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effective for mitigation of ammonia emissions from cattle slurry
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Abstract
Nitrogen (N) loss as ammonia (NH3) from agricultural systems is one of the major sources of atmospheric pollutants and is
responsible for more than 50% of global NH3 emissions. Ammonia volatilization from animal manures may be altered by
amendment with chars derived from pyrolysis (pyrochars) or hydrothermal carbonization (hydrochars) by providing exchange
sites for ammonium (NH4

+) or changing the pH of manure. Pyrochar and hydrochar differ in chemical and structural composi-
tion, specific surface area, and pH and therefore may affect NH3 volatilization differently. In a laboratory incubation experiment,
we investigated the effect of pyrochar (pH 9.0) and hydrochar (pH 3.8) from Miscanthus on NH3 emission after addition to
poultry manure and cattle slurry.We analyzedmanure treatments with and without char addition and acidification and determined
the effect of char addition on immobilization of manure-derived NH4

+. Ammonia emission from pure poultry manure amounted
84% of the applied NH4

+-N, while 67% of the applied NH4
+-N was lost as NH3 from cattle slurry. Addition of pyrochar or

hydrochar had no or only marginal effects on NH3 emissions except for a reduction in NH3 emissions by 19% due to hydrochar
application to CS (p < 0.05), which seems to be primarily related to the char pH. Sorption of NH4

+ by admixture of chars to
manure was generally small: between 0.1- and 0.5-mgNH4

+-N g−1 chars were sorbed. This corresponds to between 0.1 and 3.5%
of the NH4

+ applied, which obviously was not strong enough to reduce emissions of NH3. Overall, our results do not provide
evidence that addition of pyrochar or hydrochar to cattle slurry and poultry manure is an effective measure to reduce NH3

volatilization.
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Introduction

Agricultural systems are responsible for more than 90% of
total ammonia (NH3) emissions in Europe (Erisman et al.
2008) and more than 50% of the NH3 emissions worldwide
(Bouwman et al. 1997). Emissions of NH3 result in atmo-
spheric deposition of nitrogen (N), which can destabilize nat-
ural and semi-natural terrestrial ecosystems, where biomass

growth is often N limited and native species are adapted to
low N availability. Application of animal manures such as
cattle slurry (CS) or poultry manure (PM) to agricultural soils
is one of the major sources of NH3 emission that results in
various threats to the environment (Beusen et al. 2008).
Atmospheric deposition of NH3 contributes to water eutrophi-
cation and soil acidification and promotes indirect emission of
the greenhouse gas nitrous oxide (N2O) (Karaca et al. 2004).
In the BThematic Strategy on Air Pollution^ (CEC 2005), the
European Commission aims at reducing around 30% of agri-
cultural NH3 emissions in the EU25 by 2020 as compared to
2005. Common ways for the reduction of NH3 emissions in
barns are filter systems and covering of storage tanks. For
spreading on fields, low-emission field application techniques
(e.g., direct injection, immediate incorporation, or surface-
banded application with a trailing shoe (Horlacher and
Marschner 1990; Webb et al. 2010), amendments of manure
or soil with tannins (Jordan et al. 2015) or zeolithe (Kithome
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et al. 1999), as well as manure acidification are recommended
mitigation measures (Kai et al. 2008). Still, NH3 remains a
problem and new technologies are required to decrease NH3

volatilization from organic manure applied to soils and en-
hance the nutrient use efficiency of agricultural plant
production.

Amendment of manure with char is discussed as a promis-
ing option to decrease NH3 volatilization, retain nutrients, and
prevent leaching (Lehmann and Joseph 2009). Chars are the
solid charcoal product of thermal conversion of a variety of
organic feedstock materials, such as wood and other forestry
as well as agricultural residues or sewage sludge (Hale et al.
2013; Yao et al. 2012). At present, the two main processes for
the production of chars intended for use in agriculture are slow
pyrolysis and hydrothermal carbonization (HTC). Pyrolysis is
the combustion and conversion of biomass at high process
temperatures under oxygen-free conditions. HTC implements
a low-temperature transformation process (temperatures be-
tween 180 and 300 °C) combined with high pressure (2 to
2.5 MPa) and water for several hours (Libra et al. 2011). In
the following, we will refer to the solid product derived from
pyrolysis and HTC as pyrochar and hydrochar, respectively.
Large specific surface areas (SSA) as well as a high degree of
aromaticity (Keiluweit et al. 2010; Lehmann et al. 2006) and
recalcitrance against degradation or mineralization character-
ize pyrochars (Glaser et al. 2002; Schimmelpfennig and
Glaser 2012). Hydrochars have a lower degree of carboniza-
tion and thus more aliphatic carbon (C) and smaller amounts
of aromatic C as well as lower SSA compared to pyrochars
(Eibisch et al. 2013; Libra et al. 2011; Titirici et al. 2007).
Further, the pH of hydrochars is generally acidic, while
pyrochars tend to have an alkaline pH. In addition to these
general differences between pyrochar and hydrochar, their
properties differ strongly depending on the specific feedstock,
carbonization process parameters, and subsequent thermo-
chemical reactions (Cantrell et al. 2012; Cao et al. 2011;
Eibisch et al. 2015; Yao et al. 2012).

High NH3 emissions occur in particular when urea is
converted to ammonium (NH4

+) and CO3
− via hydrolysis by

microbial urease and whenmaterials have high NH4
+ contents

and pH. Addition of char to manure can influence NH3 emis-
sions either by affecting the pH, which in turn shifts the
NH3(aq)/NH4

+-equilibrium, or by sorbing NH4
+ as a precur-

sor of NH3. The amount of sorption depends on the SSA and
the amount of acidic functional groups on the chars’ surface,
which in turn is also pH-dependent (Kastner et al. 2009).
Several studies focusing on soil-char mixtures have shown
that leaching of nitrate (NO3

−) and NH4
+ from soils amended

with pyrochar or hydrochar was reduced by sorption on the
respective char (Bargmann et al. 2014; Ding et al. 2010; Laird
et al. 2010; Sarkhot et al. 2012). Sorption of mineral N (i.e.,
NO3

− and NH4
+) was often found to be higher for pyrochars

than hydrochars (Bandosz and Petit 2009; Ding et al. 2010;

Gronwald et al. 2015). The addition of char to organic mate-
rials prone to NH3 volatilization reduced NH3 emissions due
to surface interactions with NH4

+ (e.g., Doydora et al. 2011;
Malińska et al. 2014; Spokas et al. 2012; Steiner et al. 2010).
However, these studies mainly focused on pyrochar, while
only very few studies investigated hydrochar effects. For ex-
ample, Schimmelpfennig et al. (2014) assessed the initial N
losses via NH3 emissions after slurry application with and
without hydrochar and pyrochar from Miscanthus ×
gigantheus and found that hydrochar reduced NH3-N losses
to a significantly greater extent than pyrochar. They ascribed
this to the acidic pH of hydrochar (pH 5.1 compared to a pH of
10 of pyrochar) and to the capacity of hydrochar for N micro-
bial immobilization. Overall, studies concerning the effect of
pyrochar and hydrochar on soils and manure-derived NH3

emissions in the temperate zone are rare, and the mechanisms
underlying the interaction of different char-manure mixtures
are not yet fully understood. Furthermore, most studies fo-
cused on pyrochar, and knowledge on the effect of pyrochar
vs. hydrochar on the potential reduction of NH3 emissions is
scarce.

The objectives of this study are (i) to investigate the
effects of an admixture of pyrochar and hydrochar pro-
duced from the same substrate (Miscanthus × gigantheus)
to different manure types (i.e., CS and PM) on NH3 emis-
sions, (ii) to determine the effect of char type on pH and
NH4

+ sorption, and (iii) to analyze the effects of char ad-
mixture on dynamics of NH3 emission from CS and PM
applied to the surface of a sandy loam. For this purpose,
we conducted a laboratory incubation experiment under
controlled conditions. We hypothesized that sorption of
NH4

+ will reduce NH3 emission more strongly than the
char-induced pH effect. Second, we hypothesized that
when applied to the soil surface, NH3 emissions from ma-
nure and char-amended manure are generally lower than for
pure manure due to physicochemical interactions with the
soil matrix. We expected the reduction of NH3 volatiliza-
tion to be higher for pyrochar compared to hydrochar
treatments.

Materials and methods

Production and general properties of pyrochars
and hydrochars

Both hydrochar and pyrochar were produced from
Miscanthus × giganteus. Miscanthus is an energy crop for
use in the sustainable production of renewable fuels and
chemicals. It has recently attracted considerable attention be-
cause of its great potential for biomass yield and because it is
non-invasive (Brosse et al. 2012). In terms of biochar produc-
tion, it may thus represent a low-cost byproduct available for
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use. Pyrochar was derived from 0.75-h pyrolysis at 750 °C in a
Pyreg reactor. Hydrochar was carbonized in a tabular reactor
(3 m−3) with water (1:10, w/w) for 11 h at 2 MPa and 200 °C
by AddLogicLabs/SmartCarbon (Jettingen, Germany). To
catalyze the dehydration process and to increase the C content
in the solid product, citric acid powder was added to
Miscanthus (Wang et al. 2010). All chars were dried at
40 °C and sieved (< 2 mm). The C and N contents were de-
termined via dry combustion (TruSpec, LECO Corp., St.
Joseph (MI), USA). Water-extractable organic C
(WEOC) contents of the chars were quantified after extraction
with deionized water (1:10, w/v) and 0.45-μm filtration by
thermal oxidation with a TOC analyzer (DIMATOC2000,
DIMATEC Essen, Germany). Hydrogen and oxygen contents
of pyrochar and hydrochar as well as uncarbonized
Miscanthus were determined with an elementary analyzer
(Vario EL3, Elementag, Hanau, Germany). Element contents
of chars (e.g., P, Ca, Mg, Na, K, S) were analyzed using
inductively coupled plasma-optical emission spectroscopy
(Varian Liberty 150). The pH value of the chars was deter-
mined in 0.01-M CaCl2 with a ratio of 1:5 (volume char/
volume solution). Surface acidity was determined by base
adsorption as described by Cheng and Lehmann (2009).
Basic characteristics of feedstock, pyrochar, and hydrochar
are listed in Table 1.

Soil properties

Soil was sampled from the Ap horizon (0–30 cm) of a Cambic
Planosol at a cropland site in the North German lowland in
December 2014 (mean annual temperature 8.8 °C, around
600-mm precipitation, 52° 36′ N, 10° 89′ E, 105 m a.s.l.).
We took soil from four randomly distributed places on the
cropland site with shovels. The material was transported in
boxes. The site is managed according to common regional
practice with conventional tillage and fertilization. Crop rota-
tion was barley (Hordeum vulgare L.) (2012), mustard
(Sinapis arvensis L.) (cover crop), sugar beet (Beta vulgaris
L. ssp. vulgaris) (2013), and followed by winter wheat
(Triticum aestivum L.) (2014). In preparation to the experi-
ment, all four soil samples were mixed to one composite sam-
ple. The soil was sieved (< 4 mm) and stored for 4 weeks at
4 °C until the start of the experiment. The soil pH was mea-
sured in 0.01-MCaCl2 with a ratio of 1:5 (volume soil:volume
solution). The water content was determined gravimetrically.
Carbon and N contents were determined using dry combus-
tion with an elemental analyzer (TruMac CN, LECO Corp.,
St. Joseph (MI), USA). Soil texture was determined by the
combined sieve and pipette method. The soil had a pH of
6.5 and a water content of 28%. Organic C and total N con-
centrations were 11.6 and 1.2 g kg−1, respectively (C/N 9.9).
The texture was sandy loam (67.1% sand, 21.7% silt, 11.2%
clay). Ta
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Manure properties and preparation

As manure amendments, CS (dairy) and PM (layer) were
used. Four subsamples of 6-L CS were collected from a
covered slurry storage tank next to a research cowshed of
the Friedrich-Loeffler-Institute of Animal Nutrition in
Braunschweig (Germany) and mixed to obtain a represen-
tative slurry sample. The tanks had been filled continuously
within a period of 2 weeks before sampling resulting in a
storage time of CS of between 1 day to 2 weeks. The pH in
CS was measured undiluted. After sampling, CS was stored
closed for 3 days in a cold storage room at 4 °C until the
start of the incubation experiment. Four 1-kg subsamples of
PM were taken from one manure pit under the poultry coop
of the Friedrich-Loeffler-Institute of Animal Welfare and
Animal Husbandry in Celle (Germany) and were mixed
afterwards to receive a representative PM sample. Storage
time of PM was ≤ 24 h, because the manure pit is emptied
daily. Before the pH measurement of PM, we diluted 5 g
with 25 g deionized (DI) water (1:5). After sampling, PM
was stored close for 4 days at 4 °C until the start of the
incubation experiment.

Both manures were stirred and pH was measured after
10 min waiting time with a pH electrode. Dry matter content
was determined gravimetrically after drying the manures at
105 °C for 24 h. Total Nwasmeasured on fresh manures using
the Kjeldahl method. The NH4

+ content in the manures was
determined via steam distillation and titration using 10-g ma-
nure and 50-mL DI water. The manures’ properties are pro-
vided in Table 2.

NH3 volatilization experiment

Experimental design

An incubation experiment under controlled conditions in a
climate chamber was conducted during a 144-h period,
starting on day 1 at 6 a.m. and ending on day 7 at 6 a.m.
The experimental duration was used in accordance to recent
studies, which showed that most of NH3 volatilization from
manures occurs during the first 7 to 10 days (Chen et al. 2013;
Chowdhury et al. 2014; Jordan et al. 2015). Temperature was

set to 10-°C air according to typical soil and air temperature in
temperate climate at the time of manure field application in
spring. In total, 26 soil/char/manure/acid treatments were
established; each run in quadruplicate (Table 3).

Treatments without soil were carried out in order to evalu-
ate the influence of the chars on NH3 volatilization from the
pure manures. Therefore, 250-mL glass jars were used (ma-
nure layer thickness was ~ 3 to 4 mm; resulting headspace
volume was around 240 mL). The applied amount of manure
equaled 60 kg Nt ha

−1 (2.41 g (dw) CS with 75.6-mg Nt; 2.59-
g (dw) PM with 66.2-mg Nt). Char-CS mixtures were pro-
duced by either mixing 0.24 g of pyrochar or hydrochar with
2.41-g (dw) CS. Char-PM mixtures were produced by either
mixing 0.26 g of pyrochar or hydrochar with 2.59-g (dw) PM.
The added char amounts correspond to a 10% char addition to
manures’ dry weight. We chose a relatively low char applica-
tion rate, because high amounts of char (a) would not be
implementable for farmers due to too high cost and (b) were
found to lead to negative environmental impacts such as
heavymetal accumulation, decrease in plant growth, or raising
soil pH (e.g., Van Zwieten et al. 2010; Zimmerman et al.
2011). Since we wanted to keep the rate high enough to still
be effective, we chose an application ratio in between the two
tested by Steiner et al. (2010): they found a significant reduc-
tion of NH3 after application to poultry litter at a ratio of 1:4
but not at a ratio of 1:19. Therefore, we decided to keep our
ratio in between these two application rates, but more close to
the Beffective^ ratio of 1:4. To improve the mixing process of
chars and PM, we added DI water 1:1 (fw/g water) to the
mixture. Subtreatments with acid addition to the char/manure
mixtures were conducted in order to shift the NH3(aq)/NH4

+-
equilibrium toward NH4

+ to distinguish an additional pH ef-
fect induced by chars from NH4

+ sorption due to their corre-
sponding high SSA and to obtain more detailed information
on pH as control of NH3 emission from char-manure mixtures.
In the acidified treatments, sulfuric acid (H2SO4) was applied
to one part of the manures 24 h before the experiment started.
The target pH of the acidified manures was 5.5 to 5.8. With
regard to the dry matter content of CS, we added a 25%
H2SO4 to CS (0.02-mL acid:1-g fresh weight (fw) CS).
Regarding to the dry matter contents of PM, we added
12.5% H2SO4 to PM (0.25-mL acid:1-g fw PM:0.75-mL

Table 2 Properties of the manures that were applied in the NH3 volatilization experiment as well as amounts of fresh matter and manure total N applied
per pot. Means and standard errors (n = 4). Different superscript letters indicate significant differences between manures (p < 0.05)

Manure type pH Dry matter content
(%)

Applied fresh matter
(g pot−1)

Total N
(mg g−1)

NH4
+-N

(mg g−1)
Proportion of plant-available N
(%)

Applied N
(mg N pot−1)

Cattle slurry 7.2a

(0.1)
10.3 24.1 3.1

(0.1)a
1.3a

(0.0)
70 75.6

Poultry manure 8.2b

(0.0)
50.4 5.2 12.8

(1.2)b
3.4b

(0.5)
80 66.2
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H2O). Just beforemanures were applied to the jars, the pHwas
re-measured and adjusted back to the target pH of 5.5–5.8 (pH
of acidified manures had increased up to 1–1.5 pH units for
PM and 0.5–1 pH units for CS during the 24 h between first
acidification and start of the incubation). To avoid a destruc-
tion of organic compounds in the manures during mixing,
98% sulfuric acid was diluted with DI water.

Treatments with soil were carried out in order to quantify
the effect of either pyrochar or hydrochar on NH3 volatiliza-
tion from manure applied to the soil surface. For this purpose,
797-g soil (dw, sieved to < 4 mm) was filled in a glass jar and
compacted to a bulk density of 1.2 g cm−3 (soil layer thickness
was ~ 20 cm; surface area was 88.25 cm2, headspace volume
was around 250 mL). In the soil treatments, manure, manure-
char, manure-acid, and manure-char-acid mixtures were ap-
plied to the soil surface in order to simulate surface-banded
application of CS and spreading of PM on the soil surface as
done in common field praxis. The viscosity of CS was com-
parable to a liquid yogurt. Therefore, the manure infiltrated
about 3 to 5mm into the soil. PMwasmore solid and therefore

infiltrated only marginally into the soil. Viscosity of manures
remained similar upon acidification.

All mixtures were filled into the glass jars that were closed
with airtight lids, and a controlled fresh air flow (humidified
air with a relative air humidity of 90% in order to prevent
drying) was installed. During incubation, the water content
of the soil was checked by weighing and corrected at days 3
and 5. Soil-manure treatments were irrigated with 2- to 4-g DI
water to compensate the water loss of 0.25 to 0.5% caused by
the air exchange. In the pure manure treatments, we added 1-g
DI water to PM (drying of 19%) and 4 g to CS (drying of
16%).

Measurements and calculations

To determine NH3 emissions, we used the volatilization-
diffusion experimental setup with forced-draft system sim-
ilar to Rachhpalsingh and Nye (1986) and Roelcke et al.
(1996). Humidified air (90% relative air humidity) was
passed over the soil surface in the jars with an air flow of

Table 3 Treatment summary and
abbreviations Treatments Treatment abbreviation

Without soil

1 Cattle slurry CS

2 Cattle slurry + hydrochar CS + hydro

3 Cattle slurry + pyrochar CS + pyro

4 Cattle slurry + acid CS + acid

5 Cattle slurry + acid + hydrochar CS + acid + hydro

6 Cattle slurry + acid + pyrochar CS + acid + pyro

7 Poultry manure PM

8 Poultry manure + hydrochar PM+ hydro

9 Poultry manure + pyrochar PM+ pyro

10 Poultry manure + acid PM+ acid

11 Poultry manure + acid + hydrochar PM+ acid + hydro

12 Poultry manure + acid + pyrochar PM+ acid + pyro

With soil

13 Soil only Soil

14 Soil + acid Soil + acid

15 Cattle slurry + soil CS + soil

16 Cattle slurry + hydrochar + soil CS + hydro + soil

17 Cattle slurry + pyrochar + soil CS + pyro + soil

18 Cattle slurry + acid + soil CS + acid + soil

19 Cattle slurry + acid + hydrochar + soil CS + acid + hydro + soil

20 Cattle slurry + acid + pyrochar + soil CS + acid + pyro + soil

21 Poultry manure + soil PM+ soil

22 Poultry manure + hydrochar + soil PM+ hydro + soil

23 Poultry manure + pyrochar + soil PM+ pyro + soil

24 Poultry manure + acid + soil PM+ acid + soil

25 Poultry manure + acid + hydrochar + soil PM+ acid + hydro + soil

26 Poultry manure + acid + pyrochar + soil PM+ acid + pyro + soil
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16.3 exchange volumes min−1 (corresponding to a flow rate
of 3.9 L min−1 per 250-mL jar and 4.1 L min−1 per 1-L jar)
in accordance with Roelcke et al. (1996). The air-tight
screw cap lids for every jar were designed similar to those
of Pacholski et al. (2006). Ammonia was trapped as NH4

+

in a subsequent gas wash flask containing 200 mL of
0.0125 NH3PO4. In a pre-study, a second trap was connect-
ed to the exhaust air of the first wash flask in order to
establish that emitted NH3 would be completely trapped
in the first wash flask. Samples from the flasks were ana-
lyzed for NH4

+-N using a photometric continuous flow an-
alyzer (SKALAR San++ Continuous-Flow Analyzer,
Breda, The Netherlands). The amount of NH4

+-N in the
gas wash flask (NGWF) was calculated as follows:

NGWF mg N½ � ¼ NCGWF−NBlindð Þ � V½ �; ð1Þ
where NCGWF and NBlind are the measured NH4

+-N concen-
trations in the gas wash flask and blind vessel [mg L−1] and
V is the volume of H3PO4 in the gas wash flask [L].

Manure pH during the 7-day incubation period

An additional set of samples was incubated under conditions
similar to the volatilization experiment during the 7-day incu-
bation period in order to determine the change of manures’ pH
over time. Therefore, char/manure/acid treatments without
soil were established in triplicate by using 250- and
1000-mL jars for PM and CS mixture, respectively. The jars
were filled upwith 300-g (fw) CS (corresponds to ca. 300 mL)
and 40-g (fw) PM. Char and acid were applied in the same
ratio as used in the NH3 volatilization experiment. The same
forced-draft system was used to flush the headspace in the
jars, but no subsequent gas wash flask was coupled. The pH
values for manures were determined once a day during the 7-
day period. For CS, pH was measured directly in the jar. To
determine the pH of PM, a subsample of 5 g (fw) was diluted
with 25-g deionized (DI) water (1:5) and shaken for 10 min.
Afterwards, the pH was measured in the dilution with a pH
electrode.

Sorption of NH4
+

Mineral nitrogen (Nmin = NO3
−-N + NH4

+-N) was determined
for pure manure and manure-char treatments with and without
acidification after 24 h. Therefore, an additional sample set of
manure/char/acid mixtures without soil, similar to that used in
the incubation experiment, was set up closed and stored
airtight/unventilated for a 24 h at 10 °C. All samples were
extracted by shaking for 1 h to a ratio 1:20 (sample:extracting
agent) with 0.01-M CaCl2 as well as with 0.01-M KCl.
Nitrogen concentrations of the extracts were determined by
using photometric continuous flow analyzer (SKALAR

San++ Continuous-Flow Analyzer, Breda, The Netherlands).
The CaCl2 extracts were carried out in order to determine the
NH4

+ in solution, while the KCl extracts will extract sorbed
Nmin as well as Nmin in solution. The difference in NH4

+-
concentration between extracts will give information on the
amount of NH4

+ sorbed to the chars.

Statistical analyses

Statistical analyses were conducted using R 3.4.2
(RCoreTeam 2017). A generalized additive model (Wood
2004, 2011; R package mgcv 1.8-20) was fit to the time re-
sponse values of pH. Parametric effects as well as separate
smoothers were used for differentmanure × acidification treat-
ments and for different char treatments. Repeated measures
were considered as random effects. When multiple pairwise
comparisons were done, p values were adjusted according to
Holm (1979).

Since the time course of cumulative NH3 emissions of non-
acidified treatments followed a saturation curve, the asymp-
totic model

F ¼ A� 1−e−κ�tð Þ ð7Þ

where F are the cumulative NH3 emissions (mg g−1 manure),
A (% applied NH4

+-N) denotes the asymptote of the saturation
curve, t is time (hours), and κ (1/h) is an exponential decay
constant fit to this data. We are aware that the chosen expo-
nential saturation model for the description of time courses of
NH3 emissions is not capable to account for sigmoidal time
courses as observed for acidified treatments. However, fitting
the curves to a sigmoidal-based model was tested but not
possible. Therefore, model parameters cannot be compared
for all treatments. The fit was done simultaneously to data
from all non-acidified treatments using the gnls function from
R package nlme (Pinheiro and Bates 2000; Pinheiro et al.
2015). This allowed the parameters to be modeled depending
on the different treatment factors, i.e., manure type, soil, char
type, and acidification. Repeated measures were neglected
here, since including random effects precluded successful
convergence. However, diagnostic plots indicated that their
variance would be very small and they could thus safely be
neglected. The resulting analysis of variance (ANOVA) table
can be found in Table S1. Table S2 shows the parameters of
the fitted asymptotic model including the half-life of the ap-
plied NH4

+-N in the soil-manure system. Temporal dynamics
of NH3 emissions from acidified treatments did not follow an
obvious and common model and were therefore not analyzed
in this way.

Significance of differences between treatments’ cumulated
NH3 emissions were analyzed using ANOVA followed by
Tukey’s post hoc test (p < 0.05).
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Results

Properties of the used chars and manures

The produced hydrochar had a pH of 3.8 and a SSA of
5.2 m2 g−1, while the pyrochar had a pH of 9.0 and a SSA
of 279 m2 g−1 (Table 1). Surface acidity was lower for
py rocha r (0 . 36 mmo l H+ g− 1 ) t h an hyd rocha r
(5.84 mmol H+ g−1) (p < 0.001). Hydrochar had a lower ash
content and lower C concentration compared to pyrochar, but
a higher amount of water-extractable organic C (210 mg L−1

for hydrochar compared to 7mg L−1 for pyrochar) (p < 0.001).
The O/C and H/C ratios of pyrochar were smaller than for
hydrochar, which reflects their higher degree of carbonization
(p < 0.05). Concentrations of P, Ca, Mg, and K were higher in
pyrochar than hydrochar. Only Na was abundant in lower
amounts in pyrochar than hydrochar.

The usedmanures had dry matter contents of 10.3 (CS) and
50.4% (PM; Table 2). The pH value of CS was 7.2 and it
contained 3.1-mg total N g−1 manure (fresh weight), 40% of
which were NH4

+-N, and PM had a pH value of 8.2 and
contained 12.8-mg total N g−1 manure (fresh weight), 30%
of which were NH4

+-N.

Manure pH and changes during the 7-day incubation
period

The pH in pure manures (i.e., without soil and amendments)
increased from 8.2 to 9.7 for PM and from 7.2 to 7.5 for CS
during the 144 h of incubation (Fig. 1a, b). The application of
hydrochar (pH 3.8) and pyrochar (pH 9.0) to either CS or PM
did not lead to a change in the initial pH for either manure
type. However, it changed the development of pH during the
experimental time (p < 0.05): hydrochar application to both
manure types slowed down the rate and extent of pH increase,
while pyrochar application accelerated the rate and extent of
pH increase ending up with lower (manure + hydrochar) and
higher (manure + pyrochar) pH values, respectively, com-
pared to manures without char amendment.

For the acidified treatments, the pH likewise increased over
time from the adjusted pH of 5.5 to 5.8 to values of 6.2 to 6.6
(CS treatments) and 7.5 to 7.6 (PM treatments) after 144 h,
respectively. For PM, the pH increase in the acidified treat-
ments, i.e., with and without char, was most pronounced dur-
ing the first 25 h of the experiment (increase from pH 5.5 to
5.8 to pH ~ 7) and only slightly increased further thereafter
(Fig. 1a). In the CS treatments, the pH increased more or less
linearly during the experimental time and remained < pH 7.0.

An F test comparison between the full generalized additive
model and a model without the char effects indicated a highly
significant char effect (p < 1e−13). Pairwise comparisons be-
tween char treatments were conducted by fitting models to
data subsets with only two treatments. They confirmed that

pH-time curves were different between all char treatments
(p < 0.05, adjusted for multiple comparisons). Overall, pH
values were highest for the pyrochar treatment, slightly lower
for the treatment without char addition and considerably lower
for the hydrochar treatment (Fig. 1a, b). The pyrochar and
non-char treatments differed only by their mean pH values,
whereas the shapes of the curves were not significantly differ-
ent. The pH values of the hydrochar treatments followed a
curve that was not only offset but also significantly (p < 1e
−5) different in its shape compared to the other two treatments.

NH3 volatilization

Ammonia emissions from the treatments without soil (Fig. 1c, d)
ranged from 0.3 to 8.4-mg NH3-N g−1 manure during the
experimental time of 144 h. Highest emissions evolved from
the pure manures. In pure PM, 84% of the applied NH4

+-N
was emitted as NH3-N during the incubation period. This
corresponds to 25% of the applied Nt (Table 4). From pure
CS, 67% of the applied NH4

+-Nwas lost as NH3 within 144 h,
corresponding to 27% of applied Nt. The modeled half-life of
NH3 emissions from pure PM and CS was 9 and 16 h, respec-
tively (Table S2). In the non-acidified treatments, the major
part of the NH3 was volatized during the first 3 days of incu-
bation. The application of char to the manures had no signif-
icant effect on the NH3 volatilization except for application of
hydrochar to CS, which led to a reduction in NH3 volatiliza-
tion from 8.4-mg g−1 manure to 6.8-mg g−1 manure (p < 0.05),
corresponding to a reduction of 19% compared to pure CS
(Fig. 2a). Still, the NH3 lost in this treatment corresponded
to 54% of the NH4-N applied or 22% of the Nt applied
(Table 4).

The acidification of pure manures induced a lag-time of
about 25 h with no or just very low NH3 volatilization for both
treatments with and without char application (Fig. 1c, d). After
the lag-time, small but continuous NH3 emission rates were
observed, resulting in a linear increase of cumulative NH3-N
losses. Emissions were higher in the acidified PM treatments
than the acidified CS treatments. After 144 h, the NH3 emis-
sions in the acidified treatments had not yet reached a plateau
similar to that of the non-acidified treatments at the end of the
experimental time. Overall, cumulative NH3 loss in acidified
pure manures amounted 34 and 3% of the applied NH4-N for
PM+ acid and CS + acid (Table 4). This corresponds to an
overall reduction in NH3 volatilization by 59% (PM + acid)
and 95% (CS + acid) upon acidification compared to the re-
spective pure manures during the observation period of 144 h
(Fig. 2a). Also in manure-char mixtures, acidification generally
led to a marked decrease of NH3 volatilization of between 50
and 75% compared to pure PM and 93 to 97% compared to
pure CS (Fig. 2). Char addition to acidified manures did not
lead to significant changes in NH3 emission compared to pure
acidified manure (Figs. 1c, d and 2a).
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For the manure + soil treatments, the NH3 volatilization
was generally lower than from pure manure with and without
char (Fig. 1c–f). From PM+ soil, 3.5-mg NH3-N g−1 manure
was lost compared to 6.4-mg NH3-N g−1 manure in pure PM,
which corresponds to a reduction of 46% due to application to
soil (Fig. 1c, e). Application of CS to soil decreased the NH3

volatilization from 8.4- to 3.3-mg NH3-N g−1 manure (reduc-
tion of 61%; Fig. 1d, f). Overall, this corresponds to a loss of
26% of the NH4

+-N applied or 11% of Nt, Table 4). The
modeled half-life of NH3-emissions was 13 and 20 h for
PM + soil and CS + soil, respectively (Table S2). When
hydrochar was applied to the manures, 45 to 47% and 25 to
26% of the applied NH4

+-N were lost from PM and CS treat-
ments, respectively (Table 4). For pyrochar, no effect on NH3

emission was observed for PM (loss of 48% cp. to 45% of the

applied NH4
+-N), but a significantly higher NH3 emission was

observed from CS + pyro + soil (32.5% of the applied NH4
+-

N) than CS + soil (26.4% of the applied NH4
+-N).

Acidification of the manure + char + soil mixtures resulted
in significantly lower NH3-N emissions compared to mixtures
without acid (Fig. 1e, f). Overall, the reductions upon acidifi-
cation were up to 85% for PM mixtures and 82% for CS
mixtures when compared to non-acidified manure + char +
soil (Fig. 2b). Overall, only 4 to 7% and 7 to 10% of the
applied NH4

+-N was lost in acidified CS and PM treatments,
respectively (Table 4). However, a significant effect of
hydrochar or pyrochar application to acidified manures was
not found. Cumulative NH3-N emissions continued to in-
crease slightly after manure application until the end of the
experiment in the treatments with the addition of acid. During
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this period, we observed constant low emission rates at every
sampling time.

Sorption of NH4
+ on hydrochar and pyrochar

Concentrations of NH4
+-N in KCl extracts ranged from 11.4-

to 14.4-mg g−1 manure (dw) for CS and from 5.2- to 7.1-
mg g−1 manure for PM. Amounts of NO3

−-N in the manure/
char mixtures were negligible (≤ 0.02-mg g−1 manure for all
investigated samples, data not shown). Overall, neither the
applied pyrochar nor hydrochar sorbed significant amounts
of NH4

+-N from CS and PM with or without acid (0.4 to
3.5% of the applied NH4

+-N were sorbed corresponding to
amounts of between 0.1- and 0.5-mg sorbedNH4

+-N g−1 char)
(Fig. 3).

Discussion

Influence of pyrochar and hydrochar amendment
of manure on NH3 emissions

Generally, NH3 volatilization from animal manure is influ-
enced by the NH4

+ content, the manure pH, the NH3(aq)/
NH4

+-equilibrium, the N mineralization intensity, and physi-
cal factors affecting volatilization rates of NH3 (Martins and
Dewes 1992). Poultry litter differs considerably in composi-
tion from other manures: it provides greater P and N concen-
trations as well as other micro- and macronutrients (Mitchell
and Tu 2006; Stephenson et al. 1990). Despite greater total N

concentration in the PM used in the present study compared to
CS, the proportion of NH4

+-N was lower in PM (27% of total
N) than CS (43%), which was also reflected in lower NH3

emissions from pure PM than pure CS.
Char application may influence NH3 volatilization from

manure by shifting the NH3(aq)/NH4
+ equilibrium through

pH changes or by sorption of NH4
+ onto the chars’ surfaces.

The sorption capacity of char results from cation and anion
exchange, as well as SSA, internal porosity, and surface func-
tional groups (Hale et al. 2013; Laird et al. 2010; Lehmann
and Joseph 2009). Especially pyrochars, which have an up to
50-fold higher SSA compared to hydrochars, are thought to
promote sorption of NH4

+ (Eibisch et al. 2015; Lehmann and
Joseph 2009; Schimmelpfennig and Glaser 2012). In contrast
to pyrochars, onlymarginal capacity of hydrochar for NH4

+-N
sorption was found (Gronwald et al. 2015; Yao et al. 2012). A
reduction in NH3 emissions upon application of hydrochar
therefore likely results from their low pH.

While several authors reported high sorption potential of
pyrochar for NH3 (e.g., Asada et al. 2002; Doydora et al.
2011; Kastner et al. 2009; Steiner et al. 2010; Taghizadeh-
Toosi et al. 2011), application of pyrochar in our study had
no effect on NH3 emissions and only sorbed marginal
amounts of NH4

+. In a previous study, Gronwald et al.
(2015) investigated the sorption behavior of the chars and soil
used in this study as well as other sandy and loamy soils and
chars from different feedstock materials. In a batch experi-
ment, they found that sorption of NH4

+ on pyrochar from
Miscanthus correlated with pore volume and ash content
(p ≤ 0.01) and was strongly non-linear with increasing nutrient

Table 4 NH3-N lost from manure/char/acid/soil mixturesa as % of NH4
+-N appliedb and % of total N appliedb. Means and standard error (n = 4).

Different letters indicate significant differences between treatments (read column-wise) (p < 0.05)

Treatments without soil NH3-N loss (% of
NH4

+-N applied)
NH3-N loss (% of
total N applied)

Treatments with soil NH3-N loss (% of
NH4

+-N applied)
NH3-N loss
(% of total N applied)

Without acid

PM 83.6 (2.4)f 25.1 (0.7)de PM + soil 45.1 (2.9)d 13.5 (0.9)cd

PM+ hydro 80.8 (3.7)f 24.2 (1.1)de PM + hydro + soil 46.5 (3.2)d 14.0 (1.0)d

PM+ pyro 89.3 (4.1)f 26.8 (1.2)e PM + pyro + soil 47.7 (1.7)d 14.3 (0.5)d

CS 66.9 (2.1)e 26.8 (0.9)e CS + soil 26.4 (1.3)c 10.6 (0.5)bc

CS + hydro 54.4 (3.2)de 21.8 (1.3)d CS + hydro + soil 25.4 (1.2)c 10.1 (0.5)b

CS + pyro 65.2 (2.0)e 26.1 (0.8)de CS + pyro + soil 32.5 (0.7)c 13.0 (0.3)cd

With acid

PM+ acid 34.2 (1.5)bc 10.3 (0.4)c PM + acid + soil 6.7 (1.5)ab 2.0 (0.5)a

PM+ acid + hydro 21.2 (0.0)b 6.4 (0.0)b PM + acid + hydro + soil 6.6 (0.9)ab 2.0 (0.3)a

PM+ acid + pyro 41.5 (2.5)cd 12.4 (0.8)c PM + acid + pyro + soil 10.6 (0.8)b 3.2 (0.2)a

CS + acid 3.0 (0.8)a 1.2 (0.3)a CS + acid + soil 4.4 (0.7)a 1.7 (0.3)a

CS + acid + hydro 1.9 (0.4)a 0.7 (0.2)a CS + acid + hydro + soil 6.1 (0.5)ab 2.4 (0.2)a

CS + acid + pyro 4.8 (0.5)a 1.9 (0.2)a CS + acid + pyro + soil 6.8 (0.5)b 2.7 (0.2)a

a PM—poultry manure; CS—cattle slurry; pyro—pyrochar produced from Miscanthus; hydro—hydrochar produced from Miscanthus
b NH4

+ -N applied: 19.86 mg for PM and 30.24-mg CS/total N applied: 66.2 mg for PM and 75.6 mg for CS
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solution. The latter indicates a limited number of cation ex-
change sites of the char (Hale et al. 2013). Further, during field
incubation, Gronwald et al. 2015 found that the sorptive ca-
pacity of pyrochar diminished within months. These findings
may partly explain the ineffectiveness of pyrochar to reduce
NH3 emissions observed here. Due to the limited number of

cation exchange sites of the char, the high amounts of manure-
derived NH4

+ may have exceeded the sorptive capacity of the
char used. In accordance with this, previous studies that re-
ported significant reduction of NH3 emissions used higher
char application rates. While we applied chars to the manures
at a ratio of 1:10 (dw/dw), Steiner et al. (2010) used a mixture
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of 1:4 (dw/dw) and Doydora et al. (2011) even added acidified
pyrochars from pine chips and peanut hulls to poultry litter at a
ratio of 1:1 (dw/dw). Consequently, a markedly lower number
of functional groups and SSAwas available for NH4

+ sorption
in our char treatments. In their second treatment with an appli-
cation of pyrochar/poultry litter of 1:19 (dw/dw), Steiner et al.
(2010) also found no significant reduction of NH3 emissions.
Another reason may be differences in the pyrolysis tempera-
ture: while the pyrochar used in the present study was produced
at 750 °C, the chars used in the above mentioned studies which
reported a reduction in NH3 emissions were produced at tem-
peratures < 500 °C. A high pyrolysis temperature was chosen
in this study, because we hypothesized that pyrochar would
reduce NH3 emissions due to sorption of NH4

+ and that sorp-
tion would increase with SSA as suggested in a range of studies
(e.g., Hale et al. 2013; Keiluweit et al. 2010; Lehmann et al.
2006). While SSA and cation exchange capacity (CEC) in-
crease with increasing pyrolysis temperature, the amount of
acidic surface functional groups decreases. This is also
reflected in the pyrochars’ pH (Chun et al. 2004; Lehmann
2007). Taghizadeh-Toosi et al. (2012) found an increasing pH
and a decrease in acidic functional groups with increasing pro-
duction temperature of pyrochar from pine chips with increas-
ing temperature from 300 to 500 °C and reported a close rela-
tionship between pyrochar pH/surface acidity and the amount
of NH4

+-N taken up. The pyrochar used in this study had a
surface acidity of 0.36 mmol H+ g−1, which is considerably
lower than that observed for low-temperature pyrochars (1.3
to 2.8 mmol H+ g−1, e.g., Chun et al. 2004; Taghizadeh-Toosi
et al. 2012). Similar to our study, Subedi et al. (2015) found no
reduction of NH3 emissions after pyrochar addition to pig

slurry. Their char was produced under conditions comparable
to our pyrochar and had similar physicochemical properties
(surface acidity and SSA of 249.9 m2 g−1 compared to
279 m2 g−1 and a pH of 10.1 compared to pH 9.0 of our
pyrochar). Therefore, we assume that surface acidity is more
important for mitigation of NH3 emissions than a high SSA.
Consequently, production temperature is a major factor deter-
mining the efficacy of pyrochar to reduce NH3 emissions.

Only few studies so far investigated the NH3 mitigation
potential of hydrochar application to manure. While pyrochar
treatments showed no reduction of NH3 emissions regardless
of the manure type used, the application of hydrochar had no
effect on NH3 emissions for PM but reduced NH3 emissions
from CS by 19%. Since sorption of NH4

+ was found to be
marginal for both, CS and PM, the reduction likely resulted
from the low pH of hydrochar. Similar to our results,
Schimmelpfennig et al. (2014) reported significantly lower
NH3 emissions from pig slurry amended with hydrochar from
Miscanthus compared to pyrochar-amended pig slurry and
assumed hydrochar acidity (pH 5.1) to be responsible for the
lower NH3 emissions. Reasons for the different effectiveness
of hydrochar application between PM and CS may be differ-
ences in manure pH (CS 7.2, PM 8.2) or different buffering
capacities of the two types of manure, which will be discussed
in the following chapter.

Development of NH3 emissions in acidified hydrochar
and pyrochar treatments

Generally, animal slurries have a strong buffering capacity.
The major components influencing the pH system are total
ammoniacal N (TAN), total inorganic C (TIC), volatile fatty
acids (VFA), and the solid phases of calcite (CaCO3) and
struvite (MgNH4PO4·6H2O) (Sommer and Husted 1995a).
The pH is mainly governed by the species NH4

+/NH3, CO2/
HCO3

−/CO3
2−, and CH3COOH/CH3COO

−. Calcite and
struvite dissolve when the pH is < 7 and < 6, respectively, so
that these solid phase components will only contribute to the
buffering capacity at pH values below these levels. The high
buffering capacity of the manures was reflected in our finding
that application of hydrochar (with a pH of 3.8 compared to
manure pHs of 7.2 and 8.2) had no direct effect on initial
manure pH. The alkalinity of pyrochar as well as the amount
of acids in the hydrochar were too low to directly change the
manure pH. Further, considerable amounts of acid were need-
ed to reach the target pH of 5.5 to 5.8 upon acidification
(0.02-mL 25% H2SO4, 1-g fw CS; 0.25-mL 12.5%
H2SO4:1-g fw PM:0.75-mL H2O), which again reflects a high
buffering capacity. Overall, the amount of acid needed was
higher for PM than CS, likely due to a higher buffering capac-
ity and acid neutralizing capacity of PM. Consequently, very
high amounts of hydrochar would be needed to cause a de-
crease of the initial pH.

Fig. 3 Sorption of NH4
+-N in the manure-char (a, c) and manure-char-

acid (b, d) composites for poultry manure (PM) and cattle slurry (CS)
mixed with pyrochar or hydrochar after 24 h as mg g−1 manure (dry
weight). Means and standard errors (n = 4). Different letters indicate
significant differences within same manure treatment (p < 0.05)
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Acidification strongly decreased total NH3 emissions during
the first 6 days after application and changed emission dynam-
ics. It reduced NH3 emissions from PM and CS by 59 to 96%
compared to the respective non-acidified treatments, which is in
the range reported by others (Kai et al. 2008; Petersen et al.
2012; Sommer et al. 2017). During the first 25 h of the exper-
iment, a lag-time with pH values ≤ 6 and no NH3 volatilization
were observed. With time of incubation, the pH values in-
creased in all treatments. Potential processes leading to pH
increases with the consequence of increasing potential of NH3

emissions are urea hydrolysis and degradation of slurry-borne
VFA and slow pH buffer reactions (Ferguson et al. 1984;
Sørensen 1998). The time span with low and constant NH3

emissions depends on the adjusted pH (Dai and Blanes-Vidal
2013) and on the buffering capacity of the manure (Cassity-
Duffey et al. 2015; Sommer and Husted 1995b). Overall, in our
study, the pH increase during the experimental time was much
more pronounced in the acidified PM treatments than the CS
treatments: in the PM treatments, a pH > 7 was already reached
24 h after the start of the experiment, while the pH remained < 7
throughout the experimental time in all acidified CS treatments.
This quick pH increase in the PM+ acid treatment also points
to a higher buffering capacity of PM than CS. In CS + hydro +
acid, the pH remained ≤ 6 during the first 120 h and only in-
creased to 6.2 at the end of the experiment. The different de-
velopments of the pH values between PM and CS during the
experimental time likely derive from a different composition of
the buffer system and the resulting differences in the buffering
capacity in these two manure types. With a wide range of both
inorganic and organic components in poultry litter, there are
probably many mechanisms participating in buffering, but the
main mechanisms in poultry litter seem to be CaCO3, organic
matter, and VFA (Cassity-Duffey et al. 2015).

Overall, the results from our study suggest that acidifica-
tion results in much lower but more persistent NH3 emission
rates. It remains unclear whether the total NH3 emissions in
the acidified treatments will at some point equalize those from
the non-acidified treatments, because a plateau was not yet
reached during the experimental time of 144 h. Dai and
Blanes-Vidal (2013) reported that NH3 emission rates in acid-
ified treatments equalized to emission rates compared to treat-
ments without acidification when summarized over a period
of 264 h. However, Sommer et al. (2017) investigated NH3

emissions from acidified and non-acidified CS over a period
of 47 days and found that overall NH3 emissions of acidified
manure remained lower than from non-acidified manure dur-
ing the whole time.

Soil application of pyrochar and hydrochar-amended
manure

When applied to soil, NH3 emissions from our manure treat-
ments were generally lower than without soil. The total NH3

loss in the treatments with soil was up to 46% lower for PM
and up to 62% lower for CS compared to the manure treat-
ments without soil. This applies for both pure manures and
char-amended manures irrespective of the char type added.
This reduction resulted most likely from infiltration of manure
into the pore space, which was more intense for CS than PM
due to its higher water content and therefore higher viscosity.
Infiltration of manures into pore space lowers NH3 emissions
due to decreasing contact between manure and the atmosphere
and NH4

+ sorption and pH buffering in the soil matrix (Webb
et al. 2010). Overall, several processes are known that may
reduce the availability of NH4

+, a precursor of NH3 when the
manure comes into contact with the soil: (i) N microbial im-
mobilization of NH4

+ from manure into soil organic matter
(Burger and Jackson 2003), (ii) NH4

+ sorption on mineral
surfaces (Gronwald et al. 2015) or fixation in clay minerals
(Juang et al. 2001), (iii) oxidation of NH4

+ to NO2
− and NO3

−

by nitrification (Huang et al. 2014), and (iv) gaseous N losses
as N2O from nitrification or N2O and N2 from denitrification
coupled to nitrification (Wrage et al. 2001). Another reason
for reduced NH3 emissions may be interactions between re-
duced urea hydrolysis through the presence of calcium car-
bonate (CaCO3) in soil (Fenn et al. 1981). However, the latter
does not apply for our soil, which had a pH of 6.5 and no
carbonate.

In the treatments with soil application, NH3 emissions
remained similar after addition of pyrochar to manure com-
pared to pure PM (loss of 48% of the applied NH4

+-N in
PM + pyro + soil compared to 45% of the applied NH4

+-N in
PM + soil). For CS, 32.5% of the applied NH4

+-N was lost in
CS + pyro + soil compared to 26.4% of the applied NH4

+-N in
CS + soil, which corresponds to an increase of NH3 volatili-
zation by 23%. Similar to our results, Subedi et al. (2015)
observed slightly higher NH3 emission from pig slurry applied
to pyrochar-amended soil (23.5% of NH4

+-N applied was lost
in the pyrochar treatment compared to 18.2% in the control).
They ascribed this to the alkaline pH of the char (pH 10.1),
which may also be the reason in our study (pyrochar pH 9.0),
especially since this effect was only seen for CS—the manure
with the lower buffer capacity. Application of hydrochar to the
manures had no significant influence on NH3 emissions when
compared to pure manure. However, NH3 emissions were
significantly lower from CS + hydro + soil than CS + pyro +
soil. This is in line with findings from Schimmelpfennig et al.
(2014), who investigated application of pig slurry to soil with
and without hydrochar and pyrochar admixture and reported
significantly lower NH3 emissions after application of pig
slurry to a hydrochar-soil mixture compared to soil +
pyrochar + slurry. Schimmelpfennig et al. (2014) ascribed
the higher NH3 emissions from pyrochar treatments to its al-
kaline pH (pH 10.1) and the lower ones from hydrochar treat-
ments to its acidity (pH 5.1) as well as a possible N microbial
immobilizing capacity from the high amounts of easily
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available C compounds from hydrochar. Contrary to our re-
sults, Subedi et al. (2015) found an increase in NH3 emissions
from pig slurry applied to hydrochar-amended soil (38.7% of
NH4

+-N applied compared to 26.4% in the control during 50 h
of investigation). They explained this with a different infiltra-
tion behavior due to a possible hydrophobicity of the
hydrochar, which they had mixed with the soil prior to slurry
we mixed with manure prior to soil application. We found no
difference in infiltration behavior due to char application,
which may explain the higher emissions found in the study
from Subedi et al. (2015).

Conclusions

We found no evidence of a clear and consistent reduction of
NH3 emission from CS and PM by admixture of hydrochar
(pH 3.8) or pyrochar (pH 9.0). The minor and opposite effects
of char addition on NH3 emissions seem to be driven almost
exclusively by the char’s effects on pH, even if measured pH
changes induced by char addition to manure were marginal.
Sorption of NH4

+ in slurry and manure by char addition was
generally low and slightly larger for the treatment with
pyrochar addition than hydrochar addition. However, these
effects were obviously not strong enough to effectively reduce
emission of NH3. Acidification of CS and PM strongly de-
creased total NH3 emissions during the first 144 h after appli-
cation and changed emission dynamics. The results suggest
that acidification results in much lower but more persistent
NH3 emission rates. All in all, our results do not provide
evidence that addition of pyrochar or hydrochar to CS and
PM is an effective measure to reduce NH3 volatilization.
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