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Abstract

Development of novel methods to inhibit ammonia (NH;) volatilization losses has
become a strong research focus to reduce the environmental impact of agriculture
and as a potential area for growth in the fertilizer industry. European Union legis-
lation on the regulation of NH; emission from mineral fertilizers after 2030, will
only allow urea fertilizers with reduced NH, emissions by at least 30% to remain
in use. The recent increase in fertilizer prices has also created a renewed impetus
to curb these losses. This paper details the results of an experiment comparing the
rates of volatilization from granular urea treated with NutriSphere-N®, untreated
urea and an unfertilized control as well as placing the results in context by con-
ducting a review of similar studies featuring NutriSphere-N®. The study was con-
ducted in a light and temperature-controlled growth chamber using the chamber
built in air flow which collected any NH; volatilized from a flask containing fresh
soil with applied treatment and transported the NH; to an acid trap where the
volatilized NH; was captured and exhaust air was removed. The experiment ran
for 3weeks and resulting samples were analysed colorimetrically and adjusted for
differences in airflow. The temporal results show that urea dominated the flux
profile but the pattern of fluxes from the two fertilizer N treatments were similar.
When analysed cumulatively over the duration of the experiment, the fluxes from
the NutriSphere-N® treated urea were significantly (p = .018) (86%) lower than
untreated urea and were not significantly different from the untreated control
(p = .959).
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1 | INTRODUCTION

Globally, the livestock sector (beef and dairy cattle, swine
and poultry) is estimated to be responsible for ~64% of
anthropogenic ammonia (Aneja et al., 2009). Ammonia
(NH;) emissions generate substantial health damage be-
cause of the adverse effects on air quality (Ma et al., 2021).
Emissions of NH; are mainly during the hydrolysis of
urea excreted by farm livestock and other mammals or
from the use of nitrogen (N) fertilizer (in the form or
urea), and the breakdown of uric acid excreted by birds.
Global NH; emissions from fertilizer N are estimated at
10-12TgNyear™" (Beusen et al., 2008) and have increased
from 1.9+0.03 to 16.7+0.5 TgNyear ' between 1961 and
2010 (Xu et al., 2019). NH; emissions are of concern from
health, economic and environmental perspectives. First,
the impact on air quality includes the formation in the at-
mosphere of secondary inorganic aerosols which contrib-
ute to fine particulate matter (diameter <2.5 pm, PM 2.5)
which has an adverse effect on human health and the en-
vironment (Griffith et al., 2015; Wang et al., 2016). Second,
the supplementation of the soils' natural stock of N with
fertilizer N is the foundation of productive agricultural
systems and any N volatilized as NH; must be replaced to
sustain productivity (incurring an economic cost). Third,
NH; lost from agricultural systems can contribute to envi-
ronmental degradation through eutrophication, acidifica-
tion and loss of biodiversity through dry/wet deposition of
ammonia to terrestrial or aquatic ecosystems (Bergstrém
& Jansson, 2006; Clark & Tilman, 2008; Liu et al., 2013;
Zhu et al., 2016).

Urea fertilizer has a high NH; loss potential; surface
applied urea could lose more than 40% of total N input
by volatilization (Misselbrook et al., 2006). Once applied
to the soil surface, urea undergoes the process of hydro-
lysis, where a water molecule is incorporated eventually
producing carbon dioxide (CO,) and NH; gas or the am-
monium ion (NH,") and whether surface applied or incor-
porated. The two forms of ammonia the ion—NH," and
the gas—NH; are in equilibrium in the soil solution, and
the balance is dependent on soil pH. At pH 6,7, 8 and 9 NH;
dissolved in soil solution accounts for 0.1%, 1%, 10% and
50% of the ammoniacal pool, respectively (Schmidt, 1982).
Below soil pH of 8.75, NH," predominates and increases
in pH indicate increases in OH—, meaning greater con-
centration of NH; (compared to NH,*) in the soil water
with NH; predominating above a pH of 9.75 (Hem, 1985).
During hydrolysis, the soil pH around the urea fertilizer
granule increases temporarily following urea hydrolysis
which shifts the NH," — NH, equilibrium towards NH; in-
creasing the risk of NH; volatilization (Engel et al., 2011;
Rochette et al., 2009). Loss from volatilization of NH; is
greater in alkaline or calcareous soils, soils that are low in

clay, humus or environments with high temperature and
humidity (Connell et al., 2011) and the literature also sug-
gests climatic conditions, such as high rainfall, irrigation
or flooding, influence yield and N use efficiency (Cahill
et al., 2010).

The drive to improve the efficiency of fertilizer N has
led to the development of inhibitor products designed to
reduce N losses through the various N loss pathways. For
example, urease inhibitors slow the process of urea hydro-
lysis, nitrification inhibitors slow the process of nitrifica-
tion. Many urease inhibitor products work on reducing
the speed of hydrolysis which helps to moderate any pH
spikes surrounding the urea granule and reduces the for-
mation of NH; or by deactivating the enzymes respon-
sible for hydrolysis thereby reducing NH; volatilization
loss. Nutrisphere-N® is a maleic-itaconic polymer (MIP)
marketed as a soil urease inhibitor. Nutrisphere™ is a
long chain branched polymer with an ultra-high negative
charge density (1800 meq 100g™"). This charge makes the
molecules stable at high ionic concentrations, which al-
lows to hold other molecules in suspension. Adding it to a
fertilizer like urea, Nutrisphere™ coats the fertilizer mol-
ecule (Smith et al., 2014). In the soil, the Nutrisphere™
coating binds to positively charged nickel ion co-factors
found in the urease enzyme so these cations are no lon-
ger available for forming the urease enzyme. This results
in the extraction of nickel from the urease molecule,
destabilizing the molecule and rendering it ineffective
(Sanders, 2007). The intended effect is to slow the en-
zymatic reaction of urea conversion to ammonium, like
urease inhibitors, such as NBPT (N-butyl thiophosphoric
triamide; Agrotain, Agrotain International LLC, St. Louis,
MO) (Hopkins et al., 2008).

The aim of this experiment was to compare the volatil-
ization level of NutriSphere-N® treated urea fertilizer with
the volatilization levels from an unfertilized control and
from untreated urea under controlled conditions.

2 | MATERIALS AND METHODS

2.1 | Experimental design

The experiment took place in the Program for
Experimental Atmospheres and Climate (PEAC) facil-
ity at the Rosemount Environmental Research station,
University College Dublin, Belfield, Ireland in a tempera-
ture and light-controlled lean in chamber environment
(Conviron CMP6050). A closed system was designed to
quantify the NH; losses from treated and untreated granu-
lar urea (Figure 1). The airflow drawn in the chamber was
passing it through an acid trap containing 100mL of 0.1 M
Orthophosphoric acid (H;PO,) to remove atmospheric
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FIGURE 1 Schematic of closed system.

NH,. This airflow was then passed through a 500 mL coni-
cal flask, containing fresh, sieved, arable soil and the ap-
plied fertilizer treatment and transported any volatilized
NH,, to an acid trap. As the chamber airflow was bubbled
through the acid trap, the NH; present was trapped in the
acid by picking up an extra hydrogen ion (H") in the acid
which converted NH, to NH,".

The design of the experiment was based on findings
from previous work on NH; volatilization which showed
a single acid trap containing 30mL 0.1 M orthophosphoric
acid (H;PO,) solution (Misselbrook et al., 2005) was ad-
equate to measure NH; volatilization. To maximize the
length of contact between air and acid and in agreement
with Forrestal et al. (2016) we used acid trap volumes of
100mL H;PO,. Previous work also found that acid trap
strength of 0.01 M was adequate for laboratory gas studies
(Harty et al., 2017), however, the strength of acid was in-
creased from 0.01 to 0.1 M to avoid saturating the acid as
a higher initial quantity of urea fertilizer was used (1 g).
In addition, Misselbrook et al. (2005) found the airflow
rates and acid strength had no significant effect on the ef-
ficiency of the trap. We used airflow sufficient to ensure
the airflow bubbled through the acid trap ensuring good
contact between the air containing NH, and the acid. The
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\

3mm (int
diameter) Hose
pipe

chamber temperature ranges chosen were a night-time
temperature of 16°C and a day-time temperature of 24°C
to simulate summer temperature in a temperate maritime
region.

A loam soil (USDA classification) used in this study
was taken from an arable field at UCD Lyons Research
farm (location GPS 53.29499-6.5274), and analysed at
UCD soil laboratory. The soil had a pH value of 7.09 and N
content of 0.28% (Elemental Analyzer, Leco Corporation,
MI, USA). The soil texture comprised of 26.6% clay, 32.56%
silt and 35.22% sand (Gee & Orr, 2002), 6.62% organic mat-
ter (Loss On Ignition method) and CEC 15.39 cmolkg™
DW (Ammonium Acetate method).

Eighteen flasks were prepared (6 replicates per treat-
ment), 100+0.02 g of fresh biologically active soil sieved
to 2mm was added. The soil had a moisture content
of 39%+0.02g (calculated using the % moisture for-
mula = (Fresh Weight-Dry Weight)/Fresh Weight*100).

The volume of soil in each flask was calculated as
soil weight (g)/bulk density of soil (cm®) = 100g/1.3
2gem® = 75.75cm’. The area of the soil surface 3.14
*(5.15cm)* = 83.33cm? The internal volume of the
conical flask is calculated as 1/3 * 3.14 *(5.15cm)?
* 18.4 cm = 514.46cm’ less the volume of soil in
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the flask = 75.75cm’ giving a headspace volume of
438.96cm’. The granular fertilizer products urea and
urea treated with Nutrisphere-N® (2.1 L tonne " urea)
were provided by Verdesian Life Sciences Ltd. On Day
1 of the study, the fertilizer treatments were applied to
the soil at a rate of 1 g urea fertilizer per 100 g fresh soil.
Treatments included T1—untreated control (soil only),
T2—granular urea, T3—NutriSphere-N® treated granu-
lar urea. To each acid trap, 100 mL of 0.1 M H;PO, was
added, the flasks were sealed and the chamber airflow
was switched on. At each subsequent sampling period,
the exhaust air flow rate at the air outlet pipe of each
sample was measured (Hotwire Anemometer—RS
PRO). Next, the chamber airflow was shut down, and
the acid trap volume was restored to 100 mL with de-
ionized (DI) water and decanted into labelled and dated
sample bottles. Acid traps were rinsed and replenished
with fresh acid, stoppers were replaced and chamber air-
flow was switched on. Samples were brought to labora-
tory for analysis.

2.2 | Laboratory method
Samples were analysed for NH,* concentrations using
colorimetric analysis on a spectrophotometer (Shimadzu
UV-1280). The UV absorbance of NH,* present in the
sample was measured at 635 nm. The method uses phenol
which reacts with NH,* to form an intense blue colour.
The intensity is proportional to the amount of NH," pre-
sent. Alkaline hypochlorite and sodium nitroprusside so-
lutions are used as oxidant and catalyst, respectively.
Atmospheric concentration of ammonia was calcu-
lated as per Woodley et al. (2018).

where C, (mgNL™) is the measured concentration of
NH;-N in the acid trap solution, Vg (L) is the measured vol-
ume of acid trap solution and V, (m?) is the measured vol-
ume of air passed through the acid trap solution. Air volume
(V,) was determined using the measured instantaneous air
volumetric flow rates.

The ammonia emission rate or flux rate (mg/m? day)
was determined (per Shah et al., 2006) using the enclosure
method as follows:

Flux = (Cout — Cln) %

A le)

where Q is airflow rate (m*/day) provided by the chamber;
A is the treated surface area in the conical flask (m?);

and C,, and C,,, are measured inlet and outlet (mg/m?>).

Since C;, has been passed through an inlet acid trap Cj,
is set to zero and the difference between C;, and C,,; is the
value for C.

2.3 | Dataadjustments

The following adjustments were made to the data.

2.3.1 | Outlier removal

On sampling occasion 5, the airflow levels were set too
low to deliver consistent bubbling for all samples. Because
of concern about the unreliability of this result, all details
related to this sample were removed from the result set
and were instead replaced with the average NH,* concen-
trations for sampling periods 4 and 6 (the average of the
results for samples taken the day before and day after sam-
pling occasion 5).

2.3.2 | Volume differences

Sample volumes were replenished with DI water to bring
all samples to 100 mL for analysis. For any acid trap sam-
ple volumes >100mL, the NH,* concentration was ad-
justed to what it would be at 100 mL volume to ensure the
results were comparable.

2.3.3 | Sample dilution

During analysis where the concentration of sample was
too high, colour saturation took place in the sample fol-
lowing the addition of reagent and the results of colorimet-
ric analysis were not reliable. In these cases, the samples
were diluted either 1 in 10 or 1 in 50 and re-analysed. The
resulting NH," concentration was adjusted back by the
dilution factor (x10 or x50) to give the original sample
concentration.

2.3.4 | Flow rates

The absence of flow rate regulators (as a result of long
delays in delivery associated with the Covid-19 pan-
demic), resulted in differences in flow rate between sam-
ples (Table 1). The average and standard deviation of the
flow rate for each treatment on each sampling occasion
is shown. Flow rates should be controlled, as differences
could contribute to differences in the magnitude of fluxes.

85UB017 SUOWWOD A8 d(dedl|dde ayy Aq pausenob afe sapife YO oSN J0 S3|ni Joy AReid1 8UIUO A1/ UO (SUOKIPUOD-PUR-SUBYLIOD"AB| 1M Alelq Ul UO//SANY) SUORIPUOD pUe SWIS L 8U} 885 *[£202/S0/TE] U0 ARiqiauliuO AB|IM ‘1591 Ad T68ZT WNS/TTTT OT/I0P/W00 A8 |Im* ARe.q1|BuUOS euIN0ssq/:sduy Lwo.y papeojumoq ‘0 ‘€v.2SLYT



14752743, 0, Downloaded from https:/bsssjournals.onlinelibrary.wiley.com/doi/10.1111/sum.12891 by Test, Wiley Online Library on [31/05/2023]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

P WILEY-

02061 08°CHT 00'6 OF"€TT 09°LTT 08'6SC 08091 e/u 00°CT 09°5CT 09°89T 08'ICT N-210ydSImnN 8T

. 08961 09°LLT 08°L OoV'erl 08°LCL 0T°68¢C 09°S61 B/U 09°C1 08'IST 09°181 09°LTT [onuop LT

m 00°SCC 00°08T 09861 089¢T 09 V1T 00°S8¢C 09°'6ST B/U ov'IT 09°¢ST 00°%9¢C 00°'TIT ealn) 91

9 W 09'T1T 00°S€T 08t 0y 911 08°CIT 08°08C 0881 B/u 08°€T 0T°LTT 09°8€T 0C°CIT [onuo) ST

Wm 09°¢ 0901 0T'LTT 08¥CL 0C’'16 09°¢CT 00°S9T B/U 080T 08901 09°0vC 09°9CT N-e12ydSInN 14!

& & 09vLT 09°TITL 00°LT 08¥C1 08°88 00°¢TIT or'¥91 B/U o'yl ov' 191 0C°061 08°STT Baln] €l

0T €LT 00°LTT 0C'LTT 08901 0708 08'T+T 00°0¥C B/u Or'TT 08'STT 0C'1IZT 0b'9TT [onuo) @l

00°CeT 09°S€T 08'¥81 0C'8I1 0C'1¢1 0czee ov'LET B/U oyl 0T’ LTT oV ¥01 ov'eSt N-d1aydsmnN 1T

o' ¥91 00°SET 08'¥81 (a4t 08'1CT 00'¥Ce 09 B/U 00°6 ov'eS 00°SET 02901 Bl (0]

09°L0C 089¢T 0Teet 0¥'0TT 00°0ST 0C'10¢ 1T181 '/u ov'LT 08'8%1 08'ICT 08'8T1 BN 6

09°C61 08°091 0¥°00T 08°€ET o' I€T 0¥'8LT 1+°00C B/U 00°ST 0C¥81 00°TLT 09°8€T [onuop 8

09791 ov'6rIl 00°'8€T 0C'1Z1 09°'6C1 00°¥6C ov'8ST '/U 08’61 08'6€1 0T'811 0C°00T N-erydstinN L

0t'9¢ 0C'6€T (%4t 0’101 0T°¢0T 0TvIc 08'8¢¢C B/U o'yl 00°CET 08'8LT 09°0CT BaIN 9

ov'¥ce 08'6€1 0981 08°LT1 08°¢0T 00°L9T 99091 B/u 0891 0T°L8T (s 0C'8I1 [onuop S

09891 00°LTT 0Tl 09°¢CT 00°¢CT (0174144 68061 B/u (ad! 02901 08781 OV'LET N-e19ydSIInN 14

09°'1v1 0Ov911 ov'LL 08°¢0T 0¥ 101 08°6S¢C Yo' LYT '/U 0z'61 00'61¢C 0v'9¢€T 08'601 jonuo) €

00°€ST 08'8TT (049 08Tl 0Z°00T 01'8LC 0T'LIT B/U 0z'6l 0TCLT 0C'1IST 00°L¥T N-e1ydSInN ©

0TcLT 08°9¢1 0v'0TT oy'SST 08'Sv1 0v"'69¢C 0r'SST B/U ov'1L 08'8T1 00°9¢T 08'ICI Bl I

02/L0/90 02/L0/20 02/90/6C  0T/90/LT  0Z/90/ST  0T/90/€T  0Z/90/cC  0T/90/1C  0Z/90/0C  0T/90/6T  0Z/90/8T  0T/90/LI judurjeali], srdures

(48 118 (1) 8 6 8 L 9 S 14 € (4 T
porxad sydures
‘porrad Surjdures yoes ye mofjire }sneyx oY) je pajdures (JNDD) nurw 19d wo dIqnO Ur eI MOFYL, T HTdV.L

2
&
2
=




6 e
SoilUse
WI LEY-pet Management

HARTY ET AL.

However, the average differences in flow rates between
treatments are unlikely to alter the significance of the
results.

2.4 | Statistics

Statistical analysis was conducted using SPSS Statistics
version 24 (2016-2017, International Business Machines
(IBM) Inc., Armonk, NY, USA). A generalized linear mod-
elling approach was used to test for the fertilizer N treat-
ment effect on NH;-N loss using the analysis of variance
analysis (ANOVA). The factor analysed was the effect of
fertilizer treatment formulation on cumulative NH,* con-
centration. Cumulative NH,* data were first checked for
normality before analysis. As the data were not normally
distributed cumulative NH,* values were log transformed
prior to analysis. Differences between fertilizer treatments
were determined using the Tukey's post hoc test at the
95% confidence level.

3 | RESULTS

The fertilizer treatments were applied at a rate of 1 g urea
fertilizer per 100 g fresh soil which equates to 460 mg NH -
N. Analysis of the cumulative NH," results (Figure 2),
shows NH; fluxes from untreated urea were 28.54mgN,
which represents a volatilization rate of 6.2%; and fluxes
from NutriSphere-N® treated urea were 3.78 mg N, which
represents a volatilization rate of 0.008%, while fluxes
from the control were 0.05mgN 0.00011%. Fluxes from
urea were significantly higher (86.7%) than the fluxes
from NutriSphere-N® treated urea (p = .018) and sig-
nificantly higher (99.8%) than the untreated control

40

35

N (]
o =]
>

Total NH, -N emissions mg m?
N
o

15
10
B
5
B
0 —
Treatment

B Nutrisphere ~ Control Urea

(p = .006). The fluxes from the NutriSphere-N® treated
urea were not significantly different from the untreated
control (p = .959).

Figure 3 shows the daily flux of NH,-N (mgNm™>day ™)
NH;-N. The highest fluxes of NH;-N for the fertilized treat-
ments occurred between 22 June and 6 July (sampling
periods 6-12). On average, untreated urea generated the
highest fluxes in the experiment, while urea treated with
NutriSphere-N shows much lower fluxes of NH,, and both
fertilizer treatments produced peak fluxes on 27 June.

The pattern of fluxes from the two fertilizer N treatments
were similar, NH;-N fluxes commenced on 17 June (sam-
pling period 1 of the study), with extremely low NH;-N flux
volumes. The fluxes gradually increased until 21 June (sam-
pling period 5 of the study) when the rates of increase in
fluxes were much greater. Fluxes peaked for the fertilizer
treatments on 27 June, sampling period 9 of the study.

Analysis of the acid traps collected for each individ-
ual sampling period (Figure 4) shows that urea domi-
nated the concentrations. The concentrations for the first
four sampling periods—(acid traps sampled daily) were
low <0.25mgN. From sample period 5, the concentra-
tions started to increase for urea (2.31mgN); increasing
to 4.44mgN at sample period 6 and 11.65mgN at sample
period 7. For sampling periods 8, 9 and 10, the acid trap
sampling took place every 2days with the acid trap concen-
trations representing 2days of measurement. At sampling
period 8, this trend for higher concentrations from urea
continues with 46.42mgN and peaked on sample period 9
at 108.69mgN for urea. NutriSphere-N® treated urea con-
centration also peaked at sample period 9, though the peak
was much lower at 42.14mgN. Concentrations for both fer-
tilizer treatments started to reduce at sample period 10 with
58.97mgN for urea, while NutriSphere-N® had returned
virtually to the same level as the control. For periods 11

FIGURE 2 Cumulative Ammonia
Emissions for the study period (total

21days). N = 6, Error Bars = SE.
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FIGURE 4 Concentration of NH,*-N in the acid traps. Sampling periods 1-7 are sampled daily, 8-10 are sampled every 2days and 11~

12 every 3days. N = 6, Error Bars = SE.

and 12 samples were taken every 3days, at sample period
11 urea had reduced to 25.35mgN and NutriSphere-N® to
6.34 by sample period 12 urea concentration had returned
to 4.73mgN and NutriSphere-N® to 0.39mgN. The control
treatment remained close to zero with the highest average
value of 0.26 mgN at sample period 10.

In relating the chamber air flow rate (Table 1) to the emis-
sions peak (Figure 3), the airflow for the 4days coming up
to and including the emissions peak, was the second highest

of these four (167cm’ min™") on day 6, when the urea emis-
sions rate is starting to increase significantly, the average flow
rate in the chamber is highest on day 7 (265cm® min™") as
the urea emissions rate remains similar to the previous day.
The flow rate is lowest of the 4days on day 8 (115cm® min ™
as the Nutrisphere-N® emissions start to increase significantly
and as the rate of increase in urea emissions is highest and the
flow rate is second lowest on day 9 (122cm® min™") when the
rate of emissions start to reduce.
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4 | DISCUSSION

This experiment was conducted in a temperature and
light-controlled lean in chamber environment using a
closed system designed to quantify the NH; losses from
N fertilizers and frequent acid trap sampling also ena-
bled comparisons of emissions profiles from the ferti-
lizer treatments. The experiment was conducted for a
3-week period under simulated summer temperatures in
a temperate maritime region. The chamber airflow ran
non-stop between sampling periods (to simulate windy
conditions), moisture levels were supplemented at the
sampling time and the soil was allowed to dry out in be-
tween sampling to simulate rainfed systems. These en-
vironmental conditions combined with surface fertilizer
application provided the conditions conducive for NH;
volatilization.

In an incubation study (using four types of soil, five
nitrogen sources, three incubation temperatures and two
soil moisture regimes), based on a PCA analysis, the in-
fluence of various factors on NH; emission levels was
identified in a descending importance as follows: soil
type, nitrogen source, pH of the soil, soil temperature and
moisture regime (Liu et al., 2011). The soil type and envi-
ronmental effects relative to the experimental conditions
including soil moisture, precipitation, temperature, wind-
speed, rainfed studies were examined in the context of the
literature (Table 2).

4.1 | Soil type

According to Fenn et al. (1982) losses of NH; from soils are
controlled by the soil cation exchange capacity (CEC)which
can be related back to the soil texture and soil organic mat-
ter (OM) status. Coarse textured soils have a greater sand
content, and as sand does not have many functional groups
that can bind NH4Jr ions, these soils have lower potential
to retain NH," ions and are at increased risk for NH; loss
(Liu et al., 2011). In contrast, clay and silt particles have
much greater surface areas and more functional groups
than sand with greater capacity to retain NH," ions and
NH, emission rates tend to be lower in fine-textured soils
(Liu et al., 2007). This present experiment considered only
the surface application of a single mineral N source—urea
in granular form. Urea hydrolysis, especially in surface ap-
plications of urea on moist soil, causes a temporary spike
in pH around the granule as it disintegrates, this increase
in pH alters the ratio of NH," and NH, present: above
pH 9.75 NH; predominates while below pH 8.75, NH,"
predominates (Hem, 1985). Because of the direct impact
of pH on the balance of NH,* and NH;, soil properties that
buffer or resist pH changes will be important in reducing

NH; volatilization levels, so fine-textured soils should be
at lower risk for volatilization. Although as urea granule is
hydrolysed, the increase in pH is temporary, it can result
in substantial volatilization loss from soils with an initial
pH as low as 5.5 (Engel et al., 2011). Rochette et al. (2013)
found that cumulative NH; emissions were closely related
(R*>.85) to two factors, maximum increases in soil NH,
concentration and soil pH. Nutrisphere-N® along with
other products, designed to reduce NH; volatilization from
urea, will be more effective in the environmental condi-
tions conducive to NH; volatilization loss. Overall, soil
texture alone is one factor of many which will contribute
to NH, volatilization risk. Others include starting choice
of N type, soil moisture conditions, the timing of precipi-
tation, the soil pH, temperature and windspeed. Because
so many other factors influence volatilization risk, there is
no direct link between soil texture and Nutrisphere-N® ef-
fectiveness in reducing NH; emissions. For example, soil
texture in studies where Nutrisphere-N® was reported to
be effective ranged from loamy sand (Maharjan et al., 2017;
Wiatrak, 2014a, 2014b), sandy loam (Goorahoo et al., 2015;
Peng et al., 2015), silt loam (Dunn & Wiatrak, 2014;
Gordon, 2014; Wiatrak & Gordon, 2014); loam (present
study) and clay (Dunn & Wiatrak, 2014). While soil tex-
ture in studies that report Nutrisphere-N® as ineffective
in reducing NH; emissions also range from sandy loam
(Goos, 2008; Tubbs et al., 2009; Franzen et al., 2011; Lemus
et al., 2013; Forrestal et al., 2016; Harty et al., 2017; Goos
& Guertal, 2019), sandy clay loam (Goos & Guertal, 2019),
silt loam (Connell et al., 2011; Franzen et al., 2011), loam
(Connell et al., 2011; Norton, 2011), clay loam (Goos, 2008;
Franzen et al., 2011), clay (Franzen et al., 2011; Goos &
Guertal, 2019).

4.2 | Soil moisture and precipitation

The results from the temporal emissions from this experi-
ment show a typical urea NH; emissions profile with a
single peak. Soil moisture was a key contributor to this
peak which occurred when the fertilizer granule had suf-
ficiently disintegrated on the moist soil and at the point
in the experiment at which the sampling frequency had
increased from daily sampling to sampling every 2days
(between sampling period 7 and 8). Up to this point, soil
moisture levels were replenished at daily sampling with
a standard aliquot (10 mL) of water. The daily aliquot of
water was doubled (20mL) on day 8 to account for sam-
pling frequency moving to every 2days. It is likely that the
rate of granule disintegration was increased by doubling
the aliquot of water and this was followed by enhanced
evaporation of soil moisture because of the longer time be-
tween sampling. Soil water, which contained appreciable
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quantities of NH; and NH," dissolved, as it evaporated
would also have contributed to the emissions peak. Both
urea and Nutrisphere-N® treated urea fertilizer treatments
in this experiment followed a similar emissions profile.

Literature also supports that urea-N is at greater vol-
atilization risk following surface applications of urea at
higher soil moisture (Pelster et al., 2019). A study by Engel
et al. (2011) found the largest losses (30%-44% of applied
N) occurred after urea was applied to high water content
soil surfaces, followed by a period of slow drying with
little or no precipitation. This is also in agreement with
Forrestal et al. (2016) who identified the main contributing
factor driving maximum urea volatilization (53%) was the
starting level of soil moisture and the timing and duration
of precipitation events. There is evidence of varying effec-
tiveness of Nutrisphere-N® in improving NUE under dif-
ferent moisture conditions, Maharjan et al. (2017) found
Nutrisphere-N® improved yield performance in normal
weather years, but no effect on yield in extreme wet years
or dry years. There was no yield effect of Nutrisphere-N®
in a growing season where rainfall was 155% of the 30-year
average (Moyer & Kelley, 2008) nor in extreme dry year
when growing season rainfall deficit of 17% of 30-year av-
erage. (Harty et al., 2017). In contrast to these findings,
Pereira et al. (2009) showed Nutrisphere-N® treated urea
reduced urea N volatilization in side-dressing fertilization
following high rainfall and Nutrisphere-N® reduced N
losses with both urea and UAN and increased grain yield
when soil moisture content was at 55%, 56% and 53% of
field capacity when fertilizer was applied (Gordon, 2014).

However, in these studies, the detail of the starting soil
conditions and the timing or precipitation is not presented
which are essential in creating, enhancing or minimizing
the conditions for volatilization. Soil moisture influenced
volatilization levels in the study by Dunn and Wiatrak (2014)
where urea treated with Nutrisphere-N® did not produce
higher yields than urea alone when fertilizer was applied at
low soil moisture, while Nutrisphere-N® improved rice grain
yields compared to untreated urea when N applied at higher
soil moisture. It is clear that Nutrisphere-N® as well as other
products, designed to reduce NH; volatilization from urea,
will be more effective in the environmental conditions con-
ducive to NH; volatilization loss.

4.3 | Windspeed and temperature

Ammonia is also at a greater risk of volatilization at high
temperatures, high windspeed and low humidity (Sommer
et al., 2009). Kissel (1986), found that a temperature rise
from 7.0°C to 26°C increased the transformation of urea to
NH,* by a factor of four and the proportion present as NH,
also increased. The present study temperature was chosen to

and Management

simulate summer temperatures in Ireland. The airflow was
on continuously throughout the study to simulate windy con-
ditions apart from short breaks during sampling. Humidity
was not controlled. These temperature and wind conditions
combined with the surface applied fertilizer would have
been conducive to volatilization loss. In field studies where
the combined temperature and windspeed conditions are
conducive to NH; volatilization, Nutrisphere-N® consist-
ently reduced N loss. For example, Nutrisphere-N® treated
urea (applied as KimCoat©) reduced urea N volatilization
when applied at air temperatures greater than 30°C in Brazil
(Pereira et al., 2009). Nutrisphere-N® helped to reduce soil
NO;-N losses Wiatrak (2014a) and improve growth param-
eters and yield of corn (Wiatrak, 2014b), where the growing
season average temperature exceeded the 30-year average.
Nutrisphere-N® reduced N losses with both urea and UAN
in no till corn (Zea mays L.) and increased grain yield in
conditions favourable for NH; volatilization (Gordon, 2014).
Peng et al., 2015 in a laboratory study incubated at a day-
time temperature of 25°C, and a night-time temperature of
18°C found UAN-with Nutrisphere-N® significantly limited
N loss compared to UAN alone. Goorahoo et al., 2015 found
Nutrisphere-N® reduced N,O fluxes in cotton (Gossypium
hirsutum) by as much as 50%, with reduced efficacy at
highest fertilizer rate. Dunn and Wiatrak found rice yields
(Oryza satvia L.) were improved by both Agrotain and
Nutrisphere-N® compared to untreated urea at the rate of
78kgNha~" and only in the year when both the soil and en-
vironmental conditions were conducive to N loss.

Windspeed is also a factor influencing the NH; vola-
tilization rate. For the present study, the 4 days leading
up to and after the peak, there was a lack of linear rela-
tionship between the average flow rate and the rate of
emissions, with the lowest windspeed coinciding with
the fastest rate of increase of emissions. This suggests
windspeed, while it may contribute to volatilization,
was not the critical factor in driving NH; emissions in
this study. This is supported by research which shows
that while NH; loss rate increased when wind speeds in-
creased up to 2-5 ms™', no consistent increase in NH;
volatilization was found when the wind speed increased
from 2-5 to 4 ms™' (Sommer & Olesen, 1991). This is
in agreement with Thompson et al. (1990) who found
while wind speed had a positive effect on NH; volatiliza-
tion, the effect was small in relation to the total loss; in-
creasing the wind speed from 0.5 to 3.0 ms™" increased
the total 5 day loss by a factor of 0.29.

4.4 | Inhibitor efficacy at Rainfed sites

Smith et al. (2014) suggest greater yield advantages will
be found when Nutrisphere™ is used under conditions
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where yield is not limited by lack of rainfall. For exam-
ple, under irrigated conditions, Nutrisphere-N® treated
urea and/or UAN consistently reduced total NH; vola-
tilization losses (Barbieri et al., 2018), increased yield in
grain (Gordon, 2014; Wiatrak, 2014b) and rice (Dunn &
Wiatrak, 2014) and improved yield and N uptake in corn
(Maharjan et al., 2017; Wiatrak & Gordon, 2014). This is
in contrast to more variable results using Nutrisphere-N®
under rainfed conditions where Nutrisphere-N® increased
yield of corn (Smith et al., 2014) and potatoes (Hopkins
et al., 2008); Nutrisphere-N® did not reduce emissions in
temperate grassland (Forrestal et al., 2016), forage ber-
mudagrass (Connell et al., 2011), spring wheat, durum
wheat (Franzen et al., 2011) and corn (Liu et al., 2019).
Nutrisphere-N® did also not increase yield in temper-
ate grassland (Harty et al., 2017), bermudagrass (Moyer
& Kelley, 2008; Connell et al., 2011), Spring wheat and
durum wheat (Franzen et al., 2011), corn (Liu et al., 2019;
Tubbs et al., 2009), sugar beet (Norton, 2011) and peren-
nial ryegrass (Lemus et al., 2013). In the present study,
the temperature and continuous airflow conditions in
the chamber meant soil moisture levels in this experi-
ment were allowed to reduce before an aliquot of water
was applied during daily sampling. This soil drying was
enhanced further when sampling and aliquot addition
moved to every 2days. This simulated the soil conditions
at rainfed field sites where the drying soil may have con-
tributed to enhanced volatilization levels.

4.5 | Other sources of variability

A potential source of variability in these trials is the
source, age and viability of the inhibitor. The effectiveness
of inhibitor products can be reduced if the product is not
stored properly or the product is carried over from year
to year. NutriSphere-N® has a shelf life of 2years, while
granular urea treated with NutriSphere-N has a shelf life
of 12months (Verdesian, 2022). The product format can
also vary; it can also be purchased already mixed from a
merchant or the product can be mixed/coated ahead of
the experiment. Lack of consistent protocol for storage or
mixing can impact the lifespan and effectiveness of the
product. Future studies should identify format and source
of product as well as the length and conditions of storage
ahead of the trials. This will ensure consistent and like for
like comparisons in experimental trials.

4.6 | Study shortcomings

Because of the controlled environmental conditions, this
study does not account for weather differentials including

diurnal, seasonal and spatial differences in meteorol-
ogy, soil heterogeneity or soil deposition of ammonium
(Sutton et al., 2013). It also used bare-sieved arable soil
and so did not include the effect of soil structure or the
presence of a crop. It was conducted on a single soil type
under controlled temperature and moisture conditions.
The experiment also included only one single application
rate of N fertilizer and the maximum sampling frequency
was daily which reduced the resolution of the data. For
that reason, this experiment should be supplemented with
further field experimentation and incorporate multiple
soil types at differing N rates, multiple N sources and high
sampling frequency.

4.7 | Implications of this study

The present laboratory incubation study found an 86%
reduction in NH; emissions from Nutrisphere® amended
urea compared to unamended urea. Previous field stud-
ies in Ireland found no emissions reductions from
Nutrisphere® on grassland but comparable reductions of
78.5% compared to urea applied at a rate of 200kgNha™"
in five 40kgNha™' applications (Forrestal et al., 2016).
While an arable study on Spring barley also found no
emissions reductions from Nutrisphere® but an average
20% reduction from NBPT (Roche et al., 2016). Studies
have also found rapid hydrolysis of urea in Irish temperate
grassland, Watson and Miller (1996) reported that 1.3% of
N remained in the urea form in the soil 1.75days after ap-
plication. This is in contrast to the incubation study where
the emissions peak occurred 10days after fertilizer appli-
cation. It is likely that the grass cover in the field site in
addition to the higher humidity present contributed to the
faster hydrolysis in the field site.

Fertilizer prices (urea) have increased steadily for de-
cades, linked to the price of energy used in the manu-
facture, rising from €178 tonne™! in 1990, €201 in 2000,
€329.97 in 2010, €335.94 in 2020 (CSO, 2021). However,
the current energy crisis has meant fertilizer prices have
reached an all-time high with retail prices for urea fer-
tilizer in Ireland reached €1200 tonne ' in April 2022
(Farmers Journal, 2022a) and €1500 tonne™" by August
2022 (Farmers Journal, 2022b). Urea is the most con-
centrated solid N fertilizer (46% N), cheaper to manufac-
ture, more economical to transport and less expensive
than other forms of granular fertilizer N. However, be-
cause of its high volatilization potential, it has not been
used widely historically in Western Europe. Results
from early experiments showed that urea was less effec-
tive than other straight forms of N (Smil, 2001). Lower
urea performance was often because of (a) loss of N ef-
ficiency as a result of NH;, volatilization, driven by both
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soil conditions and climatic factors post-fertilizer appli-
cation (Watson, 2000) and (b) the lower density of urea
compared to AN/CAN impacting on uniform field spread-
ing (Dampney et al., 2003). Granulation now supersedes
prilling as the method of choice for urea solidification
(Kroschwitz & Howe-Grant, 1995). Recent Irish research
showed that using protected urea (combining urea with
NBPT) reduced N,O emissions compared to CAN (Harty
et al., 2016), offered similar yield and uptake potential
to CAN (Harty et al., 2017) and reduced NH; emissions
compared to urea (Forrestal et al., 2016). The present pro-
hibitive cost of fertilizer means that farmers must use all
means necessary to maximize the nutrient retention by
minimizing losses from any fertilizer applied. Farmers
who may not have previously considered the inclusion of
inhibitors with their fertilizer, such as Nutrisphere®, used
in the current study, may now be more open to their use.

While Nutrisphere-N® successfully reduced NH; emis-
sions compared to urea, in controlled conditions in the
present experiment, it is important that a field assessment
of the NH; emissions from urea, Nutrisphere-N® and other
N inhibitors compared to urea be conducted to assess the
relative performance under field conditions.

5 | CONCLUSION

This experiment was conducted in a temperature and
light-controlled lean in chamber environment using a
closed system designed to quantify the NH; losses from N
fertilizers and to compare the emissions profiles from dif-
ferent fertilizer treatments. The temporal emissions from
this experiment show a typical urea NH; emissions pro-
file with a single peak. This was driven by increasing NH,
volatilization which occurred as the fertilizer granule
began to break down and peaked once the granule had
sufficiently disintegrated. Both urea and Nutrisphere-N®
treated urea fertilizer treatments in this experiment fol-
lowed a similar profile of emissions. The cumulative NH,
emissions over the experimental period were significantly
higher for untreated urea than both the NutriSphere-N®
treated urea (86%) and the untreated control, while the
emissions from the NutriSphere-N® treated urea were
significantly (86%) lower than the untreated urea and
were not significantly different from the untreated con-
trol. It will be important that consistent storage proto-
cols and coating of the fertilizer with Nutrisphere-N®
for use in experiments should be ensured for like by like
comparisons. In controlled conditions, Nutrisphere-N®
successfully reduced NH; emissions compared to urea,
and a field assessment of the NH; emissions from urea,
Nutrisphere-N® and other N inhibitors compared to urea
is recommended.

and Management
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