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ARTICLE INFO ABSTRACT

Handling Editor: Pauline Chivenge The use of wastewater-derived struvite (MgNH4PO4-6H20) as a lower water solubility alternative to highly
water-soluble phosphorus (P) fertilizers such as monoammonium phosphate (MAP) has been widely hypothe-
sized to reduce fertilizer nitrogen (N) and phosphorus (P) losses from soil, which stands to improve water quality.
To test this hypothesis, inorganic N and P leaching were quantified using soil columns (Ap horizon of a smectitic,
mesic Aquic Argiudoll) over 3.67 pore volumes (v,). We additionally compared estimates of fertilizer N leaching
by direct '°N tracing of °N-labeled struvite and MAP, and to account for potential particle size effects also
evaluated N leaching for commercial granular (unlabeled; 2.8 mm diameter) versus synthesized (15N-labeled;
0.3 mm diameter) fertilizer forms. Relative to MAP, struvite exhibited 4-fold lower N leaching and >300-fold
lower P leaching from granular fertilizers, but similar N leaching and 10.7-fold lower P leaching from fine-sized
fertilizers. Dissolution (%) was 4-fold lower for struvite than MAP regardless of fertilizer particle size. Though
normalizing N and P leached to fertilizer dissolution did not alter estimated MAP losses, leaching of P and to a
much greater extent N was markedly higher for struvite, particularly fine-sized. Overall, these findings provide
strong support for the hypothesized advantage of struvite over highly water-soluble ammonium phosphate fer-
tilizers such as MAP to mitigate leaching of applied N and P when used in granule form. Additionally, we find
indirect evidence for incongruent dissolution of struvite that merits further mechanistic evaluation given im-
plications for struvite N versus P fate following application to soil.

1. Introduction relatively overlooked - yet, the magnitude of the co-applied N is

appreciable relative to water quality goals. For example, assuming half

Highly water-soluble ammonium phosphates are the dominant
phosphorus (P) fertilizer in the US Maize Belt (Leikam and Penas, 2000;
Osteen et al., 2012). The use of monoammonium phosphate (MAP) or
diammonium phosphate (DAP) to supply P entails the co-application of
nitrogen (N) in the form of NH4-N. Thus, the common agricultural
practice of fall applying MAP or DAP (Margenot and Lee, 2023) can
entail leaching losses of fertilizer N in addition to P during the subse-
quent off-season of winter and early spring, largely as NO3-N due to
rapid nitrification of dissolved NHj-N (Fernandez et al., 2010;
Nakayama et al., 2025). Limited studies indicate that N losses from fall-
applied MAP and DAP may be as high as 70 % (Fernandez et al., 2010) to
100 % (Nakayama et al., 2025). However, since ammonium phosphate
fertilizers are not categorized as N fertilizers by the US Department of
Agriculture (Decock, 2014) nor by many researchers or land grant in-
stitutions (Margenot and Lee, 2023), the fate of co-applied N has been

of the 8.7 million ha of Illinois cropland under a two-year maize (Zea
mays L.) -soybean (Glycine max L.) rotation (USDA-NASS, 2023)
received the recommended rate of 224 kg DAP ha™! (Ferndndez and
Hoeft, 2012), an estimated 175.3 million kg N would be co-applied with
P — a magnitude exceeding the Illinois Nutrient Loss Reduction Strategy
annual NO3-N reduction target of 79.8 million kg by 120 %. Even if only
a small fraction of this co-applied N is lost to surface waters, managing
ammonium phosphate fertilizers for N loss reductions offers a means to
meaningfully reduce NO3-N loading to water bodies.

Struvite (MgNH4PO4-6H20) produced from nutrient-rich wastewa-
ters decreases N and P emissions from the point sources at which it is
produced, and when used as a low water-solubility ammonium phos-
phate fertilizer can reduce N and P losses from non-point sources of
agricultural fields via surface run-off and subsurface leaching (Margenot
et al., 2019; Ruffatto et al., 2022). The low water solubility of struvite,
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generally <3 % (Gu et al., 2021) stands to reduce N losses via leaching
relative to highly water-soluble (>95 %) MAP and DAP. However,
limited evaluations of P loss reductions with struvite relative to highly
soluble P fertilizers conducted to-date have not quantified likely co-
reductions in N leaching losses: the majority of comparisons of stru-
vite with highly soluble P fertilizers have been made relative to super-
phosphates (Hertzberger et al, 2020), precluding testing of
hypothesized lower N leaching with the magnesium form of ammonium
phosphates (i.e., struvite).

Fertilizer-derived N loss can be determined directly by stable isotope
labeling with N or indirectly by difference with an unfertilized control,
but the two methods may not necessarily yield similar results due to
assumptions and/or variability of measurements specific to each
method. Isotopic labeling of fertilizer N allows for direct determination
of fertilizer N fate, including losses (e.g., Frick et al., 2023; Huddell
et al., 2023), because the fertilizer N is distinguished by a high enrich-
ment in *°N relative to the background natural abundance (Gardner and
Drinkwater, 2009). The more commonly used difference method in-
volves subtraction of N losses measured in an N-unfertilized treatment
from N losses measured in a N-fertilized treatment, assuming that non-
fertilizer N loss is agnostic to N fertilizer addition. This approach is
often used to quantify fertilizer N uptake by crops and thus N use effi-
ciency (Dobermann, 2007), and can also be used to estimate losses of N
from fertilizers (Fernandez et al., 2010).

We explicitly evaluated N as well as P leaching losses from struvite
relative to MAP, using two methods: indirect determination by the dif-
ference approach, and directly by °N isotopic labeling of fertilizers.
Specific objectives were to (1) quantify N leaching from struvite relative
to MAP, contextualized by P leaching; (2) compare estimates of N
leaching determined by direct (*>N) versus indirect (difference)
methods; (3) determine N and P leaching normalized to fertilizer
dissolution; and, (4) quantify the effect of granular and fine-sized (i.e.,
15N labeled) fertilizer forms on N and P leaching. We hypothesized lower
N and P leaching from soils fertilized with struvite relative to MAP, and
anticipated that apparent N leaching would differ by the method of
determination (!°N tracing vs difference). We additionally hypothesized
that lower dissolution of struvite compared to MAP would largely
explain lower leaching of N and P, and that differences in struvite and
MAP dissolution, and thus N and P leaching, would be reduced for the
finer particle size of synthesized (i.e., 15N-labeled) struvite and MAP.

2. Methods
2.1. Ammonium phosphate fertilizers

Commercial granular struvite was sourced from Ostara Nutrient
Recovery Technologies Inc. (Vancouver, Canada) and commercial
granular MAP was sourced from Illini FS (Tolono, IL, USA). Granules of
struvite and MAP were marketed as 300 SGN (3.0 mm mean diameter),
but with variance in granule size. To ensure consistency of granule size,
commercial fertilizers were sieved using a 2.6 and 3.0 mm custom nylon
polymer mesh, isolating a mean granule size of 2.8 mm. Advertised
fertilizer N and P contents were 5.0 % N and 12.2 % P (28 % P,0s) for
struvite, and 12.0 % N and 22.7 % P (52 % P50s) for MAP. Fertilizer N
content was measured by dry combustion using an elemental analyzer,
and fertilizer P content was measured by digestion in nitric acid (5 % v/
v; 16 h at 60 °C) with quantification by inductively coupled plasma (ICP)
optical emission spectroscopy (OES), in triplicate. Measured N and P
contents were 5.0 + 0.1 %N and 12.4 + 0.2 % P for struvite, and 11.9 +
0.1 %N and 22.4 + 0.1 % for MAP. Measured P contents were used to
inform P-based application of struvite and MAP to soil columns (see
Section 2.2).

I5N-Struvite and '°N-MAP were synthesized to directly trace the fate
of fertilizer N into leachate, which by necessity of small-scale precipi-
tation produces a finer particle sized material than commercial fertilizer
granules by an order of magnitude (Chatterjee et al., 2024). Thus, the
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15N labeled fertilizers synthesized also served as the fine-sized particle
fertilizers. !°N-Struvite was synthesized using a ratio of Mg:N:P of
1.2:3:1 by adding 0.1 M MgSO4-7H,0 and °NH4CI (99 atom %) to a
solution of 0.01 M NaH5PO4-2H,0 (Hao et al., 2008) in 18.2 mQ-cm
water. The resulting solution was adjusted to pH 8.8 with incremental
additions of 2.5 M NaOH to drive struvite precipitation. Small (0.1 mm
diameter) particles of struvite were visually observed to form immedi-
ately following addition of NaOH solution. The solution was mixed at
300 rev min~! for 30 min at 25 °C using a magnetic stir bar, after which
the °N-struvite precipitate was vacuum filtered (cellulose, 2.5 pm
diameter pore) and three washes were performed with 200 mL 18.2
mQecm water (Leon et al., 2024). >N-MAP was synthesized by recrys-
tallizing ACS-grade ammonium phosphate monobasic (Gargouri et al.,
2012) in the presence of 15NH4C1 (99 atom %) (Leon et al., 2024). In
brief, ammonium phosphate monobasic was dissolved at 60 °C in a 1:1
m/m ratio of water to ‘°N-ammonium chloride by stirring at 300 rev
min~! for 10 min, and the supersaturated solution was left to cool to
25 °C to recrystallize 1>N-MAP.

Synthesized °N-labeled fertilizers were dried at 30 °C until constant
mass over three days, and particle size was constrained to a mean of 0.3
mm diameter by sieving using 0.2 and 0.4 mm nylon polymer meshes.
The resulting 0.3 mm mean diameter °N-struvite and °N-MAP were
analyzed in triplicate for total N and §!°N content with an elemental
analyzer via dry combustion (Costech 4010, Costech Analytical Tech-
nologies, Valencia CA USA) coupled to an isotope ratio mass spec-
trometer (DeltaV Advantage, Thermo Fisher Scientific, Bremen,
Germany). The 5!°N values were expressed relative to ambient atmo-
spheric Nj, and used to calculate 15N enrichment (atom%) of '°N-stru-
vite (98.9 + 0.1 atom%) and ">N-MAP (48.3 + 0.2 atom %). Phosphorus
concentration was confirmed as described for granular fertilizers, and
was 12.2 + 0.1 % P for 15N-struvite, and 22.5 + 0.1 % for '>N-MAP.

2.2. Experimental design

For packed soil columns used to quantify N and P leaching from
ammonium phosphate fertilizers, the Ap horizon (0-35 cm depth) of a
fine, smectitic, mesic Aquic Argiudoll (Flanagan series) was collected
from a field under maize-soybean production in Urbana, IL. The site had
a historical (1990-2020) mean annual precipitation of 940 mm and
mean annual temperature of 11 °C. Soils at this site formed in loess
deposited in the late Holocene during the retreat of the Wisconsin
deglaciation (Odell and Oschwald, 1970) under perennial grasses in the
former tallgrass prairie biome now dominated by intensive maize pro-
duction (Margenot et al., 2025). Approximately 75 % of the total land
area of Illinois is currently cultivated (10.9 million ha) (USDA-NASS,
2023), with most (83 %) soils mapped as fine, smectitic, mesic Aquic
Argiudolls statewide (9.0 million ha), 30 % of which are mapped as the
Flanagan series specifically (2.7 million ha) (Soil Survey Staff, 2024).
Thus, the soil evaluated represents soils of inherently high fertility under
in the US Maize Belt that receive relatively high applications of P, and
largely as ammonium phosphates (Margenot and Lee, 2023). The
sampled Ap horizon expressed a silt loam texture with 3.1 % organic
carbon, bulk density of 1.28 g cml, pH 6.3, 22.4 cppy0) kg’1 CEC with 96
% base saturation, 12.1 mg P kg~ by Mehlich-3 extraction with color-
imetric quantification and 10.2 mg inorganic N kg~ ! extractable by 2 M
KCl as NO3-N (9.4 mg kg’l) and NH4-N (0.8 mg kg’l). Soil was air-dried
at room temperature (~24 °C) and homogenized by manual grinding
with a mortar and pestle to pass a 2 mm sieve prior to packing in
columns.

Soil columns were used to test hypothesized differences in leaching
between struvite and MAP, and in two forms: (i) granular commercial
fertilizers (2.8 mm diameter) and (ii) synthesized I5N-labeled fertilizers
(0.3 mm diameter). Soil columns (9.5 cm diameter x 30.0 cm height)
were packed with 1140 g of dry mass basis of air-dried soil (<2 mm
diameter) to a bulk density of 1.21 g cm ™3, reflective of bulk density in
the field (Hollinger, 1995). At the bottom of each soil column, a 150 pm
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nylon mesh was added above a 1 cm layer of acid-washed quartz sand
previously rinsed with 18.2 mQ-cm water to serve as a filter for sedi-
ment. Columns were slowly saturated upward to avoid trapping air
bubbles, using 18.2 mQ-cm water in the 48 h prior to initiating
treatments.

Soil columns were amended with '°N-labeled struvite, I15N-labeled
MAP, commercial granular struvite or commercial granular MAP, and
each of the four treatments were replicated in quadruplicate (n = 16
columns). An unfertilized control was also included in quadruplicate, for
a total of 20 columns. Fertilizers were contained in a 150 um mesh
diameter nylon mesh bag for ease of harvest after the final leaching
event to measure dissolution as mass loss (%). Mesh bagged fertilizers
were applied to soil at the top of the column at 2.54 cm depth in the soil
to mimic banding application (Mahler, 2001), before adding a 1 cm
layer of acid-washed quartz sand on top of the soil to avoid disturbance
by added water.

Ammonium phosphate fertilizers were applied on a P basis (0.45 g P
column’l) to reflect their use as a P source and thus reflect realistic co-
application of N. Application rates of MAP (1.98 g MAP per column) and
struvite (3.68 g struvite per column) were intentionally 10-fold higher
on an area basis than the regionally common application rate of 63.4 kg
P ha™! (Fernandez et al., 2010) to mimic the spatial concentration of
banding applications of the same per-area fertilizer application rate
(Kitchen et al., 1990). In other words, the rates we used reflected per
area (kg P ha™!) rates of P applied in the US Maize Belt region, focused
on the soil zone of banded application. Using ammonium phosphate
fertilizers applied on a P basis provides a realistic comparison of as-
applied use of these fertilizers by farmers (Fernandez and Hoeft, 2012;
Margenot and Lee, 2023; Yuan et al., 2018). While N content differs
between struvite (5 % N) and MAP (11-12 %), the ratio of N:P for
struvite and MAP is reasonably similar (struvite 1:2.48, MAP 1:1.88),
meaning that application on a P basis leads to overall similar amounts of
N co-applied with struvite (26.0 kg N ha! equivalent) and MAP (33.5
kg N ha~! equivalent). To account for differences in N co-applied with P,
we expressed N leaching from ammonium phosphate fertilizers as a
proportion (%) of N applied.

2.3. Leachate collection and analysis

Leaching events were conducted by applying 250 mL of 18.2 mQ cm
water at the soil column surface to achieve 10.2 cm initial ponded depth.
This volume was meant to reflect a moderately intense precipitation
event in Illinois, for which the historical maximum 24 h precipitation
event was 14.0 cm (NOAA, 2023). Leachate was collected once daily
over the two days following each leaching event for a total of eight
events, corresponding to a total of 3.67 pore volumes (v,). The leaching
experiment was concluded at 3.67 v, because by this timepoint the
leachate N and P concentrations from fertilized columns were consis-
tently low and similar to leachate concentrations from the unfertilized
columns. Thus, our experimental design is intended - and limited - to
address the initial flush of dissolved N and P commonly observed
following a fertilization event (Karlen et al., 2005; Liu et al., 2012;
Udawatta et al., 2006). The total amount of water added (812 mm)
corresponds to 86 % of annual precipitation of 940 mm of the region (see
Section 2.2).

Leachate collected during each event was expressed on a pore vol-
ume (vp) basis, with the first event being 0.46 v, and the eighth event
being 3.67 vp. Leachate events were performed once daily, as leaching
following the pulse of added water lasted 24-32 h. Columns were loosely
capped to minimize evaporative loss of water between leaching events.
Leachate was filtered with a 11 um pore diameter cellulose filtration
paper and collected in 50 mL polypropylene tubes, then immediately
analyzed for molybdate-reactive P (Pierzynski, 2000), NH4-N by salic-
ylate reaction (Nelson, 1983), and NOs-N by vanadium (III) reduction
(Miranda et al., 2001). Ammonium-N and NO3-N concentrations in
leachate were summed as inorganic N to determine fertilizer-derived

Geoderma 461 (2025) 117484

leaching as NH4-N or nitrified as NO3-N, though NO3-N constituted
99.8 % of inorganic N leaching loads.

Leaching loads of N and P across all events were calculated as follows
(Eq. (1):

Moy = > (V*Crvorp) m
Where,

Mporn = Mass of N or P (mg).
V = Volume of leachate (L)
Cnorp = concentration of N or P in leachate (mg L.

Fertilizer N and P leached were determined by difference for gran-
ular and fine-sized synthesized fertilizers, and N leached was addition-
ally evaluated by '°N of leached NO3-N for synthesized fertilizers. For
the difference approach, N and P leached (mg L™}) in each event from
unfertilized soil columns were subtracted from fertilized soil columns to
estimate leached N or P attributable to struvite or MAP as a proportion
(%) of fertilizer N and P applied. Cumulative leaching was calculated by
summing mass of N and P leached over the eight leaching events, for
each experimental replicate (i.e., soil column). We report N leaching by
difference as inorganic N, though 99.8 % of inorganic N leached was
NO3-N.

For '°N tracing of N leached from synthesized '°N-struvite and *°N-
MAP, a subsample of the same leachate samples used for the difference
approach were frozen immediately, shipped to the Stable Isotope Lab-
oratory at the University of California Davis, and stored at —20 °C before
analysis by bacterial denitrification assay, in which denitrifying bacteria
reduce NO3-N to N2O-N for analysis of 515N (Sigman et al., 2001) using a
ThermoScientific Delta V Plus isotope-ratio mass spectrometer (Bremen,
Germany) (Johnson et al., 2018). The 615N-NO§ values were expressed
as deviations from atmosphere Ny on a per mil (%) basis, and used to
calculate the amount (mg N) of NO3-N leached from fertilizer based on
the '°N atom % of fertilizers.

2.4. Ammonium phosphate fertilizer dissolution

Following the completion of leachate collection, fertilizer was
recovered by harvesting the containing nylon mesh bag from soil col-
umns. Remaining particles of fertilizer were carefully recovered from
mesh bags using fine-tip tweezers, and gently rinsed with 18.2 mQ cm
water to remove any adhered soil particles — readily visible due to the
black soil color contrasting with the white (i.e., struvite, synthesized
MAP) to grey (i.e., granular MAP) colored fertilizers. Fertilizer particles
were then air-dried at room temperature (=24 °C) before measuring
mass. Dissolution (%) of granular and synthesized struvite and MAP was
determined by subtracting the mass of fertilizer remaining from the
initial mass, expressed as a percentage of the original fertilizer mass
added.

2.5. Statistical analyses

Analysis of variance (ANOVA) was conducted to test hypothesized (i)
differences in N and P leaching between fertilizer treatments, (ii) the
effect of fertilizer particle size, and (iii) differences in the method of N
determination (}°N tracing vs difference approach), using R, version
4.0.3. Hypothesized lower N and P leaching from struvite relative to
MAP as a percentage of applied N or P were determined for both pore
volume-based leaching (i.e., each of the eight leaching events), and
cumulative amounts leached (total % of fertilizer N or P applied). Prior
to analyses, assumptions of normality and equal variance were tested
using Q-Q plots, Shapiro-Wilk’s test, and Levene’s test in R. Tukey’s HSD
post-hoc means separations were used to determine differences among
treatment means for each leaching event, and for cumulative N and P
leached.
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3. Results
3.1. N and P leaching from granular ammonium phosphate fertilizers

Leaching of N from granular struvite was consistently lower than
granular MAP, with an initial 3-fold lower pulse of N leached from
struvite (10.9 %) than MAP (37.0 %) amplified to a 4.1-fold difference in
cumulative N leached (Fig. la,c). The majority of total fertilizer N
leached occurred in the first leaching event (0.46 v;,) for both ammo-
nium phosphates: nearly half of the MAP-N leached (80.6 % total) and
slightly more than half of struvite-N leached (19.6 % total) occurred in
the first leaching event. After the second leaching event (0.91 vp), N
leaching was proportionally minimal for struvite but increased tran-
siently for MAP at 1.83 vp,. Variability in N leached was negligible for
struvite and initially high for MAP, but decreased markedly with
continued leaching.

Granular struvite exhibited lower cumulative leaching of P (<0.2 %)
than granular MAP (50.6 %) (p = 2.9 x 10’9) (Fig. 1b, d) but to a greater
degree (>316-fold lower) than for N leaching (4.1-fold lower). In
contrast to N, both fertilizers exhibited similar P leaching for the first
four leaching events (0.46 — 2.29 v;) after which MAP-P leaching
increased exponentially (Fig. 1b,d). Whereas no more than 0.07 % (0.46
vp) of struvite-P leached in a given event, MAP-P leached in a single
event ranged from 1.0 % (1.38 vp) to 15.4 % (3.67 vp).

3.2. Particle size effects on N and P leaching

Proportionally more N was leached from the synthesized and thus
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fine-sized (0.3 mm) than granular (2.8 mm) form of fertilizer for struvite
than for MAP (Fig. 2). Cumulative N leached was 4.7-fold lower from
granular than fine-sized struvite, and 1.2-fold lower from granular MAP
than fine-sized MAP (p = 0.015). An average of 73.6 % of fine-sized
struvite-N and 77.6 % from fine-sized MAP-N was leached at 0.46 vy,
which — unlike N leached from granular struvite versus MAP — was
similar between the two ammonium phosphate fertilizers (p = 0.61). By
0.92 v, only an additional 16.0 % of struvite-N and 6.9 % of MAP-N had
leached from fine-sized fertilizers, and cumulative (3.67 vp) N leached
was 92.8 % of struvite-N and 93.9 % of MAP-N. In contrast, for fine-sized
fertilizers, cumulative struvite-P leached after 3.67 v, was one order of
magnitude lower than cumulative MAP-P leached (p < 0.0001), instead
of two orders of magnitude lower for granular fertilizers. Approximately
one-fifth more P leached from fine-sized (64.3 %) than granular (50.6 %)
MAP, but 37.5-fold more P leached from fine-sized (6.0 %) than granular
(0.16 %) struvite.

3.3. N leaching from synthesized struvite versus MAP determined by 1°N
tracing

Tracing NO3-!°N leached from synthesized °N-struvite and !°N-
MAP revealed similar cumulative N leaching from struvite (73.3 % of
total) and MAP (75.5 %), but unlike the difference approach to estimate
N leaching exhibited nearly 2-fold higher interim (0.92 - 3.21 vp)
leaching from struvite (Fig. 3). This was driven by initial (0.46 — 0.92 v},)
leaching differences between struvite (49.6 %) and MAP (27.7 %) (p <
0.0001), and unlike N leaching assessed by difference, the amount and
variability of I5N leached increased in the final event (Fig. 3a) and more
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Fig. 1. (A) Inorganic N (sum of nitrate-N and ammonium-N), (B) inorganic P as molybdate-reactive P, (C) cumulative inorganic N and (D) cumulative inorganic P
leached from granular struvite or MAP through soil columns (Ap horizon of an Argiudoll) over 3.67 pore volumes (v;). Asterisks indicate significant differences

between treatments (a = 0.05) at the given vp.
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so for MAP (40.1 %) than struvite (23.6 %). As a result, cumulative N
leached did not differ either between (i) the method of determination (p
= 0.67) by difference (86.6-92.6 %) versus direct 15N tracing
(73.3-75.5 %), or (ii) by fertilizer (p = 0.48) (Fig. 3b). Both methods of
determination showed similarly low fertilizer N leaching (<3.5% of
applied) at a given interim leaching event (0.92-3.21 vp) (Fig. 3a inset).

Across leaching events, N leaching determined directly by °N
tracing was unrelated to leaching determined by the difference method,
regardless of ammonium phosphate fertilizer solubility (Fig. 4). Fertil-
izer N leaching determined by '°N tracing was inconsistently lower or
higher than by the difference method for struvite, ranging from 2.1-fold
lower at 0.46 v, to 368-fold higher at 3.67 vp. In contrast, MAP-N
leaching determined by '°N tracing was progressively lower than
leaching by difference, from initially 3-fold lower at 0.46 v, to 1.4-fold
lower by 2.75 v,,. Greater N leached from MAP by 15N tracing than by
difference occurred only at the final two leaching events, at which 1.7-
fold (3.21 v,) and 33.3-fold (3.67 v;,) greater N was estimated to be
leached by direct tracing than by difference.

3.4. Fertilizer dissolution and dissolution-normalized N and P leaching

Dissolution of struvite was similar for granular (18.7 + 0.9 %) and
synthesized (24.6 + 6.6 %) forms (p = 0.23), which as an average were
approximately 4.4-fold lower (mean 21.7 %) than MAP (mean 95.5 %)
(p < 0.0001), and for which dissolution did not differ between granular
(94.5 + 0.3 %) and synthesized (96.5 + 1.5 %) forms (p = 0.92)
(Table 1). The dissolution of granular struvite was 4.5-fold lower than
granular MAP, whereas dissolution of synthesized struvite was 3.9-fold
lower than synthesized MAP. Variability in dissolution was greater for
fine-sized than granular forms regardless of fertilizer water solubility.
Thus, the type of ammonium phosphate fertilizer, not particle size, had a
dominant effect on fertilizer dissolution.

When normalized to dissolution and assuming congruent dissolution,
differences in leached N (% of dissolved fertilizer) determined by dif-
ference or N tracing were similar by particle size for MAP but not
struvite (Table 1). Whereas N leaching by either difference or 15N was
similar between struvite and MAP, normalizing to fertilizer dissolution
(i) amplified differences between method of determination and (ii) more
so by particle size for struvite but not MAP, and thus (iii) led to opposite
differences in dissolution-normalized N leaching from struvite versus
MAP. For fine-sized MAP, normalizing to fertilizer dissolution did not
increase N leaching by difference (92.6 % of total vs 95.9 % of dissolved)
or by 15N tracing (73.3 % of total vs 76.0 % of dissolved) (p > 0.05). In
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Fig. 4. Relationship of N leached from struvite or MAP through soil columns
(Ap horizon of an Argiudoll) determined by '°N isotope and by difference, as
paired observations across eight leaching events totaling 3.67 pore vol-
umes (vp,).
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Table 1

Fertilizer dissolution (%) of granular and synthesized struvite and MAP after
3.67 pore volumes (vp,) of leachate, and leaching of N and P normalized to fer-
tilizer dissolution (i.e., % leached of dissolved struvite or MAP). For N leaching,
15N labeling of fertilizers enabled calculation of leaching normalized to disso-
lution by direct tracing in addition to by difference with an unfertilized soil
treatment. Granular forms were 2.8 mm diameter and synthesized forms were
0.3 mm diameter. Different letters indicate significant differences (p < 0.05)
determined by Tukey’s HSD.

Dissolution (%) Granular Fine-sized (synthesized)
struvite 18.7 £ 0.9° 24.6 + 6.6°
MAP 945+ 0.3° 96.5+1.52

P leaching (%)

struvite 09+009 24.4+1.3°
MAP 53.5+1.8" 66.6 £2.8°
N leaching - by difference (%)

struvite 104.6 + 3.8° 352.1 £16.2°
MAP 85.2 + 2.6¢ 95.9 + 7.5 ¢
N leaching - by '°N tracing (%)

struvite n/a 307.1+9.0%
MAP n/a 76.0 + 1.5°

contrast, accounting for dissolution of fine-sized struvite led to 3.1- to
3.6-fold higher apparent leaching, assuming congruent dissolution, both
by difference (86.6 % of total vs 352.1 % of dissolved) and by '°N tracing
(75.5 % of total vs 307.1 % of dissolved). In contrast, granular fertilizer
dissolution normalization entailed similar N leaching (by difference) for
MAP (80.6 % of total vs 85.3 % of dissolved) (p = 0.36) but 5-fold higher
apparent N leaching for struvite (19.6 % of total vs 104.6 % of dissolved)
(p < 0.0001). Thus, normalized to dissolution, more N appeared to be
leached from struvite than from MAP in granular forms.

Phosphorus leaching normalized to dissolution was greater for fine-
sized than granular struvite, but similar between MAP particle sizes
(Table 1). Specifically, accounting for incomplete dissolution of granules
led to 4-fold greater apparent leaching of P from struvite (0.2 % vs 0.9
%) (p < 0.0001), but similar leaching from MAP (50.6 % vs 53.5 %) (p =
0.44), consistent with near-complete dissolution of MAP granules.
Normalizing to dissolution had a lesser relative effect on apparent P
leaching for fine-sized than granular struvite, with only 4-fold higher P
leaching normalized to dissolution (6.0 % vs 24.4 %) (p < 0.0001). As
for granular MAP, fine-sized MAP P leaching was unaffected by ac-
counting for near-complete dissolution (64.3 % vs 66.6 %) (p = 0.85).
Thus, in contrast to N, accounting for granular fertilizer dissolution
maintained lower, albeit proportionally less, P leaching from struvite
than MAP.

4. Discussion
4.1. Lower N and P leaching from struvite than MAP

Our findings support hypothesized reductions in N leaching as well
as P leaching with struvite substitution for MAP, but identify greater
relative reductions in P than N leaching for granular (2.8 mm) but not
fine (0.3 mm) fertilizer particle sizes. Lower N and P leaching from
struvite than from MAP is expected because the lower water solubility of
struvite should entail lower rates of dissolution that yield NHj-N and
phosphate-P (Degryse et al., 2017), though to-date no study to our
knowledge has explicitly evaluated leaching losses of N between struvite
and highly water-soluble ammonium phosphates such as MAP in
controlled conditions (e.g., soil columns). Lower N and P leaching from
struvite compared to MAP as granular fertilizers is consistent with pre-
vious but limited studies. In a field-scale evaluation, Leon et al. (2024)
reported 4-fold greater N loss reduction compared to P loss reduction
from granular struvite than MAP over the winter fallow period (post-
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harvest to pre-plant) in central USA on the same soil as the present study
(Aquic Argiudoll) using the difference approach — in close agreement
with the 4.1-fold N leaching reduction we find using soil columns. While
we do not find evidence for N loss reductions with struvite relative to
MAP by directly tracing '°N leached from labeled fertilizers, this was
likely due to the order of magnitude finer particle size resulting from the
synthesis to produce '°N labeled fertilizers, because N leaching between
fine-sized, labeled struvite and MAP was similar by the difference
approach. Thus, a challenge to tracking the fate of struvite N via '°N, as
well as P (i.e., 32P, 3%p) and Mg (e.g., 2°Mg), by isotopic labeling is the
generation of commercially-sized granules (~1.5-3 mm diameter).

Though generally considered a P fertilizer (Talboys et al., 2016) with
benefits to P loss reductions (Margenot et al., 2019), our findings
demonstrate the potential of struvite substitution of highly water-
soluble ammonium phosphate fertilizers for co-reductions in non-point
source N losses. As 8 % of global N inputs to agroecosystems are in
the form of highly water-soluble ammonium phosphates (Margenot and
Lee, 2023), struvite is an alternative ammonium phosphate with lower N
loss risk. For example, assuming that half of the 8.7 million ha of maize-
soybean in Illinois (USDA-NASS, 2023), situated on the same or similar
soil type as in our experiment, received the recommended rate of 178 kg
MAP ha ! in the fall (equivalent to 92 kg PoOs ha! as 224 kg DAP ha™!)
(Fernandez and Hoeft, 2012) entailing 92.9 million kg N co-applied,
based on our findings of 80.6 % of MAP-N and 19.6 % of struvite-N
leached, 56.6 million kg N loss would be averted by replacing MAP
with struvite. This is approximately 70 % of the 81.2 million kg NO3-N
reduction target identified in the Illinois Nutrient Loss Reduction strat-
egy needed to meet the United States Environmental Protection Agency
Hypoxia Task Force guidelines on state riverine N export to the Gulf of
Mexico (IEPA, 2014). However, this assumes an estimated 81.2 cm of
simulated rainfall, which is nearly the full annual precipitation for Illi-
nois. If instead we assume 50 cm of precipitation from application in late
October to before planting in early May (Angel, 2021), corresponding to
approximately five leaching events in our column study and thus 70.9 %
of MAP-N and 17.7 % of struvite-N leached, an estimated reduction of
49.4 million kg NO3-N would be achieved by using struvite instead of
MAP - 61 % of the state’s NO3-N reduction target. While struvite is
generally more expensive per unit P than high water solubility ammo-
nium phosphate fertilizers based on current technologies and scales of
production (Margenot et al., 2019), the recovery of wastewater treat-
ment costs via sale of struvite as a fertilizer (Yetilmezsoy et al., 2017)
and forecasted volatility of phosphate rock-derived fertilizers such as
MAP (Brownlie et al., 2023) could enable scalable and economically
competitive struvite production.

We find lower relative leaching of P from struvite than reported by
others in similarly highly controlled experimental conditions simulating
a relatively high precipitation load (~86 % of annual precipitation of
940 mm). In a comparison of P leaching from struvite and MAP in a
greenhouse setting, Kabiri et al. (2020) reported < 3 % of granular
struvite but 100 % of granular MAP-P was leached. This is an order of
magnitude greater cumulative P leached from granular struvite and
twice as much as P leached from granular MAP than our findings.
However, Kabiri et al. (2020) used a coarse-textured soil (>84 % sand),
favoring P leaching. As revealed in the meta-analysis by Hertzberger
et al. (2020), the widespread use of coarse-textured soils or substrates (e.
g., acid-washed quartz) in assessments of struvite P fate overestimates P
mobility and thus leaching relative to the majority of soils in many
agricultural regions. By using a relatively fine-textured soil (silty clay
loam), our study offers insights to struvite (and MAP) nutrient leaching
relevant to a broader extent of cropping systems, in particular the US
Midwest where there is high potential to generate struvite and use it as a
fertilizer to meet crop P needs (Margenot et al., 2019b).

4.2. Particle size effects on N versus P leaching from struvite versus MAP

Dissolution unexpectedly did not differ between particle sizes for
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struvite or MAP, but impacted dissolution-normalized leaching of N and
P by particle size for each fertilizer as well as between fertilizers. The
approximately 4-fold higher dissolution of MAP (95-96 %) than struvite
(19-25 %) is consistent with a longer duration (35 d) greenhouse
experiment in the same soil type (Aquic Argiudoll) with tomato (Sola-
num lycopersicum L.) (Di Tomassi et al., 2021). Finer particle size of
struvite has been associated with greater crop growth in P-limited soils,
indirectly suggesting greater dissolution of struvite with finer particle
size (Hertzberger et al., 2020). Studies of struvite dissolution (by mass
loss) as a function of particle size in soils are lacking, but would be
valuable, particularly if performed in situ and across diverse agro-
ecosystem contexts.

Decreasing fertilizer particle size by an order of magnitude (2.8 to
0.3 mm diameter) led to lower relative reductions in N and P leaching
for struvite relative to MAP. That P leached was 58 % lower from fine-
sized struvite than MAP suggests that P — but not N - loss reductions
can still be achieved by struvite substitution of MAP in fine-sized forms.
This is important because the recovery of P from aqueous waste streams
to produce struvite in large (>1.5 mm diameter) granule form requires
costly infrastructure and longer reaction times (Ghosh et al., 2019).
While larger granules (e.g., 1-2 mm diameter) can be achieved by
seeding and longer crystallization times (upwards of 20-40 d) (Suzuki
et al., 2005), rapid precipitation and removal of struvite (<1 d) gener-
ally yields <0.4 mm particle sizes, and not necessarily in spherical form
(e.g., needle-shaped fragments) (Wang et al., 2006). Thus, the generally
<1 mm particle sizes of struvite produced at-scale in wastewater treat-
ment plants (Muys et al., 2021) at lower cost than larger granules (~2-3
mm diameter) may still be able to reduce non-point source P losses when
used as a substitute for highly water-soluble ammonium phosphate
fertilizers (Margenot et al., 2019).

4.3. Ammonium phosphate dissolution and leaching

Whereas P leaching normalized to dissolution was still lower for
struvite than MAP, accounting for fertilizer dissolution altered the
relative differences in fertilizer N leaching depending on particle size
and how N leaching was determined. Accounting for dissolution, fine-
sized struvite exhibited 3.1-fold higher N leaching by difference and
3.5-fold higher N leaching by '°N tracing than N that would have been
dissolved, assuming that a proportional amount of N was released from
fine-sized struvite (i.e., congruent dissolution). For granular struvite,
slightly more N was leached than was dissolved (45%). This suggests
that finer particle size may have facilitated incongruent dissolution, in
which constituent ions of a mineral dissolve into solution in different
proportions, and can lead to the formation of a new phase with a
different composition (Kicinska and Pomykatla, 2023). Struvite dissolu-
tion has been found to be congruent in vitro over 1 h and across pH 4.4 —
6.1, but before reaching equilibrium (Bhuiyan et al., 2009). On the other
hand, incongruent dissolution has been reported in vitro for struvite at
equilibrium in solution across a wide range of pH, in which dissolved
Mg?* and PO3~ precipitate to form Mg3(PO4)o-22H,0, which upon loss
of NHj stabilizes to Mgs(PO4),-8H20 (bobierrite) (Taylor et al., 1963).
This is consistent with findings that in the presence of water (e.g.,
saturated or moist soil) and at temperatures <55 °C (Sarkar, 1991),
struvite transforms over time to bobierrite (Frazier et al., 1963).

Another potential pathway of incongruent dissolution is struvite
transforming to MgHPO4-3H20 (newberyite), in which struvite disso-
lution at low pH (<6) favors precipitation of Mg?" and PO3~ but not
NH{, albeit at timescales of days to weeks (Boistelle and Madsen, 1983).
Regardless of the pathway(s) of incongruent dissolution mediated by re-
precipitation reactions, that this would occur for fine-sized (0.3 mm) but
not granular (2.8 mm) struvite could reflect greater the interface region
(Bhuiyan et al., 2009) of finer-sized struvite at which such boundary
phase reactions occur (Kicinska and Pomykata, 2023). However, it is not
possible to infer struvite dissolution (in)congruence from leachate N:P
(nor N:P:Mg) because dissolution is decoupled from leaching through



A.J. Margenot and P. Leon

soil due to potential N and P immobilization, biotically by microbial
biomass and abiotically for P via sorption, and more rapid transport of
NO3-N than PO%’-P. We note that the majority (99.8 %) of leached N
attributable to ammonium phosphate fertilizers was measured as NO3 -
N, indicating nitrification of dissolved NH4-N within 16 d following
fertilizer application. Another and non-exclusive possibility is that fine-
sized struvite uniquely stimulated N mineralization (i.e., positive
priming effect), such that accounting for N leached from soil via the
unfertilized control would not account for this additional soil-derived N.
However, positive priming effect sizes are usually much smaller than the
apparent potential size effect observed here (Kuzyakov et al., 2000;
Nissen and Wander, 2003), which entailed up to 250 % more N leached
than dissolved struvite — assuming congruent dissolution. Thus, it is
more likely that incongruent dissolution occurred, though additional
experiments in soil environments with °N and 33P or 3P labeling are
needed to test this hypothesis.

4.4. Comparison of 1°N versus the omission method of determination

Discrepancies between indirect vs direct fertilizer N leaching deter-
mination varied inconsistently by leaching event. While initial N
leaching (% of fertilizer N) based on !°N tracing was lower than the
difference method, cumulative N leached was higher by '°N tracing. Our
results demonstrate that initial leaching of inorganic N was over-
estimated when determined indirectly by the omission method, which is
the standard approach to assessing N leaching from fertilizers (Buresh
and Witt, 2007). This overestimation of N leaching by the omission
method was consistent for both struvite and MAP, and was unrelated to
differences in variability between direct determination and the omission
method. Unexpectedly, struvite N leaching by '°N tracing was initially
higher than that of MAP, in contrast to the difference method, suggestive
of incongruent dissolution (see Section 4.3).

Results of our methodological comparison are consistent with esti-
mates of crop recovery of fertilizer N being generally lower by tracing of
I5N labeled fertilizers compared to the difference method (Bosshard
et al., 2009; Sun and Zhu, 2022). Unfertilized (no N) treatments in crop
N recovery studies have found fertilizer N derived from the omission
method to be approximately half that of fertilizer N derived directly
through 1°N labeling, resulting in underestimation of fertilizer N uptake
by the difference method (Sun and Zhu, 2022). Comparing the N losses
attributed to fertilizer between the indirect omission method with 15N
labeling and tracing can be confounded by pool substitutions that can
result in a flush of microbial biomass-derived *N instead of '°N.
Upscaling the use of '°N labeling to field experiments and co-measuring
soil N mineralization in tandem with omission determination could help
determine the extent to which these methods yield disparate estimates of
fertilizer-derived N loss. However, field-scale studies with '°N can be
cost-prohibitive and even at small-plot scales may not enable detection
of labeled fertilizer N in large water fluxes such as subsurface drainage
discharge, which explains why many studies have used '°N labeling of
fertilizers in greenhouse pot experiments (e.g., Barraclough et al., 1985;
Bonvin et al., 2015; Bosshard et al., 2009) or used small cross-sectional
areas for measuring vertical soil N fluxes such as leaching (Frick et al.,
2023).

5. Conclusion

This study tested hypothesized (i) lower N as well as P leaching from
struvite relative to MAP, (ii) differences in fertilizer N leaching esti-
mated by difference with an unfertilized control versus '°N tracing, and
— to account for potential artefacts of finer particle size of °N-labeled,
synthesized fertilizers — (iii) greater N as well as P leaching for fine-sized
relative to granular struvite and MAP, using soil column experiments.
For commercial granular fertilizers, struvite exhibited 4.1-fold lower N
leaching and 316-fold lower P leaching than MAP calculated by differ-
ence with an unfertilized soil treatment. Lower P but not N leaching
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from struvite than MAP was maintained, but to a lesser degree, for finer-
sized fertilizers compared to granular fertilizers. Unexpectedly, disso-
lution of granular and fine-sized fertilizers were similar, and struvite
dissolution was approximately 4-fold lower than MAP. Whereas MAP N
and P leaching were similar after accounting for (near-complete)
dissolution, more P and to a greater extent N leached from struvite, and
more so for fine-sized than granular struvite when normalized to
dissolution. Greater proportional N leaching than dissolution of struvite
is suggestive of incongruent dissolution, though additional mechanistic
experiments are needed to test this hypothesis, and at the field-scale.
That loss reductions from struvite substitution for MAP do not appear
to be preserved for N and somewhat maintained for P for fine-sized
forms means that struvite fines commonly produced during waste-
water treatment may still offer P but not N loss reduction benefits. Under
controlled conditions of soil columns, our findings support the hypoth-
esized dual N and P loss reduction benefits of substituting high water
solubility ammonium phosphate fertilizers such as MAP with struvite in
granule form.
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