sotonditdrul k b
2 hr of agitation at various solution pH values. Material: solution ratio 1:10. Bars represent the standard
error of the mean (n=3)

Other studies specifically measuri@gC following the pyrolysis dPinus sp.at 400C
and 600C, have shown CEC to range from-38 cmo¥kg at near neutral biochar pH
(Mukherjee et al., 2011The lower CEGralues in this range are consistent with the lower CEC
values for the materials in the current stufigtfle5.1). For nonPinus sp.the range is repted
as 0.2' 25 cmob/kg and varies with different feedstock and pyrolysis conditi@eng et al.,
2006; Gundale & DeLuca, 2007; Lehmann, 2007; Nguyen & Lehmann, 2009; Sarkhot et al.,
2013) In the current study there was no significaorrelation (=0.19: p>0.05) between the
CEC of the materials tested and their ability to sorky™NBterilizing the solutions during the
batch sorption experiments showed no significant differences occurred in termss0f NH
sorption. This observation drthe lack of any increase in the Bl€oncentration (results not
shown) indicates that microbial activity did not affect the results of our {satgition
experiments.

The lack of any significant sorption of NHby the sawdust may be due to several
reasms. Sawdust cell walls are active ion exchange sites due to the presence of cellulose, lignin

and hydroxyl groupgShukla et al., 2002)However, cation adsorption onto sawdust is pH
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dependent, in the case of heavy metals, and thus in the current study lack ebigtibn may

be due to noroptimum pHconditions for maximum CEC expression. Another factor that
prevents cation exchange on sawdust includes competition for cation sorption sites. In the
current study the CGhions in the assay matrix may have competed with/'Bikti been
selectively adsorbednathe sawdustShukla et al., 2002FurthermoreHarmayani and Anwar
(2012)found the initial cation concentrations and extraction time also affected sorption onto
Pinussawdust. Thus these factors may not have been optimal in the cundntastsorption

of NH4" by sawdust. Based on these results the sorption af $Hhot a mechanism that will

reduce the potential leaching of Bi@hen mixing biosolids with biochars or sawdust and soil.

5.4.2 Inorganic-N leachingfrom the column study

AmmoniumN in the leachate accounted for <1% of N appl{ure 5-3). The
assumption is made that, given the N content of the biochar, the souheeMifl,*-N in the
leachate is the biosolid$ #ble5.1). When biochar materials were mixed with biosolids in the
leaching columns, the biochamduced the amount of NHN leached when expressed as a
percentage of the totaN initially present in the biosolidd={gure 5-3 and Figure 5-5). The
effect of increasing biochar rate, observed with the bulk biochar treatment, was to further reduce
NH4" leaching. This is, most likely, a consequen€éhe increasing CEC, since the amount of
NOz-N leached did not vary with the bulk biochar rate applkedure 5-4). This also indicates
that increasing the rate of biochar addition did not significantly accelerate nitrification, via
potential liming effects, which could in turn have enhanced subsequegitNNIBaching
(Clough et al., 2013) Incorporating biochar into acidic agricultural soils, accelerates

nitrification and thus weakens the liming effects of bioqi@#mao et al., 2014)
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Figure 5-3. NH4-N leached (as a % of total N in the columns), from columns with the materials
described in Tablé.2 mixed with biosolids. Number ratios indicate the mass of material (g): mass of
biosolids (g). Bars represent the standard error of the mean (n=3).
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Figure 5-4. NOs-N (as a % of total N in the columns), from columns with the materials described in
Table5.2 mixed with biosolidsNumber ratios indicate the mass of material (g): mass of biosolids (g).
Bars repesent the standard error of the mean (n=3).

The low temperature biochars (38) reduced N&'-N leaching more than the high

temperature chars (400 and 36} while steam activation did not have a consistent effect on
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NH4"-N leaching Figure 5-3). Park et al. (2003and Shafeeyan et al. (2010¢ported that
although steam activation increased the surface area and micropore volume of biochar, it
depleted the surface functional groups, possibly offsetting any increase in sorption capacity
Another possible mechanism for reducing #HNl leaching declining with increasing
biochar rate is microbial immobilization of NH The C:N ratios of most adur biochar:
biosolids and sawdust: biosolids mixtures (calculated ffabie5.1) were above 25, the value
required to trigger immobilizatiofMcLaren & Cameron, 1996)Another possibility for
reducingNH4"-N leachingcould be due to the release afvia nitrification processhowever,
N20O emission was not studietldid not measure any microbiologiqadrameters, however, if
there were significant microbial immobilization, then there would be a negative correlation
between WSC Table 5.3) and the mass of NF+N leached Figure 5-3 and Figure 5-5).
However, the hot and cold WSC concentrations did not correlate with the reduction #tNNH
leaching observed (=-0.35 P>0.05 NS). reduction in NF-N leaching observed (=-0.35
P>0.05 NS). While NHadsorption onto biochar can ocqliaghizadekroosi et al., 2011%he
likelihood of NHs adsorption occurring in the biochar material, as a mechanism for reducing
NH4" in solution, is unlikely due to the pH being too low <7 @e different pH valuesof the
solutions in our batch sorption experiments ranged froni 5.3.
Nitrate leaching from the column experiment accounted for <7% of the N appigdg
5-4) and showed few differences as a consequences of biochar/biosolids treatment. Most of the
N in the biosolids remained as organic N. None of the biochar treatments caused a significant
decreas in N&™-N leaching Figure 5-4) in fact the high temperature biochars and the high
rates of the dAbul k Ip«0d0B6)mMaANQeN leachings Redsona forthen c r
greater N@-N leaching could include greater aeration of the biosolids material, resulting in
higher rates of mineralization and subsequent nitrification causing mogeNNi€aching. Our
result deviates from the findings Khowles et al. (2011yvho reported that the bulk biochar

significantly reduced NN leaching from biosolidamended soil. However, the

137



experimental conditions describedinowles et al. (2011yvere significantly different. Their
experiment was carried in the field with large lysimeters containing intact soil cores with

pasture presentglium perennd..), and thus plant N uptake.

Polycyclic aromatic hydrocarbons (PAHEs)d w | at i | e organi c compo.l

be present in biochars and sawd@iokas et al., 201Bnd can potentially reduce nitrification

(Clough et al., 2010and/or mineralizatio(Steiner et al., 2008)emonstrated that VOCs from

biochar influence Acycle and can reduce greenhouse gas emissions from soil. The fact that the

NOs-N leached, as a percentage of N applied, was highk#).05) undethe biochar treatments
than in the biosolids aloné&igure 5-4) indicates that if biochalborne VOCs were inhibiting
nitrification, then the effect was srhal

Sawdust caused a significant reduction (p <0.05) in both™MHand NDs-N leaching
from both biosolids and biosolidemended soil treatmentBigure 5-5 and Figure 5-6). Rates
>2 parts of sawdust to 5 parts of biosolids eliminated"N¥Hleaching and reduced NeN
leaching by >40% Kigure 5-6). These results cannot be explained by chemical sorption
mechanisms because the batch experiments revealed that the sawdust sorbed ngitier NH
nor NG&s-N. Adding sawdust increased the Qrétio (Table5.1) of the mixtures, which may
have resulted in microbial i mmobilization
850 is wellin excess of the value required to trigger immobilization (C:N ~ >REellaren and

Cameron (1996)
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Figure 5-5. NH4"-N leached, (as a % of total N the columns), from columns with éhmaterials
described in Table.3 mixed with biosolids. Number ratios indicate the mass of material (g): mass of
biosolids (g). Bars represent the standard error of the mean (n=3).
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Figure5-6. NOs-N leached (as a % of total N in the columns), from columns wétimiiterials described
in Table 52 mixed with biosolids. Number ratios indicate the mass of material (g): mass of biosolids
(9). Bars represent the stiand error of the mean (n=3).
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The WSC extractsT@able 5.3) also show that C was readily available for microbial
immobilization to occur. Consistentitiv this theory are the results bée et al. (2001jvho
showed that adding sawdust to biosolids at a rate of 3:2 reducgeNNOsoil pore water by
over 50%. In contrastSchmidt (1996)showed that a 1:1 biosolids: sawdust mixture was
ineffective in reducing N&*-N leaching in the first growing season. The high WSC awiithab
also raises the possibility of other heterotrophic activity, such as denitrification, also consuming
NOs™-N and contributing to the decrease in N@ leaching observe&chipper and Vojvdic-
Vukovic (1998) showed that soil amended with sawdust will removesNOfrom the
groundwater via denitrification. Sawdust with a moisture content of 25% had a significantly
smaller effect on NEf-N and NQ-N leaching than dry sawdusdtigure5-5 andFigure 5-6).

This indicates that the sawdust may have irreversibly sorbed some ofrible pbre water

from the fresh biosolids and that physical sorption may be an important mechanism for the
retention of N in these experiment$his experiments did not provide any information on the
mechanisms of such physical sorptidBiochar ©ntaining some partially pyrolgd or
unpyrolyzed material may therefore also mitigate N leaching. In this case, parodlggmay

be a lowcost means of drying the material. As the material weathers in the solil, the CEC of the
biochar may increasglaser et al., 2002; Liang et al., 20pf&jrther retaining N&-N in the

root-zone, where plant uptake can occur.

5.5 Conclusion

The potential for unweathered biochars, derived from sawdust feedstock, to mitigate
NOz-N leaching from biosolidamended soils is low and the biochars may even accelerate
NOs-N leaching. However, ipe waste and pinbiochars significantly reduced NHN
mobility. Conversely, including raw dried sawdust when amending soils with biosolids shows
significant promise to limit Nmobility in biosolids and potentially reduce NN leaching.
Future work shaold look to better understand the reasons for this while optimizing rates and

methods to achieve NON leachingmitigation.
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Chapter 6: The effect of lignite on nitrogen mobility in a low

fertility soil amended with biosolids and urea

This chapter has beg@ublished. Some repetition of material from chapieB and 6chaptes.
This Chapter6 includes a part of Anna Carlton BSc (Honors),ONresearch work
collaboratively carried out at the same lysimeter facilities and treatments of the current study

(additional photographs and other details related to this chapter appendi).

Published as:

Dharini Paramashivam, Tim J Clough, Anna Carlton, Kelsi Gough, Nicho
Dickinson, Jacqui Horswell, Robert R. Sherlock, Lynne Clucas, Brett H.
Robinson (2015)The effect of lignite on nitrogen mobility in a ldertility

soil amended with biosolids and ur@aublished inScience of Total
Environmeniaccepted on 16/11/20L5
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6.1 Abstract

Lignite has been proposed as a soil amendriettreduces nitrate (NQ leaching
from soil. Our objective was to determine the effect of lignite on nitrogen (N) fluxes from soil
amended with biosolids or urea. The effect of lignite on plant yield and elemental composition
was also determined. Batdorption and column leaching experiments were followed by a
lysimeter trial where a low fertility soil was amended with biosolids (400 kg N/ha equivalent)
and urea (200 kg N/ha equivalent). Treatments were replicated three times, with and without
lignite addition (20 t/ha equivalent). Lignite did not reduce ;N®aching from soils amended
with either biosolids or urea. While lignite decreasecsN€aching from an unamended soil,
the magnitude of this effect was not significant in an agricultural cortarthermore, lignite
increased cumulative 2 productionfrom soils receiving urea by 90. Lignite lessened the
beneficial growth effects of adding biosolids or urea to soil. Further would investigate

whether coating urea granules with lignite maydue meaningful environmental benefits.

Keywords:black urea; coal; fertilizer; lysimeter; sewage sludge

6.2 Introduction

Countries with sewage treatment plants produce approximately 27 kg (dry mass) of
biosolids (sludge) per person per year (Hue, 20B#solids can be used to rebuild lew
fertility or degraded soils (Rigby & Smith, 2013,0Binson et al., 2011), but mayave
detrimental effects through contributing to nitrate @y@aching (Correateal., 2006b) and
due toaccumulation of heavy metals both soils and plants (Civeira & Lavado, 2008). Most
nitrogen (N) in biosolids is present as organic N, which only oxidises slowly, but there are
often high concentrations of ammonium (NHand NQ" (Correa et al., 2006a). This can result
in a large flsh of NQ" leaching if sufficient rainfall occurs shortly after application. High

concentrations of N©in soil can also result in large emissions of nitrous oxid®©JNDi &
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Cameron, 2002b)x greenhouse gas that has a global warming potential 298 times that of CO

(Ravishankara et al., 2009)

Knowles et al. (2011) reported tHdOs" leaching from biosolids applied to soil could
be mitigated by mixing the biosolids with biochar, produced by pyrolysing wasde.
However, biochar is not available in sufficient quantities for leacge commercial operations
and thus it is currentlyxpensive (US$200 US$500per tor) (Kulyk, 2012) Lignite, a low
grade coa(Kabe et al., 2004jnay be an alternative option for reduciN@s" leaching from
biosolids.Lignite is globally abundant with ca. 195*10of proven and recoverable lignite
resources(WEC, 2010)including 333x10t located in New Zealand. Lignite has a similar
structure to many biocha&wiatkowska et al., 2008)Hypotheticaly, biochar comprises
54.9% carbon (C), 2.14% hydrogen (H), 4%7N and 20.0% oxygen (O)(Ozcimen &
Karaosmanoglu, 2004yvhereas lignite has 65% C, 5% H, 1.2% N and 27.804a@os et al.,
2011) Lignite has a greater number of organic fumaél groups than biochar, withresultant
higher Cation Exchange Capacity (CEC)-Z20cmol/kg (Wong et al., 1996)compared to 20
-35 cmol/kg for a typical biochatGundale & DelLuca, 2007The higher CEC of lignite may

provide greater retention of NHand thudower the potentiafor NOs™ leaching loss.

There is a paucity of scientific research examining the effects of unmodified lignite on
NOs leaching. Commercially, howevdignite has been combined with urg@0O(NH,)2) and
sol d as (Ferguson, ROO2)r SewhoAfricayan Vuuren and Claassens (20d8ve
reported that in pot trials and field trials the yieldZefa may4.. increased by 2@6% when
Abl ack ur e aarsustandardarpap Theyalsb showed thaR@® and 3660% less
Abl ack ureao was required t haonakalneanddcidiur ea w
soilsrespectivelyARTH (2009)reported that the fertilizer requirements of field grown maize

(Zea mayd.) were reduced by 1635 % when fAbl ack wuread and Abl
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di-ammonium phosphate fertiez) were apleed, compared to the uncoated fertilizers. There

is little scientific validation of these claims. In contrast, there are many studies demonstrating
heavy metal sorption by ligntte Do ma EGs ka & Smol i nska, 2012; C
Jezierski et al., 2000Qi et al. (2011)showed that lignite mixeaith dewatered biosolids

sludge could reduce heavy metal leach@igamler et al. (2013lso demonstrated that lignite

could reduce plant cadmium (Cd) uptake from biosedidended soils. Lignite may also offset
potentially toxic effects of high copper (Cu) and zinc (Zn) concentraticaféerty & Hobday,

1990)that are typically found in biosolids and which can accumulate in a soil. | aimed to
evaluate the combined effect of lignite amendments on both N and trace metal mobility in a

soil.

We hypothesised that incorporating lignite into soils amended with biosolids would (i)
reduce N leaching as a result of increased CEC and (ii) reduce the plant uptake of heavy metals
These hypotheses were tested using batch studies, ctdacining studiesral a lysimeter

experiment.

6.3 Materials and Methods

6.3.1 Soil

Lismore Stony Silt Loam (NZ classification: Pallic Orthic Brown Soil) was collected
(0 -30 cm depth) from the Ashley Dene sheep farm at Lincoln Universitl8 (@305 . 8 2 & S
1721 9 E4 1. 4 7 & E) , TheNawwfertiliB e_ianhoee rsadl {Table6.1) was formed from
gravelly glacial outwash gravels and has a variable depth of silty loess deposited diatiee su
The soil was aidried to a gravimetric moisture contedg)(of 11.9% and sieved to < 2 mm.

Table6.1 gives the chemical properties of the soil.

144



6.3.2 Biosolids

Biosolids were obtained from tReaEKAI RPase
17341 E20. 328E), New Zealand. Some 160 kg of
collected and homogenised usingaacrete mixer and passed initially through a 20 mm sieve.
A 2 kg subsample was then passed through a 2 mm nylon sieve. Biodgkdgialled 53%.

Table6.1 gives the properties of the biosolids.

6.3.3 Lignite

Three types of powdered lignites were provided by Solid Energy New Zealand Ltd. The
New Vale lignite (NV), a low calorific value lignite, was sourced from an open cast mine in
Southland, New Zealan(460 8 E2 3 . 8405€ESL 11.6682 € E) , t he Charl est ¢
from Charleston open cast mine near Charleston, West Coast, New Zealshd @5 1 . 77 &€ S
1712 5E58. 62¢éE), and the Millerton lignite, w
Stockton @en cast mine on the West Coast, New ZealantB(81E 4 7 . 65718655 21.7117 € E)
The lignites were sorted on a crusher with an air swept classifier, which separated the lignite
particles based on siZ8immler et al., 2013)Table6.1 shows the chemical properties of the
respective lignites.

The pH of the soil, biosolids and lignites was determined in water using a sample: water
ratio (w/w) of 1:2.5 following the method &lakemore et al. (198Wsing a Mettler Toledo,
GmbH, SwitzerlandCarbon (C) and N concentrations were determined usirglementar
Vario MAX CN analyzr (Elementar GmbH Germanyfhe CEC was nasured with the
silverthioureamethod described blakemore et al. (1987)Extractable N&H and NQ
concentrations in the soil and biosolids were determined with a 2M KCI extract following the
method ofBlakemore et al. (198 @ndClough et al. (2001)

Water soluble C (WSC) was determined using cold@2and hot (8%C) water extracts

(Ghani et al., 2003)To measure WSC, 3 g of oven dried material and 30 mL of cold distilled
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water were placed in polypropylene centrifuge tubes on aioesmeend shaker for 30 minutes
and then centrifuged for 20 min 2253 g. The extacts were then decanted off and filtered
through 0.45 um cellulose nitrate membrane filters. The sample remaining in the centrifuge
tube had a further 30 mL of distilled water added before it was then placed in a hot water bath
at 80°C for 16 hr, where adfr it was centrifuged and filtered as before. Total carbon (TC),
inorganic carbon (IC) and total organic carbon (TOC) concentrations of the WSC samples were
measured using a TGRDO0A analyzer (Shimadzu Oceania Pty Ltd, NSW, Australia).

Element concentrations were measured in acid digests by thR®@ESRVarian 720
ES, Melbourne, Australia)Samples (0.5 g dry weight) of soil, lignites, biosolids or pasture
(harvested from the lysimeters) were digested in 5SHNO3z / 1 mL HO. (Merck hydrogen
peroxide 30%) at 17& for 20 minutes. The digest was diluted with deionized water (Milli Q
- Barnstead, E AS Y-gn) to ea voRifre of 258mL 2and Mikkered through a
Whatman 52 filter papgiSimmler et al., 2013)A Wageningen reference soil (ISE 989) and

plant (IPE 100) material were agaéd for quality assuran¢ean Dijk & Houba, 1998)
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Table6.1. Physicochemical properties of the materials used in the experiments. Values represent the
mean (n=3) except pH (median). Values in brackets argtainelard error.

Lismore Lignites
stony silt

loam Biosolids New Vale Charleston Millerton
pH (H:0) 6.3 45 45 4.1 3.4
Moisture % 11.8(0.029 | 48.7 (0.008) 38 (0.36) 47.9 (0.38) 1.2 (0.00%
NH4*(mg/kg) 7.9 (2.9p 130 (7.3} n/a n/a n/a
NOs (mg/kg) 181 (10.8y 1352 (2.5} n/a n/a n/a
CEC (cmolkg) 12.6 (0.2Y 16.7 (0.7 43.6 (0.8} 14.7 (0.2 2.1(0.3%
Base saturation
(%) 45.5(1.5¥ 106.9(2.3f | 115.3(0.59 | 125.2 (2.5) 15.3 (4§
Bulk density
(g/cm3) 1.1 0.7 0.6 0.8 0.7
Total C(g/kg) 48.3 (3.7§ 296 (4.9Y 862 (3.6} 558 (13.7) 515 (6¥
Total N (g/kg) 3.8(0.08 30.7 (0.63 | 12.4(0.08) 8.7 (0.4y 9.2 (0.2y
CIN 12.9(0.19 9.7 (0.2§ 69.8 (0.3} 64.5 (1.8Y 56.3 (0.4)
Water soluble
carboncold
(WSC) (mg/kg) 382 (2 n/a 901(30p 203 (8 3.4 (3)
Water soluble
carbonrhot
(WSC) (mg/kg) 728 (17y n/a 3028 (63} 1026 (4y 77 (4)
P (mg/kg) 991.2 (219 3463 (248) 57.6 (0.2 478.3 (509 4.2 (0.3y
S (mg/kg) 486.7 (5F | 6736 (450.%)| 6539 (35 6180 (589% | 13799(455%
Ca (mg/kg) 5393 (216F | 9455 (5349 | 17502 (119% | 1850 (190} 51.9 (1.1§
Mg (mg/kg) 1638 (68F | 2994 (55¢ | 2815(11 | 779.4(85) | 13.4(0.8f
K (mg/kg) 2330 (1029 | 3014 (173} 219 (2F 295 (21F 30.8 (1.6}
Na (mg/kg) 160 (9.1) 299 (127 176 (1.1P 94 (3.7f 69 (1.5¥
Al (mg/kg) 23371 (865} | 17351 (500y | 2488 (44.7% | 3629 (48.