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Abstract 
Phosphorus (P) is a fundamental nutrient in agricultural production and is 
one of three major components in common fertilizers. The majority of ferti-
lizer-P sources are derived from phosphorus rock (PR), which has finite ab-
undance; thus a sustainable source of P is imperative for future agricultural 
productivity. A potential sustainable P source may be the recovery of the 
mineral struvite (MgNH4PO4·6H2O) from wastewater treatment plant efflu-
ent, but struvite behavior in soils of varying texture is not well characterized. 
The objective of this study was to assess the dissolution dynamics of a com-
mercially available, wastewater-recovered struvite product over time in a 
plant-less, moist-soil incubation experiment with multiple soil textures. Chem-
ically precipitated struvite (Crystal Green; CG) from municipal wastewater in 
pelletized and finely ground forms were added to soil cups at a rate of 24.5 
kg∙P∙ha−1 containing soils of varying texture (i.e. loam, silty clay loam, and 
two different silt loams) from agricultural field sites in Arkansas. Soil cups 
were destructively sampled five times over a 6-month period to examine the 
change in water-soluble (WS) and weak-acid-extractable (WAE) P, K, Ca, 
Mg, and Fe concentrations from their initial concentration. After 0.5 months, 
both WS-P and WAE-P concentrations increased (P < 0.05) more from initial 
concentrations of the finely ground CG in all soils, which averaged 76.2 and 
158 mg∙kg−1, respectively, than in the pelletized CG treatment, which aver-
aged 14.0 and 12.2 mg∙kg−1, respectively, across all soils. Over the course of 
the 6-month incubation, WS- and WAE-P concentrations generally increased 
over time in the pelletized and decreased over time in the finely ground 
treatment, confirming the slow-release property of pelletized CG that has 
been previously reported. The results of this study provide valuable insight 
regarding struvite-P behavior in various soils and provide further supporting 
evidence for the utilization of struvite as a potential alternative, sustainable 
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1. Introduction 

Phosphorus (P) is one of three primary macronutrients required by plants, and 
adequate concentrations are essential for optimal plant growth and health. 
Plants depend on P to perform many critical functions, such as root develop-
ment, nucleic acid replication, as well as many energy transfer processes that 
utilize adenosine triphosphate (ATP). However, besides nitrogen (N), P is the 
most limiting nutrient in agricultural production due to the complex behavior of 
P in the soil. Phosphorus undergoes several dynamic processes in the soil, such 
as clay adsorption, precipitation as secondary phosphate minerals, and immobi-
lization by soil organic matter, all of which remove P from the soil solution and 
reduce P availability to plants [1] [2] [3]. Consequently, P fertilizers are often 
required to ensure that plants have adequate soil P throughout all growth stages. 

Technological advances during the green revolution increased food produc-
tion throughout the 20th century and the demand for P fertilizers has proportio-
nately increased [4]. However, rock phosphate (RP), the primary external source 
of P, from which all synthetic fertilizer-P sources are derived, is limited in supply 
and could be depleted in as little as 100 years [5]. Since there is no alternative for 
P in agricultural production, a sustainable source of P will be an imperative re-
source to ensure that future food production is not compromised [4]. 

In the human P cycle, P cycling is inefficient and much of the P in the food 
production system ends up in soil and waste flows [6]. Approximately 98% of P 
in the human diet ultimately ends up in wastewater treatment plants (WWTPs) 
or septic systems. Normally in WWTPs, P is removed from wastewater effluent 
streams and is retained in the solid portion (i.e. sewage sludge; SS), which must 
be disposed of via incineration or transportation to landfills [7]. Sewage sludge 
disposal is often an expensive process in a WWTP’s weekly operation. However, 
implementing P recovery technology has the potential to considerably reduce 
operation costs by reducing the volume of SS by up to 49% [8] [9]. Consequent-
ly, P recovery from various waste streams using a variety of technologies has 
been an area of on-going research in recent decades and provides a potential so-
lution to conventional fertilizer-P sources that are dependent on a finite RP 
supply. 

One such wastewater-recovered P material is the mineral struvite  
(MgNH4PO4·6H2O). Struvite has gained attention as a potentially sustainable, 
alternative fertilizer-P source due to the ability to recover both N and P from 
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solid and liquid wastes into a single mineral. Struvite is a white, crystalline ma-
terial consisting of equal molar concentrations of magnesium, ammonium, and 
phosphate and has been shown to have slow-release fertilizer properties [10] [11] 
[12]. 

Although struvite’s agronomic effectiveness has been evaluated in a few plant 
studies [13] [14] [15] [16], the behavior of struvite in the soil environment has 
not been well studied. Specifically, even fewer studies have examined the beha-
vior of the commercially available, wastewater-recovered, chemically precipi-
tated struvite material Crystal Green (CG) in agronomic soils across various 
textures. The objective of this study was to assess the dissolution dynamics of 
finely ground and pelletized forms of CG in a plant-less, moist-soil incubation 
experiment with multiple soil textures (i.e. loam, silt loam, and silty clay loam). 
It was hypothesized that the smaller particle size of the finely ground material 
will have increasing WS- and WAE-P concentrations over time due to greater 
reactivity compared to the original, raw pellet form. It was also hypothesized 
that the WS-P concentrations will increase more in the loam and silty clay loam 
soils over time due to the greater WS-P concentrations of the initial soils com-
pared to either silt loam soil. 

2. Materials and Methods 
2.1. Soil Collection and Characterization 

Soils were collected from various row-crop agricultural settings throughout Ar-
kansas to encapsulate a comprehensive range of physical and chemical soil 
properties. In December 2017, approximately 10, 20-L buckets of four soils were 
collected from the top 10 to 15 cm. A Roxana loam (L; coarse-silty, mixed, supe-
ractive, nonacid, thermic Typic Udifluvent; 35˚22'50.13"N; 94˚14'1.84"W) and a 
Dardanelle silty clay loam (SiCL; fine-silty, mixed, superactive, thermic Typic 
Argiudoll; 35˚22'33.45"N; 94˚13'42.53"W) [17] were collected from the Univer-
sity of Arkansas Division of Agriculture’s Vegetable Research Station in Kibler, 
AR. The Roxana soil had a recent history of vegetable production, while the 
Dardanelle soil had a recent history of soybean (Glycine max L.) production. A 
Calloway silt loam (SiL 1; fine-silty, mixed, active, thermic Aquic Fraglossudalf) 
[17], which was cropped to a wheat (Triticum aestivum)-soybean rotation for 
the previous 15 years, was collected from the Cotton Branch Experiment Station 
near Marianna, AR (34˚44'1.40"N; 90˚45'48.23"W). A Henry silt loam (SiL 2; 
coarse-silty, mixed, active, thermic Typic Fragiaqualf) [17], which was cropped 
to a rice (Oryza sativa)-soybean rotation for at least the previous 5 years, was 
collected from the Pine Tree Research Station near Colt, AR (35˚ 7'46.74"N; 
90˚58'28.01"W). The aquic soil moisture regime and history of rice cultivation 
has exposed the SiL 2 soil to extensive reducing soil conditions, whereas the SiL 
1 soil has mostly experienced a history of oxidizing soil conditions. The climate 
throughout the regions from where the four soils used in this study were col-
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lected is humid temperate. After collection, soils were manually moist-sieved 
through a 7-mm mesh screen, air-dried for approximately two weeks, and stored 
in 20-L buckets. 

Three replicates of soil sub-samples were prepared for each soil for physical 
and chemical analyses. Sub-samples were oven-dried at 70˚C for 48 hours, me-
chanically crushed, and sieved through a 2-mm mesh screen. Particle-size ana-
lyses were conducted in triplicate for each soil using a modified 12-hr hydrome-
ter method [18]. Weight-loss-on-ignition was used to determine soil organic 
matter (SOM) concentration, which was determined over a 2-hr period of com-
bustion using a muffle furnace set at 360˚C [19]. Soil pH and electrical conduc-
tivity (EC) were measured potentiometrically in a 1:2 (mass/volume) soil-to- 
water paste ratio [20] [21]. Total carbon (TC) and total nitrogen (TN) concen-
trations were determined by high-temperature combustion using a VarioMax 
CN analyzer (Elementar Americas, Inc., Mt. Laurel, NJ) [22]. 

For each soil, an undisturbed bulk density was estimated using multiple re-
gression relationships as detailed by Saxton et al. [23] using measured clay, sand, 
and SOM concentrations in the soil water characteristics sub-routine of the 
Soil-Plant-Atmosphere-Water Field & Pond Hydrology (SPAW) model (version 
6.02.75) [24]. Soil sub-samples were also collected from each air-dried soil, 
weighed, oven dried at 70˚C for 48 hours, and reweighed to determine initial 
gravimetric water contents. 

Extractable soil nutrient concentrations were also determined in triplicate for 
each of the soils. A water extraction was performed with a 1:10 soil mass:water 
volume ratio, where the soil suspensions were agitated for 1 hour, filtered through 
a 0.45-µm filter, and analyzed by inductively coupled, argon-plasma spectrome-
try (ICAPS; Spectro Arcos ICP, Spectro Analytical Instruments, Inc., Kleve, 
Germany) [25] to determine water-soluble (WS) elemental [i.e. P, K, Ca, Mg, 
and Fe] concentrations. A Mehlich-3 extraction [26] was conducted with a 1:10 
(mass:volume) soil:extractant solution ratio to determine weak-acid extractable 
(WAE) nutrient (i.e. P, K, Ca, Mg, and Fe) concentrations. A strong-acid digest 
was conducted using the Environmental Protection Agency (EPA) method 
3050B [27] and analyzed by ICAPS to determine total-recoverable (TR) elemen-
tal (i.e. P, K, Ca, Mg, and Fe) concentrations. 

2.2. Fertilizer Analyses 

The commercially available, chemically precipitated struvite source, Crystal 
Green (Ostara Nutrient Recovery Technologies, Inc.) was evaluated in finely 
ground and pelletized forms to assess the effect of particle size on struvite beha-
vior in soil. A sub-sample of pelletized CG material was mechanically ground to 
a powder in a small, commercially available coffee grinder. Chemical analyses 
(i.e. pH, EC, organic matter, TC, TN, and WS, WAE, and TR elements) were 
conducted on five replicate sub-samples for finely ground and pelletized CG us-
ing the same procedures as described above for soil samples. Water-soluble con-
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centrations represented environmentally relevant concentrations after interac-
tion with rainwater. Weak-acid-extractable concentrations represented plant- 
available concentrations. Total-recoverable concentrations represented concen-
trations that could potentially become environmentally available. Table 1 sum-
marizes the chemical composition of the finely ground and pelletized CG ma-
terial. 

2.3. Soil Incubation Experiment 

The soil incubation experiment was conducted over a six-month period from  
 

Table 1. Summary of chemical properties [i.e. pH, electrical conductivity (EC), organic 
matter (OM), total carbon (TC), total nitrogen (TN), and water-soluble, weak-acid-ex- 
tractable, and total-recoverable P, K, Ca, Mg, and Fe concentrations] for finely ground 
and pelletized chemically precipitated struvite (Crystal Green, CG). 

Fertilizer Property 

Fertilizer-P Source 

Pelletized CG Powderized CG 

Mean Standard Error Mean Standard Error 

pH 8.78 0.13 8.50 <0.01 

EC (dS∙m−1) 226 2.2 298 4.1 

OM (g∙g−1) 0.26 0.01 0.25 0.02 

TC (g∙g−1) <0.01 <0.01 <0.01 <0.01 

TN (g∙g−1) 0.06 <0.01 0.05 <0.01 

Water-soluble (mg∙kg−1) 

P 216 1.6 281 2.2 

K 1.5 0.2 11.4 0.6 

Ca 11.6 0.8 8.9 0.5 

Mg 157 1.8 182 1.3 

Fe 1.2 <0.1 0.5 <0.1 

Weak-acid-extractable (mg∙kg−1) 

P 24,479 296 27,669 370 

K 230 1.3 253 13.1 

Ca 83 2.8 110 0.8 

Mg 21,444 254 24,025 337 

Fe 127 0.9 115 0.7 

Total-recoverable (mg∙kg−1) 

P 116,556 2480 113,186 2425 

K 842 4.4 853 2.7 

Ca 312 13.5 256 2.0 

Mg 83,234 1795 80,360 1962 

Fe 4505 45.8 4009 47.3 
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June 3 to November 19, 2018. Plastic soil cups, 10.5 cm in diameter at the top 
and 4.5-cm tall, were used for each soil-fertilizer replication. Five holes were 
drilled into the lids of the soil cups to allow some air exchange throughout the 
incubation. 

All four soils (i.e. L, SiCL, SiL 1, and SiL 2) were used in the soil incubation. 
For each soil-fertilizer treatment combination, soil cups were prepared in tripli-
cate and were destructively sampled five times over the 6-month incubation pe-
riod (i.e. 0.5, 1, 2, 4, and 6 months). Approximately 150 g of air-dried soil were 
added to each plastic cup. Fertilizer treatments included pelletized CG (i.e. orig-
inal material with no alteration), finely ground CG (i.e. powderized), and an 
unamended control. A fertilizer application of 170.7 ± 5 mg CG was applied to 
each soil cup, which was equivalent to a 56 kg∙P2O5∙ha−1 (24.5 kg∙P∙ha−1) fertilizer 
rate on a surface-area basis. The fertilizer rate was derived from the TR-P con-
centration of the CG material and a representative University of Arkansas’ rec-
ommended P-fertilization rate for the calculated average soil test-P concentra-
tions of the four soils. After fertilizers were manually applied to air-dried soil, 
soil cups were individually shaken in a vertical and a circular manner for ap-
proximately 10 seconds to simulate incorporation by tillage. Target bulk densi-
ties of the soil cups were estimated for each soil and ranged from 1.00 g∙cm−3 in 
the L soil to 0.93 g∙cm−3 in the SiCL. A total of 180 cups were prepared for the 
soil incubation experiment. 

Soil cups were watered gravimetrically to a pre-determined target mass inde-
pendently for each soil to mimic a wetting and drying cycle under natural field 
conditions. The target watering masses were derived from the estimated bulk 
densities and the measured gravimetric water contents of the air-dried soils. The 
target gravimetric water contents were determined from the SPAW model that 
estimated field moisture capacity for each soil and varied only slightly among 
soils (0.23 to 0.24 g∙g−1). Soil cups were initially watered one day after the ferti-
lizers were added and incorporated. Soil cups were wetted to each soil’s desig-
nated target weight using tap water from a low-flow-nozzle spray bottle. Every 
two weeks thereafter, all soil cups were rewetted to each soil’s designated target 
weight using tap water. Over the 2-week period, the soil cups underwent a full 
wetting and drying cycle designed to imitate natural field conditions. An ap-
proximate soil bulk density was determined for each soil after several wetting 
and drying cycles based on the known mass of initial soil and total volume of a 
soil cup and measuring the height of soil in a cup after settle to obtain the new 
soil volume. After some initial settling, final soil bulk densities were approx-
imately 1.08, 1.09, 1.09, and 1.17 g∙cm−3 for the SiCL, SiL 1, SiL 2, and L soils, 
respectively. 

All soil cups were placed on a single, three-level, wooden shelf structure. The 
structure was 123 cm wide, 125.5 cm long, and 73 cm tall. Soil cups were ran-
domly and evenly distributed among the three levels on the structure. Soil cups 
were rotated among the three shelves upon watering every two weeks to ensure 
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the soil cups experienced uniform environmental conditions (i.e. air-flow expo-
sure and light) throughout the 6-month incubation period. 

Soil cups were destructively sampled after incubation periods of 0.5, 1, 2, 4, 
and 6 months. Soil was removed from the plastic cups, oven-dried for 48 hours 
at 70˚C, mechanically crushed, and sieved through a 2-mm mesh screen. Wa-
ter-soluble and WAE analyses were conducted, as previously described for initial 
soils, to evaluate extractable nutrient concentrations (i.e. P, K, Ca, Mg, and Fe) 
over time. Soil pH and EC were also measured, as previously described, at each 
sampling interval. 

The soil incubation experiment was completely conducted in a climate-controlled, 
laboratory setting. Air temperature and humidity fluctuations were measured 
throughout the duration of the soil incubation using an Acurite thermometer 
(model 00554SBDI, Chaney Instrument Co., Lake Geneva, WI) set on the three-tier 
shelf structure. Over the course of the 6-month incubation period, the ambient 
air temperature ranged from 21.1˚C to 22.2˚C and averaged 21.6˚C, while the 
ambient relative humidity ranged from 54% to 58% and averaged 56.5%. Incu-
bation cups received regular sunlight through a glass window in the laboratory 
where the incubation took place along with additional fluorescent lighting while 
lights were on during the day in the laboratory. 

2.4. Statistical Analyses 

Based on a completely randomized design, a one-factor analysis of variance 
(ANOVA) was conducted in SAS (version 9.4, SAS institute, Inc., Cary, NC) us-
ing the PROC GLIMMIX procedure to evaluate the effect of soil (i.e. L, SiCL, SiL 
1, and SiL 2) on WS, WAE, and TR soil elemental (i.e. P, K, Ca, Mg, and Fe), 
SOM, TC, and TN concentrations, and pH and EC. 

Based on a split-split-plot, randomized experimental design, a three-factor 
ANOVA was conducted in SAS using the PROC GLIMMIX procedure to eva-
luate the effects of soil (i.e. L, SiCL, SiL 1, and SiL 2), fertilizer treatment (i.e. 
pelletized CG, finely ground CG, and unamended control), time (i.e. 0.5, 1, 2, 4, 
and 6 months), and their interactions on the change in soil pH, EC, and WS and 
WAE elemental concentrations (i.e. P, K, Ca, Mg, and Fe) from their initial 
magnitudes. The whole-plot factor was soil, the split-plot factor was fertilizer 
treatment, and the split-split-plot factor was time. When appropriate, treatment 
means were separated by least significant difference at the 0.05 level. 

3. Results and Discussion 
3.1. Initial Soil Properties 

The four soils used in this experiment exhibited a wide range of physical and 
chemical properties. Initial sand, silt, clay, pH, EC, SOM, TC, TN, and C:N ratio 
differed among the soils used (P < 0.05; Table 2). Sand, silt, and clay concentra-
tions varied greatly among soils due to the different soil textural classes represented  
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Table 2. Summary of initial soil properties [i.e. sand, clay, and silt concentration, pH, 
electrical conductivity (EC), soil organic matter (SOM), total carbon (TC), total nitrogen 
(TC), C:N ratio, water-soluble, weak-acid-extractable, and total-recoverable P, K, Ca, Mg, 
and Fe concentrations] among soils collected throughout Arkansas (i.e. L, SiCL, SiL 1, 
and SiL 2) used in the soil incubation. 

Soil Property 
Soil 

L SiCL SiL 1 SiL 2 

Sand (g∙g−1) 0.44a* 0.07d 0.12b 0.10c 

Clay (g∙g−1) 0.09d 0.37a 0.14b 0.11c 

Silt (g∙g−1) 0.46d 0.56c 0.75b 0.79a 

pH 6.17c 6.50b 6.53b 6.70a 

EC (dS∙m−1) 0.107c 0.273a 0.169b 0.164b 

SOM (g∙g−1) 0.007d 0.025a 0.024b 0.019c 

TC (g∙g−1) 0.003d 0.012a 0.011b 0.009c 

TN (g∙g−1) 0.0003c 0.0011a 0.0011a 0.0008b 

C:N ratio 10.5b 11.4a 9.68c 11.0ab 

Water-soluble (mg∙kg−1)     

P 11.9a 9.60b 5.47c 3.70d 

K 44.7a 44.7a 25.3c 28.3b 

Ca 34.0c 74.3a 62.7b 62.0b 

Mg 21.7b 28.0a 23.3b 17.7c 

Fe 47.9a 47.9a 47.9a 47.9a 

Weak-acid-extractable (mg∙kg−1)     

P 93.3b 143a 33.7c 19.7d 

K 145b 485a 143b 158b 

Ca 933c 4328a 1842b 2156b 

Mg 194c 774a 444b 365b 

Fe 201b 175d 186c 459a 

Total-recoverable (mg∙kg−1)     

P 371c 672a 568b 297d 

K 1730b 5828a 1525c 892d 

Ca 1440d 4463a 1757c 2006b 

Mg 2433b 8544a 2429b 1236c 

Fe 8340d 27880a 18230b 14297c 

*Means in a row with different letters are different at P < 0.05. 
 

among soils. Sand concentration was lowest in the SiCL (0.07 g∙g−1) and greatest 
in the L (0.44 g∙g−1; Table 2). In contrast, silt and clay concentrations were low-
est (0.46 and 0.10 g∙g−1, respectively) in the L, while silt was the greatest in the 
SiL 2 (0.79 g∙g−1) and clay was greatest in the SiCL soil (0.37 g∙g−1; Table 2). 
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All soils exhibited a slightly acidic pH range between 6 and 7, with the most 
acidic condition being in the L (pH = 6.17) and the most alkaline conditions in 
the SiL 2 (pH = 6.70; Table 2). Additionally, soil pH was similar between the SiL 
1 (pH = 6.53) and SiCL (pH = 6.50) soils (Table 2). Both EC and SOM were 
lowest (0.11 dS∙m−1 and 0.01 g∙g−1, respectively) in the L, whereas EC was more 
than double (0.27 dS∙m−1) and the SOM concentration was more than three 
times (0.025 g∙g−1) greater in the SiCL soil, in which both EC and SOM concen-
tration were the largest among the four soils (Table 2). Similar to EC and SOM, 
TC and TN were also lowest (3 g∙kg−1; 0.3 g∙kg−1, respectively) in the L soil and 
greatest (12 g∙kg−1 and 1.1 g∙kg−1, respectively) in the SiCL soil (Table 2). In ad-
dition, TN was also similar in both the SiL 1 and SiCL soils (Table 2). The initial 
C:N ratio was largest for the SiCL and SiL 2 soils, which averaged 11.2, while the 
SiL 1 soil had the lowest C:N ratio (9.68; Table 2). 

As expected, WS concentrations were generally numerically lower than WAE 
concentrations, which, in turn, were substantially lower than TR concentrations. 
All WS nutrients (i.e. P, K, Ca, and Mg) differed among soils (P < 0.05), with the 
exception of WS-Fe, which did not differ among soils and averaged 47.9 mg∙kg−1 
(Table 2). Water-soluble P was largest in the L (11.9 mg∙kg−1) and lowest in the 
SiL 2 soil (3.70 mg∙kg−1; Table 2). Water-soluble K was greatest in the L and 
SiCL soils (44.7 mg∙kg−1) and lowest in the SiL 1 soil (25.3 mg∙kg−1; Table 2). The 
largest concentrations of WS-Ca (74.3 mg∙kg−1) and WS-Mg (28.0 mg∙kg−1) were 
both in the SiCL soil, whereas the lowest WS-Ca concentration was in the L (34.0 
mg∙kg−1) and the lowest WS-Mg concentration was in the SiL 2 soil (16.7 mg∙kg−1; 
Table 2). 

Similar to WS concentrations, all WAE concentrations (i.e. P, K, Ca, Mg, and 
Fe) differed among soils (P < 0.05; Table 2). Initial WAE-P (143 mg∙kg−1), -Ca 
(4328 mg∙kg−1), -Mg (774 mg∙kg−1), and -K (485 mg∙kg−1) concentrations were all 
greatest in the SiCL soil, while WAE-P concentrations were lowest in the SiL 2 
soil (19.7 mg∙kg−1), and both WAE-Ca and -Mg concentrations were lowest in 
the L soil (933 and 194 mg∙kg−1, respectively; Table 2). Additionally, WAE-K 
concentrations were similar and lowest among the L, SiL 1, and SiL 2 soils (145, 
143, and 158 mg∙kg−1, respectively; Table 2). Of the WAE elements, only Fe was 
not significantly largest in the SiCL, but WAE-Fe was largest in the SiL 2 soil 
(459 mg∙kg−1) and smallest in the SiCL soil (175 mg∙kg−1; Table 2). 

Total-recoverable elemental concentrations (i.e. P, K, Ca, Mg, and Fe) all dif-
fered (P < 0.05) among soils (Table 2). Similar to WAE concentrations, the great-
est TR-P (672 mg∙kg−1), -K (5828 mg∙kg−1), -Ca (4463 mg∙kg−1), -Mg (8544 mg∙kg−1), 
and -Fe (27,880 mg∙kg−1) concentrations were in the SiCL soil (Table 2). The 
lowest TR-P (297 mg∙kg−1), -K (892 mg∙kg−1), and -Mg (1236 mg∙kg−1) concen-
trations were in the SiL 2 soil, whereas the lowest TR-Ca (1440 mg∙kg−1) and -Fe 
(8340 mg∙kg−1) concentrations were in the L soil (Table 2). Due to the variations 
in initial soil properties, particularly for the extractable elements, the measured 
responses for the unamended controls for each soil were subtracted from those 
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measured for the amended treatments, such that results at each sample interval 
represented the change from the mean initial condition for each measured soil 
property. 

3.2. Change in Soil pH and Electrical Conductivity 

The change in pH and EC from the initial values was affected by one or more 
treatment factor evaluated (i.e. soil, fertilizer amendment, and/or sampling time) 
in the soil incubation. The change in soil pH from the initial, averaged across 
time, differed among fertilizer amendments within soils (P < 0.05; Table 3). An 
overall acidification effect was observed within the fertilized treatments (i.e. pel-
let and finely ground) among all soils (Figure 1). However, the decrease in soil 
pH from the initial was only different than a change of zero in the finely ground 
treatment (−0.25 pH units) in the L soil and the pellet (−0.15 pH units), finely 
ground (−0.34 pH units), and control (−0.24 pH units) treatments in the SiL 1 
soil (Figure 1). While the soil pH decreased from zero in the unamended control 
in the SiL 1 soil, the change in pH in the unamended control treatment generally 
remained similar to zero (Figure 1). While a general acidifying effect was ob-
served in both fertilized treatments, the pellet treatment did not exhibit a pH 
change as extensive as in the finely ground treatment and the pH change was 
similar to zero in three of the four soils (i.e. L, SiCL, and SiL 2). The less drastic 
pH change in the pelletized CG treatment was likely due to a slower dissolution 
rate of the CG material in pelletized form, thus less material interacted with the 
soil [11]. 

Averaged across fertilizer amendments, the change in soil pH also differed 
among soils over time (P < 0.05; Table 3). After 0.5 months, the change in soil 
pH was generally positive, with the exception of in the SiL 1 soil (−0.04 pH 
units), which did not change from the initial (Figure 2). However, the change in 
soil pH decreased among all soils over time thereafter, and by the 6-month sam-
pling time, all soil pHs had decreased from the initial pH (Figure 2). The largest  

 
Table 3. Analysis of variance summary of the effects of soil (S), fertilizer amendment (A), sample time (T), and their interactions 
on the change in soil-test pH, electrical conductivity (EC), water-soluble (WS) and weak-acid-extractable (WAE) extractable nu-
trient (P, K, Ca, Mg, and Fe) concentrations from initial soil values. 

Source of 
Variation 

∆pH ∆EC ∆WS-P ∆WS-K ∆WS-Ca ∆WS-Mg ∆WS-Fe ∆WAE-P ∆WAE-K ∆WAE-Ca ∆WAE-Mg ∆WAE-Fe 

P 

S <0.01 0.04 <0.01 <0.01 <0.01 <0.01 0.05 0.96 <0.01 <0.01 <0.01 <0.01 

A <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.15 0.53 <0.01 <0.01 

T <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.26 <0.01 0.04 <0.01 <0.01 <0.01 

S × A <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.66 0.45 <0.01 <0.01 

S × T <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 <0.01 <0.01 

A × T <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.38 0.38 <0.01 <0.01 

S × A × T 0.62 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.72 0.10 <0.01 0.34 
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Figure 1. Fertilizer amendment effects, averaged over time, on the change in soil pH and 
weak-acid-extractable (WAE) soil Fe concentration from the initial among soils for the 
soil incubation. Means within a panel with different letters are different at P < 0.05. An 
asterisk (*) indicates mean value is different than zero at P < 0.05. 

 
decrease in pH occurred in the SiL 1 soil, which was 0.38 pH units over the 
6-month period. The decrease in soil pH among all soils was likely related to the 
acidification effect caused by the dissolution of the CG material over time, which 
likely occurred as a result of microbial nitrification of ammonia and was similar 
to the conclusion by Vaneeckhaute et al. [28]. In addition, the decrease in soil 
pH can also be caused by the displacement of H+ from cation exchange sites by 
the addition of cations from the dissolving CG material, such as Mg2+ that has a 
greater affinity for exchange sites than does H+ [12] [29]. 

The change in soil pH, averaged among soils, also differed between fertilizer 
amendments over time (P < 0.05; Table 3). Within the first 0.5 months, the change 
in soil pH was generally positive among all fertilizer amendments, and increased 
from the initial in the control and pellet treatments (0.15 and 0.19 pH units, re-
spectively) and did not change from the initial in the finely ground treatment 
(Figure 3). Due to the alkalinity and low dissolution rate of struvite, the general 
pH increase from the initial in the first time interval was likely caused by both 
minimally dissolved struvite and soil being ground together for analysis, which  
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Figure 2. Soil effects, averaged over fertilizer amendments, on the change in soil pH and 
weak-acid-extractable (WAE) soil Ca and Fe concentrations from the initial over time for 
the soil incubation. Means within a panel with different letters are different at P < 0.05. 
An asterisk (*) indicates mean value is different than zero at P < 0.05. 

 
resulted in a pH increase from the ground alkaline CG material itself [12] [30]. 
As the incubation advanced, soil pH decreased among fertilized amendments as 
the CG material continued to dissolve and react with the soil. After 1 month of 
incubation, and after 2, 4, and 6 months of incubation, the finely ground treat-
ment had the largest decrease in pH compared to the pellet and unamended 
control treatments (Figure 3). After 6 months of incubation, soil pH decreased 
0.33 and 0.24 pH units from the initial in the finely ground and pelletized treat-
ments, respectively. The decrease in soil pH from a change of zero occurred after 
only 1 month of incubation in the finely ground treatment, while the change in 
pH in the pelletized treatment took 4 months of incubation to differ than a 
change of zero, which was expected due to a slower dissolution rate of the pelle-
tized CG (Figure 3). 

The change in soil EC differed among fertilizer amendments within soils over 
time (P < 0.05; Table 3). The change in EC from the initial increased in each fer-
tilizer amendment among all soils over time [31]. In the first 2 weeks, the change 
in soil EC in both pelletized and finely ground fertilizer treatments among all 
soils was greater than zero, with the exception of the pelletized and control  
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Figure 3. Fertilizer amendment effects, averaged over soils, on the change in soil pH and 
weak-acid-extractable (WAE) soil Fe concentration from the initial over time for the soil 
incubation. Means within a panel with different letters are different at P < 0.05. An aste-
risk (*) indicates mean value is different than zero at P < 0.05. 

 
treatments in the SiCL soil, which was not greater than a change of zero until 2 
months into the incubation [31]. Additionally, within the first 1 month of incu-
bation, the change in soil EC in the finely ground fertilizer treatment was ap-
proximately double the change in soil EC in the pelletized treatment among each 
soil [31]. However, over time, the change in soil EC in both pelletized and finely 
ground fertilizer treatments was largest and similar among all soils by 6 months 
of incubation, except for the pelletized treatment in the SiCL, which was lower 
than finely ground treatment [31]. 

3.3. Change in Water-Soluble Concentrations 

The change in all water-soluble soil concentrations (i.e. P, K, Ca, Mg, and Fe) 
differed among soil-fertilizer-amendment combinations over time (P < 0.05; 
Table 3). Among all measured concentrations, WS-P was impacted the most by 
fertilizer amendments over time. In all soils, the change in WS-P concentration 
was initially greatest with the finely ground CG (Figure 4), which was likely the 
result of increased soil-fertilizer contact of the finely ground material, which re-
sulted in a more rapid dissolution of P and incorporation into the soil [11] [29].  
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Figure 4. Fertilizer amendment-soil combination effects on the change in water-soluble P 
(ΔWS-P) concentration from the initial over time for the soil incubation. Means with dif-
ferent letters are different at P < 0.05. An asterisk (*) indicates mean value is different 
than zero at P < 0.05. 

 
Although the finely ground CG treatment had a significantly larger WS-P con-
centration than the pelletized CG treatment, the theoretical maximum P con-
centration (135 mg∙kg−1) was exceeded and likely was caused by some incorpora-
tion of the fertilizer material upon destructive sampling. However, as time pro-
gressed, the change in WS-P concentrations from the finely ground CG general-
ly decreased after the 0.5-month sampling and was similar to the pelletized CG 
in all soils by the 6-month sampling, with the exception of in the SiCL soil in 
which the pelletized treatment was greater than the finely ground treatment (Figure 
4). The diminishing dissolution of finely ground struvite over time was a trend 
that was also observed by Nongqwenga et al. [32] and was likely caused by fixa-
tion reactions (i.e. precipitation of Fe and Al phosphates, immobilization by soil 
microbes, and binding to clays) in the soil over time. A decreasing change in 
WS-P concentration was not prevalent in the pelletized CG because the gradual 
dissolution of the pelletized treatment had a reduced P-fixation effect on the soil 
as the pelletized CG slowly solubilized and released P over time [11]. The change 
in WS-P concentrations in the pelletized CG in the SiCL soil was greater at the 
6- than at the 0.5-month sampling, which was expected, but did not occur in the 
other soils (Figure 4). The general trend in WS-P concentration in the pelletized 
amendment was a positive change from the initial, where WS-P concentration 
with the pelletized CG numerically increased from the initial in three of the four 
soils (i.e. L, SiCL, and SiL 2, respectively). However, the change in WS-P over 
time with the pelletized CG was complex and varied among soil textures through-
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out the incubation. 
The change in WS-K concentrations also differed among soil-fertilizer com-

binations over time (P < 0.05; Table 3). No clear trend in the change WS-K 
emerged among fertilizer amendments in the SiCL soil [31]. However, in the L, 
SiL 1, and SiL 2 soils, a general increase in WS-K concentrations from the initial 
was observed in the finely ground and pelletized treatments over time [31]. The 
change in WS-K concentrations in the L, SiL 1, and SiL 2 soils was normally 
more dynamic in the pelletized treatments, whereas the finely ground treatments 
were generally more static over time [31]. Initially, the change in WS-K concen-
trations was generally negative in the pelletized and unamended control treat-
ments and generally positive in the finely ground treatments among soils [31]. 
However, by the 6-month sampling, the change in WS-K concentration from the 
initial was greater than zero in all fertilized treatments in each soil, with the ex-
ception of the finely ground treatments in the L and SiCL soils, which did not 
differ from the initial [31]. 

Apart from the finely ground and unamended control treatments in the SiCL 
soil, the change in WS-Ca concentration generally increased among all other fer-
tilizer treatments and soils over time [31]. In the L, SiL 1, and SiL 2 soils, the 
change in WS-Ca concentrations in all treatments increased after the 0.5-month 
sampling as the incubation progressed. By 6 months, the change in WS-Ca con-
centration was the largest in both the finely ground and pelletized treatments in 
the L, SiL 1, and SiL 2 soils, and the changes in both treatments were greater 
than zero among all soils [31]. Although the change in WS-Ca varied in the SiCL 
soil over time, the finely ground and pelletized treatments were also similar by 
the 6-month sampling [31]. Additionally, the change in WS-Ca in all finely 
ground treatments was greater than that in the unamended control treatments at 
every sampling, whereas the change in WS-Ca in all pelletized treatments was 
only greater than the change in the unamended control after the 2-month sam-
pling [31]. 

Similar to the change WS-P, the change in WS-Mg concentration among ferti-
lized amendments (i.e. pelletized and finely ground CG) was dependent on the 
dissolution rate of CG and followed a similar trend over time. The dissolution of 
CG in the finely ground and pelletized forms occurred at different rates, which 
led to a lower initial change in WS-Mg concentrations in the pelletized com-
pared to the finely ground treatment in all soils (Figure 5). Over time, the 
change in WS-Mg was positive and increased in the pelletized treatment in all 
soils and was greatest by the 6-month sampling (Figure 5). The change in WS-Mg 
in the finely ground was ~10 times greater than that in the pelletized treatment 
in each soil at the 0.5-month sampling, which was likely caused by the introduc-
tion of Mg ions in the soil from the relatively rapid dissolution of the finely 
ground CG material. After 1 month, the change in soil WS-Mg concentration in 
the finely ground treatment generally remained constant in all soils, with the ex-
ception of in the L, in which the change in WS-Mg concentration increased over 
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time (Figure 5). By the 6-month sampling, the changes in WS-Mg concentration 
were similar between finely ground and pelletized treatments in the L and SiCL 
soils and greater in the finely ground than in the pelletized treatment in the SiL 1 
and SiL 2 soils (Figure 5). 

In contrast to the aforementioned WS elements (i.e. P, K, Ca, and Mg), the 
changes in WS-Fe concentration among soil-fertilizer combinations over time 
were complex and no clear relationship was present [31]. The changes in WS-Fe 
concentration from the initial soil condition in all treatments were all signifi-
cantly negative [31]. The greatest magnitude in change of WS-Fe concentrations 
occurred in all fertilizer treatments in the SiL 2 soil, followed by all fertilizer 
treatments in the L soil, which decreased the most from the initial condition and 
differed from a change of zero [31]. While the change in WS-Fe was significant 
within fertilizer amendments among soils over time, time had only a minimal 
effect on the change in WS-Fe concentration [31]. 

3.4. Change in Weak-Acid-Extractable Soil Concentrations 

Overall, many WAE soil concentrations generally followed similar trends as 
their WS concentrations. The change in WAE soil concentrations was also gen-
erally numerically larger than the change in WS concentrations likely due to the 
increased availability from the weak-acid extraction. Similar to WS concentra-
tions, the change in WAE concentrations was also affected by one or more treat-
ment factors (i.e. soil, fertilizer amendment, and time). The change in WAE-P 
differed among fertilizer amendments within soils over time (P < 0.05; Table 3).  

 

 
Figure 5. Fertilizer amendment-soil combination effects on the change in water-soluble 
Mg (ΔWS-Mg) concentration from the initial over time for the soil incubation. Means 
with different letters are different at P < 0.05. An asterisk (*) indicates mean value is dif-
ferent than zero at P < 0.05. 
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The transformation of both WS- and WAE-P from the initial soil concentration 
followed a similar trend. In both WS and WAE, the change in P concentration 
was initially greatest in the finely ground CG compared to the pelletized or un-
amended control treatments among all soils (Figure 6). The greatest initial 
change in WAE-P concentrations occurred in the finely ground treatment in the 
SiCL soil after the 0.5-month sampling (274 mg∙kg−1; Figure 6). The greater 
WAE-P concentrations in the finely ground CG in the SiCL were likely related to 
the greater initial WAE-P concentration in the SiCL soil, which allowed for a 
greater concentration of P to exist in soil solution. In addition, as previously 
mentioned, the greater surface area caused the finely ground material to become 
available in the soil incubation earlier than with the pelletized material. Howev-
er, the greater initial clay content, OM, and Fe concentration in the SiCL soil 
greatly reduced the WAE-P concentration from the 0.5-month sampling, as P 
transformed into less available forms, which was similar to previous reports [12] 
[32]. 

The change in WAE-P concentration in the pelletized treatment in all soils did 
not differ from a change of zero until the 2-month sampling, in which WAE-P 
concentrations increased in all pelletized treatments in all soils (Figure 6). Over 
time, the change in WAE-P concentration generally decreased in all finely 
ground and increased in all pelletized treatments (Figure 6). The relatively slow 
availability of WAE-P in the pelletized CG was indicative of the gradual dissolu-
tion of the CG pellets over time [11]. By 6 months, the change in WAE-P con-
centrations was similar between the finely ground and pelletized treatments in  

 

 
Figure 6. Fertilizer amendment-soil combination effects on the change in weak-acid-ex- 
tractable soil P (ΔWAE-P) concentration from the initial over time for the soil incuba-
tion. Means with different letters are different at P < 0.05. An asterisk (*) indicates mean 
value is different than zero at P < 0.05. 
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each individual soil, with the exception of the SiCL soil, in which the pelletized 
had a greater change in WAE-P (+132 mg∙kg−1) than the finely ground treatment 
(+86.6 mg∙kg−1; Figure 6). Nongqwenga et al. [32] suggested that struvite disso-
lution is limited in soils with large background P and/or Mg concentrations, yet 
this was not observed in this study, as the change in WAE-P concentrations were 
generally lower in all treatments in the SiL 1 and SiL 2 soils, which had low ini-
tial P and Mg concentrations, and generally greater in the SiCL and L soils 
(Figure 6). Additionally, multiple studies have suggested that soil pH is a pri-
mary factor controlling struvite-P release [11] [33] [34], yet this study showed 
no difference between WAE-P concentrations by the 6-month sampling in the L 
and SiL 2 soils with soil pHs of 6.17 and 6.70, respectively (Figure 6). 

The change in WAE-K concentration differed among soils and differed over 
time (P < 0.05; Table 3). Averaged across fertilizer amendments and time, the 
change in WAE-K was negative and differed from a change of zero in all soils. 
The change in WAE-K concentration was the least negative and similar in the L 
(−20.1 mg∙kg−1) and SiL 1 (−28.4 mg∙kg−1) soils and had the greatest decrease 
from zero in the SiCL soil (−128.7 mg∙kg−1). While the effect of time was signifi-
cant, averaged across fertilizer amendments and soils, an obvious trend was not 
observed. The change in WAE-K was again negative and differed from a change 
of zero at all sampling times, where the most-negative change from the initial 
condition in WAE-K concentration occurred by the 2-month sampling (−61.9 
mg∙kg−1) and the most-positive change occurred by the 6-month sampling 
(−42.8 mg∙kg−1). 

The change in WAE-Ca concentration differed among soils over time (P < 
0.05), but, similar to WAE-K, the change in WAE-Ca concentration was unaf-
fected by fertilizer amendment (Table 3). While the change in WAE-Ca concen-
trations differed among soils over time, time generally did not have a substantial 
impact, with only slight variations in WAE-Ca in each soil over the duration of 
the incubation. In addition, two of the four soils (i.e. SiL 1 and SiL 2) had similar 
WAE-Ca concentrations at the 0.5 and 6-month samplings (Figure 2). The change 
in WAE-Ca concentrations predominantly differed among soils, where the great-
est change in WAE-Ca concentration occurred in the SiL 1 soil at every time in-
terval (Figure 2). The change in WAE-Ca concentration in the SiL 1 soil was the 
only positive change that occurred, where all other soils experienced a negative 
change in WAE-Ca concentration from the initial condition (Figure 2). The larg-
est decrease in WAE-Ca occurred in the SiCL soil in every sampling, which was 
approximately double and triple the decrease in the SiL 2 and L soils, respectively 
(Figure 2). Considerable variability was measured in initial WAE-Ca concentra-
tions and likely had the largest impact on the change in WAE-Ca concentrations 
over time. 

Like WS- and WAE-P, the change in WS- and WAE-Mg demonstrated similar 
trends. Similar to WS-Mg, the change in WAE-Mg concentration differed among 
soil-fertilizer treatment combinations over time (P < 0.05; Table 3). Among all 
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measured concentrations, WAE-Mg concentrations were impacted the most by 
the different soils used in the incubation. The SiCL and SiL 2 soils generally had 
a negative change in WAE-Mg throughout the soil incubation, yet exhibited a 
similar trend in the change in WAE-Mg over time to the L and SiL 1 soils, which 
had a positive change in WAE-Mg over time (Figure 7). The change in WAE-Mg 
was generally initially greatest in the finely ground treatment in all soils at the 
0.5-month sampling (Figure 7), which was again likely related to the influx of 
Mg ions from the finely ground CG material. However, after the 0.5-month 
sampling, the change in WAE-Mg concentration differed among soils within the 
finely ground treatment. 

The change in WAE-Mg in the SiL 1 and SiL 2 soils decreased after 1 month 
and remained fairly consistent thereafter. The change in WAE-Mg concentra-
tion in the SiCL soil decreased for two months and then remained fairly consis-
tent thereafter. The change in WAE-Mg concentration in the L soil remained 
similar throughout the incubation (Figure 7). The differences in WAE-Mg con-
centrations among the four soils likely reflected the differences in initial soil 
properties among the soils, namely clay content, which subsequently affected the 
soils’ cation exchange capacity and ability to retain cations like Mg. 

The pelletized material had an opposite trend from the finely ground material, 
where the pelletized treatment initially had the smallest change in WAE-Mg 
concentration by the 0.5-month sampling in all soils (Figure 7). By the 2-month 
sampling, all pelletized treatments had an increased change in WAE-Mg con-
centration (Figure 7). The increased positive change in WAE-Mg concentration 

 

 
Figure 7. Fertilizer amendment-soil combination effects on the change in weak-acid-ex- 
tractable soil Mg (ΔWAE-Mg) concentration from the initial over time for the soil incu-
bation. Means with different letters are different at P < 0.05. An asterisk (*) indicates 
mean value is different than zero at P < 0.05. 
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in the pelletized treatment at the 2-month time interval was likely caused by the 
start of CG dissolution in the pelletized treatments. After 2 months, the change 
in WAE-Mg remained fairly consistent in all pelletized treatments and, by 6 
months, the change in WAE-Mg concentrations in the pelletized treatment was 
similar to that in the finely ground treatment in three of the four soils (i.e. L, SiL 
1, and SiL 2), and was greater in the pelletized than in the finely ground treat-
ment in the SiCL soil (Figure 7). Generally, both fertilized treatments had larger 
(i.e. positive) changes than the unamended control in each soil at every sampling 
time. 

Averaged across sampling times, the change in WAE-Fe concentrations dif-
fered among fertilizer amendments within soils (P < 0.05; Table 3). In the L, SiCL, 
and SiL 1 soils, the finely ground treatment had the largest change in WAE-Fe 
concentrations compared to either the unamended control or pelletized treat-
ment, with the exception of the pelletized treatment in the SiCL soil, which had a 
similar change in WAE-Fe as the finely ground treatment (Figure 1). Addition-
ally, the change in WAE-Fe concentrations in both SiCL and SiL 1 soils were the 
only soils that exhibited a positive change in both finely ground and pelletized 
treatments that were also different than a change of zero (Figure 1). In the L 
soil, only the finely ground treatment had a change greater than zero, whereas 
the pelletized and control treatments had changes that were similar to zero 
(Figure 1). The change in WAE-Fe concentrations in the SiL 2 soil was signifi-
cantly negative in all fertilizer treatments (Figure 1). 

Averaged across fertilizer treatments, WAE-Fe concentrations also differed 
among soils over time (P < 0.05; Table 3). The change in WAE-Fe was the greatest 
in the SiCL soil and smallest in the SiL 2 soil at every sampling time (Figure 2). 
The change in WAE-Fe concentrations in all soils generally increased at each 
time interval to the 2-month sampling, where thereafter the change in WAE-Fe 
concentration decreased (Figure 2). By 6 months, the change in WAE-Fe con-
centrations was only positive and different than a change of zero in the SiCL soil 
(Figure 2). 

Averaged across soils, the change in WAE-Fe concentration differed among 
fertilizer amendments over time (P < 0.05; Table 3). The change in WAE-Fe 
concentration was the greatest in the finely ground treatment and larger than in 
the unamended control at every time interval, whereas the pelletized treatment 
was similar to the unamended control at every time interval (Figure 3). Addi-
tionally, the change in WAE-Fe concentration generally increased from the ini-
tial condition after 1 and 2 months and decreased in all treatments thereafter 
(Figure 3). Between the 2- and 4-month samplings, the largest change in WAE-Fe 
concentrations occurred, with a decrease in all treatments of ≥70 mg∙kg−1 (Figure 
3). 

3.5. Implications 

As a substance that was once viewed as a pipe-clogging, problematic WWTP 
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by-product [9], struvite has recently gained attention as an attractive option in 
sustainable development due to the fertilizer potential of the recovered material. 
Controlled struvite recovery has the potential to recycle P from a number of dif-
ferent waste sources from various sectors, including the agricultural [10] [35], 
industrial [36], and municipal sectors [37] [38]. 

Phosphorus recovery in the form of struvite precipitation can preserve water 
quality nationwide and can potentially reduce future dependence on conven-
tional, RP-derived P fertilizers [39] [40]. Struvite’s effectiveness as a recovered 
fertilizer-P source has the potential to provide a sustainable source of P in the 
global agricultural production system, thus providing food security for future 
generations. In addition, struvite recovery in WWTPs can lead to a reduction in 
P and N loads of the side-stream and SS in WWTPs [9] [41]. 

Though no plants were used in this incubation study, unless soil EC, pH, and 
WS or WAE elemental concentrations changed to beyond optimum ranges or 
threshold levels for optimal growth for a particular crop, there would likely be 
little negative effects on crop productivity or soil quality. However, the greater 
reactivity of the finely ground compared to the original pelletized CG material in 
the loam soil resulted in a large enough pH decrease to drop the soil pH below 
6.0 (Figure 1), which could negatively affect plant productivity and/or nutrient 
availability if not corrected with a liming material. While the CG materials 
caused similar magnitudes of pH decrease in the other three soils as well, the ini-
tial soil pH of the other three soils was larger, such that the resulting decrease in 
soil pH, on average, was still not enough to lower soil pH below 6.0. Similarly, 
the changes in soil Ca and Fe among soils and over time, in which both Ca and 
Fe had relatively large initial concentrations in all soils (Table 2), would likely 
have little to no negative effects on crop productivity or soil quality. The general 
increase in WS and WAE P and WS Mg over time from both CG materials 
would be expected to enhance plant productivity in all soils. However, if the CG 
material was not incorporated into the soil and left on the soil surface, the po-
tential for off-site transport of dissolved or sediment-bound P could negatively 
impact the surrounding aquatic environment if runoff P entered nearby water-
ways. Despite the mixed results for WAE Mg, increasing or decreasing over time 
depending on the specific soil, WAE Mg concentrations generally did not de-
crease enough to potentially cause a plant-Mg deficiency in any of the four soils. 

4. Conclusions 

While the agronomic applications of recovered struvite have been assessed in sever-
al small plant studies, the soil-fertilizer interactions between wastewater-recovered 
struvite and multiple soil textures have not been well studied, specifically in 
agronomic soils. Consequently, the purpose of this study was to assess the ferti-
lizer response of a commercially available, wastewater-recovered struvite materi-
al (i.e. Crystal Green) in a plant-less, moist-soil incubation experiment with 
multiple soil textures (i.e. loam, silt loam, silty clay loam). As hypothesized, re-
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sults demonstrated greater WS- and WAE-P concentrations in the finely ground 
CG treatment over the first month of incubation than in the pelletized CG 
treatment in all soils. However, the hypothesis was only partially supported be-
cause the finely ground CG treatment did not have a greater WS- and WAE-P 
response over the course of the entire incubation. Results confirmed the slow-release 
properties of pelletized CG treatment that have been previously reported, which 
resulted in a generally similar change in WS- and WAE-P concentration in fine-
ly ground and pelletized treatments in each soil after 6 months of incubation. 
Although a similar P response occurred between finely ground and pelletized 
treatments across all soils, WS-P concentration differed among soil textures in 
both finely ground and pelletized treatments throughout the incubation. Despite 
the slow-release properties of struvite and the particle size differences of the two 
forms of CG used in this study, results generated from this study have demon-
strated that CG in both finely ground and pelletized forms had a comparable fer-
tilizer-P behavior in multiple soil textures over the course of a 6-month soil in-
cubation experiment. 

Results from this study provided valuable insight into the behavior of waste-
water-recovered struvite in agronomic soils. Results showed that not only the 
fertilizer response was affected by the chemical and physical properties of the 
different soils and fertilizer characteristics themselves, but was also affected by 
previous management history in similar-textured soils (i.e. SiL 1 ad SiL 2). The 
choice of which fertilizer-P source to use will clearly need to consider soil texture 
and field management history to best tailor the most appropriate fertilizer-P 
source to the specific setting and management practices where the fertilizer-P 
will be used for optimal crop production. To accurately assess the applicability of 
struvite as an alternative fertilizer-P source, additional, in-depth research is still 
required to better understand struvite behavior compared to other conventional 
fertilizer-P sources in additional soil textures and soil environments, such as 
under flooded-soil conditions as is common for rice production. 
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