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From:
Sent:
To:
Subject:
Attachments:

Carsten <pioneerlogusdiv@aol.com>
Saturday, July 01, 2017 12:29 PM
Dunn-Web
Forest Bioenergy Docket
SS-uses-of-Biochar.pdf, Biochar.pdf, 3 D 4 Meiler.pdf, 2017_Hagemann_PLOS ONE
Biochar nitrate capture.pdf, Compost_biochar_IBI_final.pdf

Dear Commissioner Dunn,

Mr. Patrick Rappold from the Arizona Department of Forestry and Fire Management made me aware of the above
mentioned Docket you opened.

I am working on opening a new company BIOCHAR AZ LLC with business partners from Germany.
We have a small plant concept that converts about 24 tons of woody biomass into 6 tons of high quality ( 90 % +
)Biochar.
While operating the plant generates about 1 MW of Electric and 2 MW of Thermal Energy.

We are ready to build the first plant here in Arizona looking into financing options and possible partnerships.

Just as an example

If we could install a plant at one of the City of Phoenix's Landfills we would be able to divert woody biomass and other
material that is negative for composting e.g. Palm Fronds and Oleander and process it into Biochar.
The Bio char can be sold for agricultural and other applications.
Best case scenario that would support the City's Circular Economy Concept would be to apply the Biochar to the
compost at the City's new composting facility. Please see attached article about the effects of Biochar in Composting.

l

Please let me know if you have any further questions and/or suggestions to whom I may talk to.

Arizona Corporation Commission
Sincerely

DOCKETED
Carsten Heyer

JUL 3 2017
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Carsten Hoyer
pioneer1ogusdiv@aoI.com
Cell: 1-805-350-2915
3006 E Posey CL Payson, Az. 85541
Phone 9284680996
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Slow release of nitrate by charred organic matter used as a soil amendment (i.e. biochar)

was recently suggested as potential mechanism of nutrient delivery to plants which may

explain some agronomic benefits of biochar. So far, isolated soil-aged and composted bio-
char particles were shown to release considerable amounts of nitrate only in extended

(>1 h) extractions ("slow release"). In this study, we quantified nitrate and ammonium
release by biocharamended soil and compost during up to 167 h of repeated extractions in

up to six consecutive steps to determine the effect of biochar on the overall mineral nitrogen
retention. We used composts produced from mixed manures amended with three contrast-

ing biochars prior to aerobic composting and a loamy soil that was amended with biochar

three years prior to analysis and compared both to non-biochar amended controls. Com-
posts were extracted with 2 M KCI at 22C and 65C after sterilization, after treatment with
H2O2 after removing biochar particles or without any modification. Soils were extracted with

2 M KCI at 22c. Ammonium was continuously released during the extractions, independent

of biochar amendment and is probably the result of biotic ammonification. For the pure
compost, nitrate extraction was complete after 1 h, while from biocharamended composts

up to 30% of total nitrate extracted was only released during subsequent extraction steps.

The loamy soil released 70% of its total nitrate amount in subsequent extractions the bio-
charamended soil 58%. However, biochar amendment doubled the amount of total extract-

able nitrate. Thus biochar nitrate capture can be a relevant contribution to the overall nitrate
retention in agroecosystems. Our results also indicate that the total nitrate amount in biochar

amended soils and composts may frequently be underestimated. Furthermore, biochars
could prevent nitrate loss from agroecosystems and may be developed into slowrelease

fertilizers to reduce global N fertilizer demands.Funding: NH was financially supported by a BMBF
PhD scholarship provided bathe Rosa Luxemburg
Foundation, Berlin Germany. The composts used
in this experiments were produced during a "Short
Term Scientific Mission (STSM) granted to NH by
EU COST Action TD1107 Biochar as option for
sustainable resource management". CK gratefully

1 /16PLOS ONE | DOl:10.1371/joumal.pone.0171214 February 15 2017



ONE Biochar nitrate capture in compost and soilPLOS I
lntrod actionacknowledges DFG grant KA3442/1 1 and the

FACCEJPI project "DesignerChar4Food" that

enabled her to work 0n nitrate capture. The landers

had no role in study design, data collection and

analysis decision to publish or preparation al the

manuscript.

Competing interests: The authors have declared

that no competing interests exist.

Biochar is defined as carbonized organic matter produced predominantly from agricdturad resi

dues ll] that can be applied in animal farming, manure treatment, as composting additive, and

eventually as a soil amendment. Inspired by the global historic use of charcoal in agriculture [Z-

§], biochar is today mainly applied with the intention to increase crop yields. So far this is done
with mediocre success of just 18% grand mean yield increase across 60 studies around the world

[Zl However, there are cases of up to three[§] to fourfold crop yield increase [9], which need to
be mechanistically understood to identify the factors that lead to plant growth promotion. The

studies resulting in these remarkable yield increases both used low biochar application rates per

hectare with highdose root zone application together with a nitrogen source in planting basins.

Biochar we either coapplied with inorganic NPKS fertilizer [§], or macerated in urine prior to
coapplicadon with compost [2].

The interaction of biochar with mineral and organic nitrogen species, specifically with
nitrate, was recently suggested as one key mechanism of biochar plant growth promotion, as
nitrate was shown to be slowly released from both soil-aged [MJ] and cocomposted biochars
[4]. The term "co-composted" refers to biochar which is mixed with compost feedstock (i.e.
organic matter that is both rich in nutrients and labile organic carbon, e.g. manure) prior to
aerobic composting [LE]. This approach resulted in a compost of higher agronomic quality
(superior plant growth promotion in pot trails) compared to the mixing of pristine/fresh bio-
char (no postproduction treatment) into already matured compost [Q].

Plant available nitrate in soil or compost is typically quantified by extraction with deion-

ized water or 2 M KCI solution for 1 h [QL Following up on the work of Kammann and col-

leagues [LL we define "slowly released nitrate" as nitrate that is only released in subsequent

extractions, after an initial l h extraction. The underlying mechanisms of "nitrate slow release"

are so far widely unknown and summarized as "nitrate capture".

Slow release of nitrate by biochar might prevent nitrate leaching [Q] and provide nitrate to
plants over a longer period of time compared to nonbiochar-amended composts or fertilized
soils [QL However, this effect has so far mostly described for isolated biochar particles, but
has been hardly studied within the respective matrix, i.e. compost or soil. Thus, the relevance
of slowly released nitrate by biochar can be questioned as also soil (clay, e.g. [Li]) and compost
might not release all nitrate and ammonium within 30 min or 1 h of extraction.

Therefore the goal of this study was to quantify the release of nitrate and ammonium from
three different biochar-amended manure composts and a biocharamended loamy soil in com
parison to unamended compost and soil. Nitrate and ammonium were quantified following
repeated extractions with 2 M KC] in 5 to 6 steps over a period of 1 week of total extraction
time. We used different extraction conditions to gain further insights into the mechanisms of
nitrate capture and slow release.

Methods

Biochar amended composts
Three different biochars were aerobically cocomposted at 4.3% (w/w) in windrows [Q] (20 ms

feedstock per treatment) with mixed manures and green plant material (manure: green plant

material = 20:1 by weight) at the Ithaca Institute at St. Léonard, VS Switzerland from August
to October 2014 (biocharamended composts CBI , CB2, CB3). In biocharamended compost

CB1, we used a mixed woody waste biochar Bl (700C, Pyreg® reactor [LE]), in CB2 a sewage
s ludge c har B2 (650C,  Pyres reac t or) and in CB3 a wood wast e/pruning res idue bioc har BE

quenched with water (700°C, flame curtain pyrolysis in a KonTiki [Q, LSD Biochar properties

2/16
PLOS ONE I DO|:10.1371/]OUfT\81.POf\€.01/1214 February 15, 2017



l

il oNEPLOS Biochar nitrate capture in compost and soil

were analyzed according to the requirements of European Biochar Certificate ll] by Eurofins

Umwelt Ost GmbH, HalsbriickeTuttendorf, Germany and are listed in Table 1.

An additional control windrow (Con) was not amended with biochar. Frequent aeration

(daily mechanical turning during the first three weeks, every three days thereafter) [_1_5]

resulted in composting temperatures of ~60'C for at least 2 weeks. After 63 days composts

contained <10 mg NH4+-N kg", had ambient temperature and were packaged in open plastic

bags and stored frostprotected.

l

Tijbingen biochar field trial

In lune 2012 Bl type biochar (same manufacturer same type of feedstock, different batch,

and separate analysis in Table 1) was incorporated at a rate of 60 Mg ha" into the upper 15 cm

of a Terric Anthrosol (top- and subsoil of a Cambisol mixed by construction activities) at the

TiibingenSand field site (lat. 48.5342, long. 9.0711). Before that, biochar was soaked in a

diluted commercial fertilizer solution overnight (1:1 w/v, 1.25 g N kil biochar) and control

plots (no biochar amendment) received an equivalent amount of fertilizer. There was no fur

ther fertilization during the experiment, which included cropping with Emmer wheat (Triti

cum dicoccon) in 2012 and winter vetch (Vit ia villon) in 2013 and green fallow thereafter. Soil

from biochar-amended plots and biochar-free control plots was sampled from the upper 15

cm in September 2015.
ll
lExtraction procedures

Nitrate and ammonium were repeatedly extracted 1:10 (w/v) with 2 M KCI in 50 mL Falcon

tubes in the dark on an end-toend-shaker (HS501, AKA, Germany) at 150 rpm at room tem

perature (22:t3C), if not stated differently. After each step of extraction, Falcon tubes were

centrifuged (4000 g, 10 min) and the supernatant was decanted into clean measuring cylinders

to determine the volume of the decanted extractant. Aliquots were taken from the measuring

cylinders for the quantification of nitrate and ammonium. Exlractions were performed in trip
licates. Composts without further modification were graded both in February 2015 i.e. 6

months after beginning of the composting process, and in September/October/November

2015, Le. after 12-14 months. After 6 months, composts were additionally extracted in a water

bath at 70il C. After 12-14 months, composts were extracted additionally (i) after manually

removing all biochar particles visible to the nakedeye ("w/o biochar"), (ii) after ysterilization

of the composts with 36.2 key by Synergy Health Allershausen GmbH, Germany, and extrac

tion with autoclaved 2 M KCI under sterile conditions next to a Bunsen burner ("ysterilized")

and (iii) with a combined 2 M KCI + 3% H 202 solution in the first step ofemraction and 2 M

KCI in the subsequent steps ("3% H 2O2"). Biochar particles removed from the three biochar

treatments were also analyzed and results were in line with previous studies [ L l showi ng

slow release of nitrate by biochar. The results will be reported elsewhere [29].

Nitrate and ammonium quantification and data analyses

Nitrate was quantified by continuous flow analysis (SEAL Analytical, Germany) after reduc-

tion to nitrite with hydrazine, which was prepared according to SEAL's advice for soil extracts.

Nitr i te is quantif ied by UVVis absorption at 550 nm after reaction with Nlnaphtylethylen

diamin. Ammonium is quantified after reaction with sodium salicylate by UVVis absorption

at 660 nm. The SEAL system is equipped with dialysis membrane, which removes any extrane

ous micro-particles to prevent side reactions or additional absorbance. We tested this system

for artefacts due to the high content of dissolved organic carbon (DOC) and did not find any

impact of DOC under relevant conditions. Detailed results are presented in the SI. Data were
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BE

Table 1. Origln of blochars and charaderlzation according to the nequlrements of the European Biochar Certificate.
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Bold numbers indicate that EBC basic threshold was exceeded (in B2 only).

• Highest Treatment Temperature
° Sum of 16 polyaromatic hydrocarbons as suggested by the US Environmental Protection Agency (EpA) extracted with toluene as recommended by the
EBC L.  8]

c Oxygen content is calculated after thermal oxidation as follows: [O] = 100% [C] - [H] - [N] .. [S] .- [ash]. Negative values are the result of both COZ

precipitated as carbonate in the ash or reduced inorganic components of the biochar. The oxygen bound in the oxides of the inorganic compounds at the

biochar increases the mass of the ash (pets. umm. Eurofins Umwelt Ost GmbH).

doi:10.1371 I|oumal.pone0171214.1001
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corrected for the residual extractant that could not be removed by decanting (residual volume

of extractant = water content of sample + added extractant-decanted extractant) which carries a

small amount of already extracted nitrogen from one to the subsequent extraction. Initial water

content was determined after drying separate aliquots of composts and soils at 105C for 48 h.

Data were normalized to the dry matter content of the composts and presented as the average

oftriplicate extraction _+ standard error. Statistical analysis was conducted in ORIGIN PRO 8

(OriginLab, Northampton, MA, USA). Differences between the different composts were tested

with onewayANOVAs and Tukey test, differences between soil and biochar amended soil

were assessed with the paired ttest. The original data are available through PANGAEA database

(doi.pangaea.de/10.1594/PANGAEA.867498).

Total nitrogen
Composts were freeze dried in March 2015, i.e. 7 months after setting up the composting

windrows. After grinding in an agate mortar samples were analyzed in triplicates in a CN

element analyzer (Mario EL, elemental, Hanau, Germany).

Results & discussion

Nitrate extraction at ambient temperature from compost after 6 months
Typically, a 1 h extraction with e.g. 2 M KCI is used to quantify the amount of extractable
NOT. from soil or organic fertilizers such as compost [LE]. After a total extraction time of
111 h (1 h + 1 h + 1 h + 18 h + 96 h), the amount of total extracted nitrate from the control
compost did not differ considerably compared to the standard extraction procedure of 1 h
only (0.64i0.07 vs. 0.6010.06 g NO3.-N kg.1, [total extraction] vs. [ah extraction],Fig IA).
The extracts from biocharamended composts showed just 54-87% of the nitrate content
of the control compost according to the 1 h standard extraction procedure (Fig IA). How-
ever, for all biocharamended composts, additional NO3 was released during the repeated
extraction. Total NO3. content increased by 52% (CB1), 14% (CB2) and 21% (CB3) after a
total of 5 extractions steps compared to the nitrate content according to first 1 h ofextrac-
tion of the respective sample. Only the biochar amended compost CB3 showed an extract
able NO3 content comparable to the nonbiocharamended control (0.63i0.07 g NOT),
while the extractable NOT. content ofbiochar-amended compost CB1 and sewage sludge
charamended compost CB2 was significantly lower, even after 1 week extraction time.

Nitrate extraction at elevated temperature

In order to potentially increase extraction efficiency and to accelerate the extraction of nitrate,

repeated extractions were conducted at 70il C. These extractions resulted in the same

amounts of NOT. released from non-biochar amended control compost, biochar amended

compost CB1 and sewage sludge char amended compost CB2. However, a total of 0.9710.21 g

NO3.-N kg" were quantified by the extraction from CB3, i.e. 53% more compared to the

extraction at 22;t3C on the shaker. This temperature-correlated increase ofNO3 was only

quantified for CB3 and thus was caused by additional NOT. release by biochar B3. BE, com-

pared to Bl and B2, seems to have a greater capability to capture nitrate that is less accessible.

Assuming that the difference of ~0.3 g N kil between control compost and biocharamended

compost CB3 was solely released from the biochar contained in the CB3 substrate, the biochar

B3 contains at least 3 g N kg", based on a final concentration of 10% biochar by weight. Ini

tially, compost feedstock was amended with 4.3% biochar but the composting process led to a

5/16PLOS ONE | DOI:10.1371/|ouma|.pone.0171214 February 15, 2017
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mass loss due to oxidation of labile organic matter of the manure and thus to a relative increase

of the biochar concentration to approximately 10% biochar [la].

Biochar nitrate capture
The term "nitrate capture" refers to uptake mechanisms of nitrate by biochar which are not yet

fully understood. Up to 5.3 g NO3N kg.1 was captured in co-composted biochar particles as

described by Kammann and colleagues [QL They used a different wood biochar produced at

600-700C (Carbon Terra GmbH Wallerstein, Germany), but the same composting protocol

with slightly different feedstocks (additional use of rock powder, different composition of

manures, extractions ~2-3 years after composting process). Thus, despite differences in the

type of wood biochar, nitrate capture (3 vs. 5 g NO3.N kil) was within the same range in our

experiment. However, this capture of anionic nitrate by biochar cannot be fully explained by

conventional anion exchange processes that are typically quantified as anion exchange capac

ity Biochar is typically assumed to have a negative surface charge, which is responsible for its

cation exchange capacity [21, 221. Instead, nonconventional ion-water bonding/nonconven

tional hydrogen bonding have been suggested to be responsible for NOT retention by both co

composted and soil-aged biochar IQ, Q, 41. However, non-conventional hydrogen bonding

on inner porous biochar surfaces have generally not been subject to systematic investigation.

Comparing potential key properties ofbiochars such as BET specific surface area, content of

major elements, trace metals and nutrient contents as well as H/C and O/C ratios (Table 1) did

not reveal major differences between biochars B1 and B3, at least not on the bulk scale. How

ever, BE a sewage sludge char, had considerably lower carbon content, elevated trace metal

content and a lower BET specie surface area than Bl and BE, which might explain the

observed lower nitrate capture.

Nitrate extraction after compost storage

Extractions after 12-14 months of compost maturation resulted in considerable higher extract

able NOT. contents for all composts (Fig 2A) compared to the extraction after 6 months. Com

post maturing leads to biomass mineralization; ammonification and nitrification are probably

responsible for this increase in NOT. l;51. This increase was quantified exclusively with the

first extraction and was similar for all three biochar amended composts as well as the not

amended control. The absolute amount of NO3 released from biochar amended composts in

subsequent extractions (second to sixth extraction) did not differ from the results after 6

months. Thus, the relative contribution of slow nitrate release to the overall nitrate content of

biochar-amended composts CBI, CB2 and CB3 decreased over time. Biochar was able to cap

ture NOT. released during the aerobic composting process in the windrows. After 2 months,

the composting process was completed by conventional criteria (low NH4* concentration

windrows cooled down to ambient temperature, very low COZ production) and packed into

open plastic bags for storage. During this storage, water content was lower than during com

posting in windrows (wet/dry ratio of compost: 1.7-1.8 vs. 1.8-2.1) and the composts were not

mixed anymore by mechanical aeration. Thus, nitrate produced during storage might not be

captured by biochar due to water transport limitations for the nitrate i.e. nitrate might not

have reached the biochar surfaces.

Nitrate extraction from compost after removing biochar particles
After removing biochar particles, the effect of slow release of nitrate in subsequent extractions

disappeared for biocharamended compost CB2 (amount of slowly released nitrate < standard

error of all extractions) (Fig 2B). B2 had a granular structure which was easy to manually
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extracted amount of the respective N species with one set of extractions. If no lower case letters are shown the average values were not significantly
different by the 0.05 level of an ANOVA.

doi:10.1371AoumaLpone.0171214.g002

separate from the compost matrix. Biocharamended composts CBI and CB3 still showed

slow release of nitrate even after removing all biochar particles visible to the naked eye, but to

a lower extent (66-76% of slowly released nitrate in composts prior to biochar removal). Most

likely biochars Bl and BE were not completely removed. Particle size distribution of CBI and

CB3 had a much larger spectrum with high amounts of micron size particles (data not shown).

Additionally, Spokas and colleagues showed the physical disintegration of biochar in the pres

ence of water resulting in biochar micro and nanoparticles with the same chemical structure

(approximated by O:C ratios) as the original biochar particles [4]. These particles also seem

to contribute to the slow release of nitrate.

Nitrate extraction after compost sterilization

One batch of composts was 7sterilized before the extraction to check if microbial ammonifica-

tion and nitrification during the extraction (up to 167 h at 23C) might cause slow release of

nitrate. However, there were no considerable differences compared to the extraction ofnony-

irradiated samples (Fig 2C). This was expected, as the activity of a soil or compost microbial

community should be very low under the hypersaline conditions (2 M KCI = 149.1 g L.1 salt)

during extraction. Thus, slow release ofnitrate is not a biotic process.

H202 as extractant
In order to test if nitrate was retained in a matrix of labile organic carbon, we combined 2 M

KCI with 3% H 202 solution during the first step of extraction. H202 induces abiotic oiddative

mineralization of organic matter [4]. If nitrate was retained e.g. by an organic coating on the

cocomposted biochar particles [2§, 81, oiddative mineralization could accelerate the rate of
nitrate release by removing this organic matrix. Except for CB2, extraction with H 2O2contain

in extractant resulted in increased total release ofNO3. for all composts (Fig 2D), probably

due to the mineralization and biotic o>ddation of compost organic nitrogen [2]. The elevated

content of iron in B2 (Table 1, 130 g kill might have protected the biocharamended compost

CB2 from oxidation, as Fe(III) is known to catalyze the decomposition of H 202 [9]. The

amount of slowly released NO3 increased for CBI, but was not affected for CB2 and slightly

decreased for CB3.

The increase for CBI mainly happened during the second extraction, which is remarkably

as the second extraction was not relevant during all other extractions (12 mg N kil average

release ofNO3. during second extractions for all extractions after 12-14 months, here: 87 mg

N kg"). Residual H 2O2, e.g. retained by biochar Bl , might have still reacted with the compost

organic matter. However, it is not clear why this happened only in CB! .

Decreased amounts of slow released NOT. in CB3 show that captured nitrate on biochar BE

became partly accessible by the oxidative mineralization by H 202 and thus was already

extracted with the first step. This indicates that B1 and B3 may have different mechanisms to

capture NOT.. Organic coating of co-composted biochar 18 Q] might contribute to the

nitrate capture of BE as an additional reservoir for nitrate.

Nitrate extraction from soil
Unlike compost, the sandy loam soil showed a certain amount of slow release nitrate (E88A_)
which comprised 70% of the total extracted nitrate. According to standard protocols, nitrate

9/16PLOS ONE | DOl:10.1371/joumaI.pone.0171214 February 15 2017
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are significantly different (p = 0.0071 ) unlike the amounts of ammonium (p = 0.067) (B). The N content of

some extracts was below detection limit thus these sections are not visible in the tacked bar graphs.

d01:10.137140uma1.pone.0171214.g003

should be completely extractable with water or 2 M KCI within 1 h of incubation [Lil These
protocols assume that nitrate moves freely within leachate in soils with predominantly negative
surface charges [31] Nitrate retention has so far mainly been discussed in the context of highly
weathered tropic soils with predominantly positive charged surfaces [31]. However, the soil
used in this study was a temperate soil. The clay fraction of the soil, iron minerals or soil
organic matter might be responsible for the slow release. Komarneni and colleagues developed
a nitrate slow release fertilizer based on anionic clays that completely released NO3 only after
3 to 7 days of extraction with an artificial soil solution [3]. Also Bhardwaj and colleagues pro
duced a slow release fertilizer based on clay and zeolite [Lil However, nitrate retention and
soil clay content do not necessarily correlate [Ml KluCakova showed that nitrate can sort to
humic acids by so far unknown mechanisms [§§]. However, it is unknown how this effects the
extractability of nitrate from soil. KluCakova used humic acids extracted from lignite. Addi
tionally, the control compost used in this study, i.e. a material with very high organic matter
content, did not show significant nitrate retention. Also other soil constituents have been sug
gested to sort nitrate, including iron minerals and allophone [3]. Further studies comparing
soils with different clay content, different types of clays and different content of iron and
organic matter are necessary to elucidate what mechanisms might be responsible for the reten-
tion of nitrate in nonbiochar amended soil.

The amendment with 60 Mg ha" biochar 3 years before the sampling for this study slightly
decreased the relative amount of nitrate extracted during extractions steps 2 to6 (58%). How-
ever, biochar amendment significantly (ttest, p = 0.007) increased the amount of total extract
able nitrate by a factor of 2, although both treatments initially received the same amount of
fertilizer and were managed identically over three years.

10/16PLOS ONE I DO|:10.1871/|oumal.pone.0171214 February 15 2017
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Release of ammonium
Considerable quantities of NH4+ have been released in all extractions (Figs IC ID 2E-2H and

lg). For both compost and soil extractions, the quantities of released ammonium rather seemed

to depend on the duration of extraction than on the presence or absence of biochar. Elongated

extractions with aqueous solutions have been used previously to estimate the amount of soil or

compost organic N that can be mineralized. Cordovil and colleagues found that hot (100C)

extraction with 2 M KCI for 4 h could estimate the N mineralization from organic amendments

during 4 weeks of incubation in soil [Lil. Curtin and Campbell suggested "anaerobic incuba

tion" of soil in distilled water (1:10) for 1 week at 40C to estimate mineradizable nitrogen from

subsequent NH4*N quantification [3]. In our experiments, all extractions showed that biochar

had limited impact on the quantity ofmineralizable N with CB2 having apparently the lowest

mineralization rate. The highest quantities of NH4+ during the first step of extraction were

found in ysterilized compost due to cell lyses, the subsequent biotic ammonification and the

absence of nitrifying bacteria. Still, ongoing ammonification during the extraction even after 7

sterilization strongly suggestsan biotic nature of this process.

Potential impact of biochar on the fate of N during composting

Elemental analysis (Table 2) showed that total N (N,01) of the composts is one order of mag

nitude higher than the total amount of extracted mineral N, i.e. the sum ofNO3. and NH4+

(NOT. was negligible for all measurements). Biocharamended composts CB2 and CB3 have

the same N content as the nonbiocharamended control, although the initial N content

before the composting was lower due to the "dilution" of the N rich manure by the 4.3%

amendment with the biochar. CBI however, had a lower total N content compared to all

other substrates. Taking into account that the biochar amended composts had 4.3% less

manureN in the beginning, this indicates that biochar Bl could not reduce losses ofnitro

gen (leaching, gaseous losses) compared to the control compost, while B2 and BE seem to

improve the preservation of feedstock N. However, because the composting was performed

in mechanically aerated windrow at subindustrial scale, it was not possible to assess a holis

tic mass balance with C and N budgets. Thus, our conclusions on total nitrogen losses dur

ing the composting process have to be interpreted with care. We monitored pH during the

composting process, as pH controls the losses of ammonia during composting (data not

shown). However, we did not observe considerable differences.

CB3¢aan1z
Mineral N [nag] + [nH;1 [g kg1] 0.8301

1.1 :0.1

Table 2. Mlneral and total N content of nonamended control and blocharamended composts.

CB1

0.6.t0.0

0.8i0.0

6 months

6 months 70C

0.5i0.0

0.7;t0.0

0.8;t0.1

1.3:0.2

1.2i0.0
l

l
l

l

1910.1

1.520.2

1 .0i0.1

1 510.1

1 .020.0

1110.1

1.1i0.0

1.e+_0.1

1.320.1

1.1i0.1

1.210.1

2.0.t0.1

1510.0

12 months w/o biochar

12 months sterilized

12 months H202

_ _ - _

_ _ _ _
15.4i0.5 13320. 1 15.6i0.7Total N IQ kg"] 15.8i0.0elemental analysis

Amount of mineral N (= [NOT.] + [NH4']) quantified in repeated extractions after 6 and 12 months. Amount of total N as quantified with elemental analysis of

freeze dried compost.

d0i:10.1371AournaI.pone.0171214.M02
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Agroecological relevance and future research
In this study we showed that biochar nitrate capture is a relevant process controlling total

nitrate budgets of biocharamended composts and soils. Even biochar micro or nano-parti

cles seemed to contribute to the nitrate capture and the resulting slow release of nitrate. Nitrate

slow release was based on biotic mechanisms because it was still observable after y-steriliza-

tion of the composts. Nonbiocharamended compost did not show slow release of nitrate.

Thus, biochar was the only component in a biocharamended manure compost that caused

nitrate capture and enabled its slow release. Soil, in our case a sandy loam however, could

retain nitrate beyond the conventional 1 h2 M KCI extraction as well, because 70% of total

extracted nitrate (6.2 mg N kg") was only released during subsequent extractions, too. How-

ever, biochar did not further increase the relative contribution of slow released nitrate to the

total pool of extractable nitrate (70% slow release in soil vs. 58% slow release in biochar

amended soil), but increased the total pool of extractable nitrate in soil (14.6 mg N kg").

Increasing nitrate retention in agroecosystems is critical. Galloway and colleagues argue

that the global production of reactive nitrogen species, which are predominately used as fertil-

izers, increased by 120% since 1970 due to a "pervasive inefficiency" [3] that promotes the

formation ofgreenhouse gas nitrous oxide in agricultural soils [El Additionally, leached

nitrate can be looked at as unintended fertilization of adjacent ecosystems and thus can lead to

eutrophication and decrease the diversity of plant species e.g. in natural grasslands [4]. Ulti

mately leached nitrate can be transported to the ocean and can cause eutrophication and the

formation of hypoxic zones [4]. Overall the anthropogenic alteration of global nitrogen

cycling is considered the most urgent thread to maintaining the Earth in a resilient and habit

able state [82]. Inefficient use of nitrogen fertilizers resulting in N03. leaching to the ground-

water is a major contributor to this situation lftél. Future research on biochar nitrate capture
and slow release needs to aim at understanding the mechanisms of this so far hardly under-

stood retention of nitrate. This might create the scientific basis for both a new generation of

slow release fertilizers that also reduce nitrate leaching from agroecosystems on the long run.

We suggest three complementary research strategies:

First, soil nitrate captureshould generally be investigated in more detail. Our study showed

that nitrate capture and slow release is not an exclusive characteristic of biochar, but can be an

intrinsic feature of soils too. However, it is unknown which soil constituents are responsible for

this effect. So called "biotic nitrate incorporation" into soil organic matter has been suggested

in earlier studies [Q4-46]. Different types of clays have been successfully tested as basic constitu

ents in slow release fertilizers [al, 47]. Thus, clays and biochars should be compared in sorption

and desorption experiments to gain further mechanistic insights. Such experiments have been

already performed with respect to N leaching in amended soils but not for slow release fertilizer

development

Second kinetics of biochar slow release of nitrate [48] should be quantified for contrasting

biochars and after nitrate sorption under contrasting conditions (pristine biochar vs. aged bio-

char, different nitrate sources, etc.). While a broad range of studies on the sorption of nitrate to

biochar [ii QQ] or on the effect of biochar on nitrate leaching from soil columns [3-S_L have

been performed only few studies also focused on desorption of nitrate from biochar after sorp

tion. Release ldnetics under different conditions can reveal insights into strategies to maximize

biochar nitrate capture, and the tradeoff between plant availability and loss through leaching.

For this purpose, it will be necessary to understand the underlying mechanisms on the molecu

lar scale. New methods to quantify the amount of captured nitrate more rapidly could aid in

this research. This study showed that the addition of 3% H202 to 2 M KCl or the increase of

temperature during extraction ( 70C) did not uniformly accelerate the extraction of captured
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nitrate for all biochars but revealed new mechanistic insights. Kammann and colleagues [Ll]

used electroultrafiltration to gain mechanistic insights into the release characteristics. However

the method only released a fraction <50% of the nitrate that could potentially be released. This

was confirmed by methodical investigations of Haider and colleagues [1Q1. Thus electro-ultraf1l

tration offers mechanisticad insights but no means for quick and complete emradion of cap

tured N from biochar particles. More methodical studies will be needed.

Third, releaseof organic N and C from (aged) biochar, biochar amended composts and soil

should be quantified alongside with nitrate release. Organic N contributes to plant nutrition;

Kammann and colleagues showed that cocomposted biochar slowly released organic N in addi

tion to low amounts of NH4+, and dominantly NO 3 [L]. They also showed an exponential rise

tomaximum correlation of the release of nitrate to the release of dissolved organic carbon with

Rz values of >0.99 that argue for a mechanistic physics-chemicd relationship between nitrate and

DOC [QL The present study showed that H 202 reduced the amount of slowly released nitrate at

least for one biocharamended compost (CB3), indicating a contribution of labile organic matter

to nitrate capture e.g. by an organic coating. Organic coatings on cocomposted biochar particles

have been proposed previously @_ Q ] and might serve as an additional reservoir for nitrate.

The proposed research agenda could contribute to a more holistic understanding or bio

char nitrate capture and slow release, which may facilitate the development ofbiochar-based

slow release fertilizers. This will contribute to reducing the environmental impact of fertiliza-

tion. Promoting the use of biochar as fertilizer carrier for anion retention in soils will contrib-

ute to the protection of our water bodies. So far, the widespread application ofbiochar in

agriculture is considered desirable mainly due to its climate change mitigation potential 18-

3] and the hope to mimic the historic examples of extremely fertile anthropogenic soils [§,
§§]. However, overall yield increase by biochar is just mediocre (+18%), while "high yield
increases are more of an exception than the rule" as stated by Jeffery and colleagues [Zl

Recent research suggests that biochar needs to be "loaded" with nutrients by e.g. cocompost

ing [}_l], or by macerating in urine [2], or by coapplication with mineral fertilizer directly in the

rhizosphere [§] to result into remarkable yield increase. Thus understanding the interaction of
biochar and nutrients, particularly the mobile anion nitrate, is vital to achieve biochar-mediated

growth promotion and thus provide an economic incentive for farmers to use biochar. Research

on biochar nitrate capture mechanisms will provide the basic knowledge to develop slow release

fertilizers into commercial products for routine application in sustainable agriculture.

Future studies on biochar and nitrogen transformations should always consider biochar

nitrate capture as a potential pool of nitrogen, when data based on extraction are evaluated.

Standard extraction procedures might underestimate the extractable nitrate content ofbiochar

amended soils and fertilizers.

Supporting information
S1 File. Quantification of mineral N species in the presence of DOC. In troduc tion  and
results and discussion of a study on the potential impact of dissolved organic carbon (DOC)
on the quantifica tion  o f n itra te , n itr ite  and ammonium.
(PDF )
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Both compost and biochar production are methods to utilize and recycle organic wastes. This

paper provides information on the use of biochar in composting and highlights the potential

benefits, which include the ability to accelerate the process of composting and reduce the loss

of nutrients, among others.
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Composting is a technology for the

treatment and disposal of biodegradable

waste. Almost any food waste, industrial

food waste, and sewage sludge can be

composted. The main advantages of

successful composting are a decrease in

waste volume; the elimination of most

organic toxic compounds, pathogens and

pests (potentially present in the original

waste); the transformation of organic matter; and associated nutrients into a product

that acts as a slow release fertilizer (referred to as 'stabilization' in the compost

literature).
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Biochar is a solid material obtained from the

thermochemical conversion of biomass in an

oxygen-limited environment. It has a greater

persistence than the uncharted precursor

biomass. Biochar can be used as a product

itself or as an ingredient within a blended

product, with a range of potential

applications as an agent for soil

improvement. When the right biochar is .

added to the right soil, biochar can, among other benefits, improve resource use

efficiency, remediate and/or protect soils against particular environmental pollution,

and become an avenue for greenhouse gas (GHG) mitigations.
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Compost and Bio char: In Competition for Feedstocks?

Although both bio char and compost use organic wastes as feedstocks, the two operations do

not have to be an either/or option; instead, they can be combined for synergistic production

and utilization. For example, many materials that make good compost, such as food waste and

wet manures, are not easily used for biochar production since a large amount of heat would be

needed to dry the materials prior to producing biochar. Ideal feedstocks for composting have

from 60 - 70% moisture, high nutrient levels, and low lignin contents. Ideal feedstocks for

biochar have 10 - 20% moisture and high lignin content, such as field residues or woody

biomass.

Adding biochar can enhance the
composting process through:
- Accelerating the composting

process
Reducing GHG emissions
Reducing ammonia loss
Sewing as a bulking agent for
the compost
Reducing odor

Biochar Benefits to the Composting Processes

Based on current findings, the benefits of adding biochar

to the composting process may include shorter compost

times; reduced rates of GHG emissions (methane, CHI and

nitrous oxide, N 20)2 reduced ammonia (NH3) losses; the

ability to serve as a bulking agent for compost; and

reduced odor. For the biochar material itself, undergoing

composting helps to charge the biochar with nutrients

without breaking down the biochar substance in the

process.
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Biochar increases the temperature in a compost process,

. . . 4  7
accelerating the time needed for maternal decomposition s

A wide range of biochar application
rates to compost have been tested,
from 5 - 10% to 50% (mass basis) or
higher 4. A biochar dose higher than
20 - 30% (mass basis) is not
recommended as an excessive amount
relative to the composting material
could interfere with biodegradation. At
adequate doses, biochar has been
found to accelerate the composting
process-mainly through improving the
homogeneity and structure of the
mixture and stimulating microbial
activity in the composting mix. This increased activity translates to increased temperatures and
a shorter overall time requirement for compost developments. This may have important
economic implications since accelerated composting is a desirable effect.
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One challenge to compost operations is the loss of nutrients and the emission of GHGs during

the composting process-specifically CH4 af\d N2O. Adding biochar at 3% (mass basis) to a pig

manure, wood chips, and sawdust compost mixture was found to reduce N 20 emissions by

26%8. For methane, a recent study found that the addition of biochar reduced CH 4 emissions

from poultry manure composting piles. However, other studies have shown that biochar has
no impact on the overall GHG emissions since these emissions were offset by the enhanced

microbial activity on the composting mix containing biochar10. In those cases there may not be

a net impact on GHG emissions.

The porous nature of biochar can reduce the bulk density of compost and facilitate aeration in

the composting mix. For compost feedstocks that are high in nitrogen (N), such as animal

manures, biochar offers the opportunity to reduce the overall N loss over the process, especially

that of NH3. The odor problems caused by NH3 loss during composting are not only unpleasant,

but can reduce the acceptance of a composting facility by a community. A 20% (mass basis)

biochar addition to poultry litter reduced the NH3 concentration in the emissions by up to 64%

and N losses by up to 52% without negatively influencing the composting process 12.

A common problem during the composting of manure is the formation of big lumps upon
drying that stops the process. The addition of 3% (mass basis) of wood biochar to poultry

manure co-composted with straw was able to significantly reduce the formation of big lumps in

the pile, improving the composting process and the overall structure of the final compost13.

Biochar and Compost: Looking Ahead for Wider Commercial Use

Although initial publications show measurable benefits on the impact of biochar on

composting, the number of studies is still very limited. Many of the traditional indices used for

evaluating the quality ('stability') of compost (e.g., the carbon/nitrogen, C/N, ratio) are not valid

when biochar is included in the mixture (6), since biochars have very different properties than

the rest of the composting material (e.g. high C/N ratio, which will not decrease during the

composting process in contrast to the remaining organic material) and may even influence

compost quality assays if controlled for biochar (e.g., water-soluble c may adsorb to biochar).

Establishing compost quality indices that take the benefits of bio char into account could help
increase the commercial use of this activity.

At this time there is not a significant industry for compost amended with biochar, even though
many current biochar producers sell a biochar/compost blend. The 2013 IB/ Stateof the

industry Report found that compost was the most common additive to biochar when biochar

was sold as part of a blend14. There are a few companies that are actively taking a leading role

in commercializing biochar-amended compost blends by producing bio char onsite and utilizing

those feedstocks for biochar production which would be less ideal for composting.
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Increasing the use of biochar in compost operations requires education on the benefits of

biochar to producers, not only on emissions and odor reductions, but also on the potential

economic benefits of accelerated composting time to offset the additional price of

producing/purchasing biochar.
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