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Several technologies have been proposed to characterize the nutrient release 

patterns of enhanced-efficiency fertilizers (EEFs) during the last few decades. These 

technologies have been developed mainly by manufacturers and are product-specific 

based on the regulation and analysis of each EEF product. Despite previous efforts to 

characterize EEF materials, no official method exists to assess their nutrient release 

patterns. However, the increased production and distribution of EEFs in specialty and 

non-specialty markets requires an appropriate method to verify nutrient release claims 

and material performance. 

A soil incubation-column leaching procedure was evaluated to determine its 

suitability as a standard method to estimate nitrogen (N) release patterns of EEFs 

during 180 d. The influence of three sand/soil ratios, three incubation temperatures, and 

four soil types on method behavior was assessed using eight EEFs. In general, the 

highest sand/soil ratio increased the N release rate of the EEFs, but this effect was 

more marked for the slow-release fertilizers (SRF). Temperature had the greatest 

influence on EEF N release rates. For controlled-release fertilizers (CRF), the initial N 
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release rates and the percentage N released per day increased as temperature 

increased. For SRFs, raising the temperature from 25 to 35°C increased initial N 

release rate and the total cumulative N released, and almost doubled the percentage N 

released per day. The percentage N released per day from all EEFs generally increased 

as the texture of the soil changed from sandy to loamy 

(Iowa>California>Pennsylvania>Florida). 

A series of experiments were conducted to evaluate the effect of temperature, 

fertilizer sample size, and extraction time on the performance of a 74-h accelerated lab 

extraction method to measure EEF nutrient release profile. Temperature was the only 

factor that influenced nutrient release rate, with a highly marked effect for phosphorus 

(P) and to a lesser extent for N and potassium (K). Based on the results, the optimal 

extraction temperature set was: Extraction #1- 2:00 hr.@ 25°C; Extraction #2- 2:00 

hr.@ 50°C; Extraction #3- 20:00 hr. @ 55°C; and Extraction #4- 50:00 hr. @ 60°C. 

Ruggedness of the method was tested by evaluating the effect of small changes in 

seven selected factors on method behavior using a fractional multifactorial design. 

Overall, the method showed ruggedness for measuring N release rates of coated EEFs.  

Non-linear regression was used to establish a correlation between the data 

generated from both methods, and to develop a model that can predict the 180-d N 

release curve for a specific EEF product based on the data from the accelerated lab 

extraction method. Based on the R2 > 0.90 obtained for most EEF materials, results 

indicated that the data generated from the 74-h accelerated lab extraction method could 

be used to predict N release from the selected EEFs during 180 d, including those 

fertilizers that require biological activity for N release.
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CHAPTER 1 
INTRODUCTION AND LITERATURE REVIEW  

The use of chemical fertilizers is the main way supplemental nutrients are provided 

to crops. Generally, at least 30 to 50% of crop yield is attributed to commercial fertilizer 

nutrient inputs (Stewart et al., 2005). The intensification of agriculture, mainly due to 

population growth and agriculture technological advancements, has accelerated 

fertilizer use even more during the last century. World fertilizer consumption is expected 

to grow about 1.7% annually from 2007/2008 to 2011/2012, which is an increment 

equivalent to about 15 million tons (FAO 2008). However, crop recovery of applied 

inorganic fertilizer is estimated to be 50% or lower for N, less than 10% for P, and close 

to 40% for K (Baligar et al., 2001). Most fertilizers are readily water-soluble when 

applied to the soil. Subsequently they undergo numerous complex interactions between 

plant roots, soil microorganisms, chemical reactions and loss pathways. The 

discrepancy between increased fertilizer consumption and relatively low nutrient use 

efficiency by crops is due to significant losses of nutrients to air, groundwater, and 

surface water, or fixation of nutrients by soil. The main losses of N fertilizer applied to 

soil are volatilization of ammonia (NH3), leaching of nitrate (NO3
-), gaseous losses of N2 

and N2O after denitrification of NO3
-, runoff, and erosion (Eickhout et al., 2006). These 

losses result not only in the contamination of the environment with the degradation of 

soil, air, and water quality but also in negative economic effects for farmers. 

Enhanced-efficiency fertilizer gradually releases nutrients to match nutrient release 

patterns with crop demand and therefore improves nutrient recovery by plants. Because 

of prolonged nutrient availability, EEFs can potentially minimize negative environmental 

effects of fertilization that are largely due to the high solubility of N compounds applied 
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to the soil (Lubkowski and Grzmil, 2007). The market share of EEFs amounts to only 

0.47% of world mineral fertilizer consumption, even taking into account the large 

increase in production capacity since 2005. Although the EEF market is almost 

negligible, its world consumption increased by 45% in 2004/05 compared with 1995/96, 

indicating a fast growing market that is mainly due to the additional production capacity 

of EEFs and their increased use on agricultural crops (Trenkel, 2010). A wide variety of 

EEFs are currently produced and distributed in United States, Canada, China, Japan, 

Europe, and Israel for specialty and non-specialty markets. However, there is no official 

method to verify nutrient release patterns of these fertilizers. Traditionally, each 

technology has been addressed by its own manufacturer in terms of nutrient release 

characterization and performance. However, as the use of EEFs increases, an 

individual approach towards label claim verification and nutrient release performance is 

no longer sufficient. There is a need to develop a standard method that can be used to 

estimate nutrient release patterns of a broad range of EEF products. 

Enhanced-Efficiency Fertilizers 

The term “enhanced efficiency fertilizer” refers to fertilizer products with properties 

that allow increased plant uptake and minimize the potential of nutrient loss to the 

environment (e.g., leaching, volatilization, and runoff). EEFs include slow and 

controlled-release fertilizers that provide extended nutrient supply to a crop. According 

to the American Association of Plant Food Control Officials (APPFCO), which officially 

defines and regulates these terms, there is no difference between slow-release and 

controlled-release fertilizers. Slow- or controlled-release fertilizer is officially defined by 

APPFCO as a fertilizer containing a plant nutrient in a form that delays its availability for 

plant uptake and use after application, or that extends its availability to the plant 
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significantly longer than a reference “rapidly available nutrient fertilizer” such as 

ammonium nitrate, urea, ammonium phosphate, or potassium chloride. Such delay of 

initial availability or extended time of continued availability occurs by a variety of 

mechanisms. These include controlled water solubility of the material by semi-

permeable coatings, occlusion, protein materials, or other chemical forms, by slow 

hydrolysis of water-soluble low molecular weight compounds, or by other unknown 

means (APPFCO Official Publication 57). 

According to Shaviv (2001), the difference between slow- and controlled-release 

fertilizer products lies in the release mechanisms and environmental factors that affect 

their delayed or extended availability of nutrients. Slow-release fertilizers are 

manufactured to release their nutrients with time at a slow rate as they undergo different 

decomposition processes in the soil, such that their rate, pattern, and release period 

depend on soil and climatic conditions. In contrast, controlled-release fertilizers are 

manufactured to gradually release nutrients at a rate that matches plant nutrient 

demand such that the rate, pattern, and duration of release are well known and 

controlled. 

Types of Enhanced-Efficiency Fertilizers 

According to Goertz (1993), EEFs can be classified into two types: (1) urea-

aldehyde condensation products that are produced by the chemical reaction of water-

soluble urea or ammonia compounds to produce N fertilizers with more complex 

molecular structures that have limited water solubility and slowly decompose in the soil, 

and (2) coated fertilizer products that are made by coating or encapsulating a water-

soluble fertilizer with a water-insoluble barrier that controls the access of water to the 

fertilizer, and thus limits its dissolution rate. 
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Urea-aldehyde condensation products can be further divided into urea-

formaldehyde (UF) reaction products that decompose biologically in the soil, and other 

urea-aldehyde compounds that decompose mainly chemically, such as isobutylidene-

diurea (IBDU). The reaction of urea with formaldehyde results in a distribution of 

methylene urea (MU) polymers of varying chain-lengths (molecular weights) and 

consequently varying water solubility. Based on the degree of polymerization, UF 

products can be divided into three classes: 1) ureaform (the least water soluble class); 

2) methylene ureas (intermediate chain-length MU polymers); and 3) methylene 

diurea/dimethylene triurea combinations (the shortest-chain MU oligomers and the most 

water-soluble) (Sartain and Kruse, 2001). The polymer chain-length affects the rate of N 

release from UF reaction products. The longer the MU polymer, the longer it takes for N 

to release. Release of N from UF products requires dissolution that occurs slowly 

because of their low solubility, followed by microbial decomposition or hydrolysis in the 

soil. Biodegradation of UF occurs mainly by microbial decomposition at the carbon bond 

in the MU polymers rather than by hydrolysis. IBDU is produced by the reaction of urea 

and isobutyraldehyde, resulting in a single water-insoluble oligomer. Once dissolution of 

IBDU takes place, N becomes available to plants through hydrolysis that proceeds 

rapidly in the soil with regeneration of the original reactants (urea and 

isobutyraldehyde). The rate of dissolution of IBDU is determined by particle size, with 

smaller particles dissolving more rapidly. Once urea is released from these N reaction 

products, ammonification and nitrification proceed rapidly in the soil to convert the urea-

N into nitrate-N for plant uptake (Allen, 1984).  
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Coated fertilizers refer to products possessing a readily water-soluble fertilizer 

granule surrounded by an impermeable or semi-permeable coating that controls the rate 

of nutrient diffusion. There are three main types of coating materials: sulfur (S) coating, 

polymeric coating, and a hybrid material composed of a multilayer coating of S and 

polymer (Sartain and Kruse, 2001). Sulfur-coated fertilizer is produced by precisely 

applying three coating materials (molten S, a hydrocarbon/oil sealant, and a flow 

conditioner) to heated soluble fertilizer granules. The release of nutrients is determined 

by imperfections produced by cracks or incomplete coverage of the granule with S, and 

by microbial decomposition of the wax sealant surrounding the S coating. Once water 

penetrates the coating through imperfections and/or pinholes produced by microbes, the 

fertilizer core is dissolved and a rapid release of the nutrient follows (Oertli, 1980). 

Polymer-coated fertilizers (PCF) release their nutrients by diffusion through a semi-

permeable coating. Consequently, the composition, quality and thickness of the coating 

determine the rate of nutrient release. Polymer coatings are classified as either 

thermoset resins such as alkyd-type resins and polyurethane-like coatings (also known 

as reactive-layer coatings), or thermoplastic resins such as polyethylene and polyolefin 

coatings (Shaviv, 2001). The diffusion release of PCF consists of three stages: 1) initial 

stage with practically no release (lag period), during which water vapor enters through 

the coating due to the vapor pressure gradient across the coating, followed by 

dissolution of a small fraction of the solid fertilizer core; 2) stage of constant release rate 

that starts when a critical volume of saturated solution accumulates inside the granule 

and remains constant as long as the saturated solution in the granule is equilibrated 

with the non-dissolved solid fertilizer. The dissolved nutrients diffuse out of the granule 
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due to a concentration gradient across the coating or are pressed out through mass flow 

due to the high internal hydrostatic pressure; and 3) stage of gradual decay of the 

release rate that occurs when the solid fertilizers in the core are dissolved and the 

concentration of the internal solution decreases because of the continuing concomitant 

fluxes of nutrient release out and water flow into the granule, which in turn, decreases 

the diffusion release rate (Shaviv et al., 2003a). Polymer-sulfur coated (Poly-S) 

fertilizers are modified products in which the S-coated fertilizer receives a secondary 

thin layer of polymer coating to provide a membrane that controls the rate of water and 

nutrient diffusion into and out of the fertilizer particle. This dual coating permits uniform 

nutrient release approaching PCF performance and provides a positive cost/benefit 

value compared with products possessing singular coatings of S or polymer. Nutrients 

from Poly-S are released by diffusion of water vapor through the polymeric membrane 

layer followed by the subsequent penetration of the water through defects in the S 

coating by capillary action, solubilizing the fertilizer core. The dissolved nutrients then 

exit to the soil in reverse sequence (Goertz, 1993). 

Factors Affecting Nutrient Release of EEF 

Results from numerous field trials show that environmental factors such as 

temperature, moisture, and pH affect the hydrolysis and decomposition rates of urea-

aldehyde condensation products (Jahns et al., 2003). As ureaform is biologically 

degraded by microorganisms, its degradation rate is mainly influenced by the innate 

biological properties of the soil, temperature, and to a limited extent moisture, whereas, 

pH and particle size have no pronounced effect (Alexander and Helm, 1990). The 

importance of soil biological activity level was demonstrated by measuring the 

mineralization rate of ureaform in three different soils, resulting in faster mineralization 
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in the soil with a higher rate of biological activity compared with soils having a 

comparatively lower rate. The mineralization rate of ureaform also increased greatly as 

temperature increased from 12 to 32°C, reaching a maximum at about 32°C and 

decreasing significantly at temperatures <10°C (Alexander and Helm, 1990). Likewise, 

a study by Koivunen and Horwath (2004) on the effect of soil management history and 

temperature on the mineralization of MU showed that a 10°C increase in temperature 

doubled the mineralization rate. Furthermore, MU degradation rates increased more 

with increasing temperature in soil with lower microbial activity, indicating that the 

degradation of MU was primarily limited by the low activity of the microbes. Dissolution 

is the rate-limiting step in the conversion of IBDU to plant-available N forms. While the 

subsequent hydrolysis of urea to ammonium and its oxidation to nitrate is microbially-

mediated, the dissolution and hydrolysis of IBDU to urea is completely independent of 

microbial activity. The rate of dissolution and hydrolysis of IBDU is accelerated by 

smaller granules, higher soil moisture, lower soil pH, and higher temperature (Hughes, 

1976; Lunt and Clark, 1969). 

The nutrient release rate of coated fertilizers is directly affected by coating 

thickness, coating quality, temperature, and to a lesser extent moisture. Sulfur-coated 

urea is the only coated fertilizer that depends directly on microbial activity (for 

degradation of coating) to release N. Soil temperature and moisture affect microbial 

activity and consequently the degradation rate of the S coating as well as the rate at 

which urea diffuses out of the granules (Jarrel and Boersma, 1979). Furthermore, 

greenhouse and laboratory soil studies conducted by Allen et al. (1971) showed that the 

rate of SCU dissolution increased greatly with higher temperatures during cropping or 
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incubation and decreased due to thicker S coating and surface application compared 

with mixing with the soil. SCU particles with thicker S coatings have fewer imperfections 

than particles with lighter coatings, thus the rate of N release is slower and vice-versa.  

Temperature is the major factor affecting the rate of nutrient release from PCF. 

Ahmed et al. (1963) reported that rate of fertilizer release from a coated material was 

directly related to temperature, but it was generally independent of the presence of 

crops, soil texture, and soil moisture between 25 and 100% field moisture capacity. 

Kochba et al. (1990) determined that the main effect of temperature is on water vapor 

pressure. Since vapor pressure is an exponential function of temperature, the change of 

nutrient release rate with temperature is expected to be exponential as well, i.e., the 

rate of release increases more steeply at higher temperatures. It was also suggested 

that the properties of the coating materials change with temperature. Oertli and Lunt 

(1962) speculated that the resin coating of a PCF could possibly soften with increasing 

temperature and expand slightly because of the internal hydrostatic pressure, causing 

the pore diameter to increase, thus facilitating the diffusion of nutrients. Likewise, 

Gandeza et al. (1991) concluded that an increase in temperature increases the moisture 

permeability of the coating of a polyolefin-coated urea that in turn increases its rate of N 

release. 

Various investigators have studied the effect of temperature on nutrient release 

rates of PCFs. Some studies reported that nutrient release rates of PCF doubled with a 

10°C increase in temperature (Kochba et al., 1990; Brown et al., 1966; Oertli and Lunt, 

1962). In contrast, Huett and Gogel (2000) and Lamont et al. (1987) determined an 

increase in nutrient release rate of different PCFs of around 20% and 15%, respectively, 
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for a 10°C rise in temperature. Furthermore, Cabrera (1997) found a curvilinear 

relationship between the N release rate of several PCFs and changes in average daily 

temperature up to a maximum temperature of 32°C. Nitrogen release was highly 

responsive to temperatures between 20 and 25°C. Similarly, Husby et al. (2003) 

reported a dynamic N release response of PCFs to diurnal temperature changes from 

20 to 40°C. His results showed that increasing substrate temperature surrounding PCFs 

increases the rate of N release from the granules. 

There has been very little research conducted to describe the effect of soil 

physical and chemical properties on nutrient release rates of coated fertilizers. Nutrient 

release rates are not considered to vary directly with soil moisture content since 

moisture enters the coating mainly as water vapor rather than liquid. Kochba et al. 

(1990) reported no difference in nutrient release rate with moisture content at 50 to 

100% of field capacity, slower release for soil at 25% of field capacity, and no release in 

dry soil. Although the mass movement of water and the diffusion of ions in the soil is 

proportional to soil moisture content, the investigators attributed the discrepancy 

between such results and the expected effect on diffusion to the fact that lowering the 

soil moisture content within the range of field capacity has only a slight effect on the 

vapor pressure of water in the soil. Similarly, Lunt and Oertli 1962 reported that 

moisture content exceeding the range of permanent wilting percentage to field capacity 

did not appreciably affect the N release rate of a coated fertilizer in a loam soil. The 

investigators proposed that the diffusion rate depends on the concentration gradient 

across the coating, and thus, they concluded that the differential ion concentration 

across the coating in this range of soil moisture was sufficient to maintain a constant N 
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release rate. Friedman and Mualem (1994) used a model to quantitatively analyze the 

effect of soil moisture on nutrient release rate, taking into account the release of 

nutrients from the coated fertilizer and their movement through the soil by chemical 

diffusion. The model showed that moisture content significantly affects nutrient release 

rates but that this effect is not linear. However, Christianson (1988) concluded that soil 

moisture content had a pronounced effect on the initial N release rate of a PCF (7 d of 

incubation), but this effect was very minor once the granules became wet and N release 

started. Giordano and Mortvedt (1970) reported that N release from SCU decreased 

with increasing soil water content. Rate of N release was much greater in moist than in 

flooded soil due to the formation of ferrous sulfide in saturated conditions that may seal 

the particle surface and greatly delay N release. 

Soil type has little influence on the nutrient release rate of coated fertilizers. 

Prasad and Woods (1971) compared N release rates of IBDU, UF, hoof and horn meal, 

and PCFs in virgin sphagnum moss peat and sand using a leaching technique during a 

14-week period. They concluded that total N released was higher in sand than in peat, 

and this difference was more pronounced for IBDU, UF, and hoof and horn meal. Lower 

N released in peat relative to sand was attributed to the exchange capacity of peat for 

ammonium in the case of IBDU, and to the lower microbial activity of the sterile peat 

that delayed the initial microbial decomposition of hoof and horn meal and UF, which 

slowed down the nitrification of all fertilizers. Salman et al. (1989) studied the N release 

rate of a polymer-coated urea (PCU) and SCU in a sandy and a wetland soil during 7 

weeks. Soil type did not influence N release rates from PCU. However, the total N 

released from SCU in the wetland soil doubled, which was likely due to faster 
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breakdown of the S coating by microbes, the activity of which was enhanced by 

favorable pH (~6.8) and higher organic matter content compared with the sandy soil. 

Similarly, Wang and Alva (1996) showed no difference in total N leached from PCU 

incubated in soils of similar particle size distribution. However, they found faster urea 

hydrolysis from the soil with higher solution pH and organic matter content. Although pH 

has no influence on total N release from coated fertilizers, pH has an effect on 

nitrification and thus, on the relative proportions of NH4-N and NO3-N (Oertli and Lunt, 

1962).   

Methods to Estimate Nutrient Release Patterns of EEF 

Estimating nutrient release patterns of EEFs is necessary to assess the 

effectiveness of these fertilizers to provide nutrients that match crop nutrient demand. 

The slow-release behavior of urea-aldehyde condensation products is affected by 

environmental factors such as biological activity, soil properties, soil moisture content, 

and temperature. Consequently, N release curves for these fertilizers vary according to 

these environmental conditions, resulting in a release pattern that differs from the 

sigmoidal form of nutrient uptake by plants. Little attention has been directed to 

modeling N release of these fertilizers because of the great variation in release 

performance (Shaviv, 2001). In contrast, a variety of prediction models have been 

developed to measure nutrient release rates of coated fertilizers because of their 

controlled release of nutrients and lower sensitivity to soil conditions. The development 

of models to estimate N release from coated fertilizers is based on three approaches: 

empirical (Jarrel and Boersma, 1979; Kochba et al., 1990), mechanistic (Shaviv et al., 

2003a; Shaviv et al., 2003b; Du et al., 2006; Du et al., 2008), and semi-empirical 

(Gandeza et al., 1991; Zvomuya et al, 2003; Fujinuma et al., 2009). 
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Various techniques conducted in field and laboratory settings have been used to 

verify nutrient release pattern of EEFs. Field methods allow exposure of the fertilizer to 

fluctuating environmental conditions such as rainfall, heat, and microbial activity in the 

soil. Common field techniques used to measure N release characteristics of EEFs 

include the closed- or opened-top cylinder system and the buried-bag incubation. 

Different versions of these methods have been implemented according to the objectives 

of the investigator. For example, Simmone and Hutchinson (2005) and Huett (1997a) 

incubated coated fertilizers in pots placed in the field and measured the amount of N 

recovered after various leaching events. Hanafi et al. (2002) used an open field leaching 

system where the coated fertilizers were incubated in lysimeters buried in the soil for 90 

days. However, the most common method is to place a known amount of fertilizer in a 

mesh bag and bury it in the field (Gandeza et al., 1991; Zvomuya et al., 2003; Medina et 

al., 2008; Wilson et al., 2009). Once the bags are retrieved from the field, the amount of 

N released is measured either by direct chemical analysis of the fertilizer granules or by 

their loss of weight. 

 Laboratory methods to measure nutrient release of EEFs are usually performed in 

the absence of plants and involve the incubation of the fertilizer under a specific set of 

conditions, e.g., incubation media, temperature, water content, sample preparation 

procedures, and incubation period. Hart et al. (1994) classified laboratory soil incubation 

procedures as static methods (aerobic and anaerobic) and aerobic dynamic methods. 

Savant et al. (1982) described a stagnant anaerobic incubation technique to measure 

urea release from different coated fertilizers using simulated physical, chemical, and 

microbiological conditions of wetland soils. An aerobic dynamic soil incubation 
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procedure was initially proposed by Stanford and Smith (1972) to measure the N 

mineralization potential of soils. A series of laboratory soil incubation-leaching 

techniques have been developed based on the Stanford and Smith method and 

modified accordingly to the needs of the study (Alva, 1992; Paramasivam and Alva, 

1997; Hanafi et al., 2002; Sartain et al., 2004; Broschat and Moore, 2007; Fujinuma et 

al., 2009). These procedures consist of the aerobic long-term incubation of fertilizers at 

a predetermined temperature (usually ambient) with continuous or intermittent leaching 

of the nutrients released from the fertilizer at different time intervals for a specific period. 

Various laboratory tests to characterize nutrient release of EEFs in water have 

also been developed over the years. These methods provide a more rapid technique to 

verify nutrient release patterns of EEFs compared with lab soil incubation procedures. 

AOAC International (1965) developed the Activity Index (AI) to measure N release 

patterns of UF condensation products. The AI measures the three different fractions in 

UF that differ in solubility in cold water (25°C) and hot water (100°C). N release patterns 

are described by Fraction I, which represents the proportion of N slowly released, and 

Fraction II, which is the proportion of N that gradually releases during a period of 3 to 4 

months, depending on the type of product (Trenkel, 1997). The Tennessee Valley 

Authority (TVA) developed the 7-d dissolution rate (7-d DR) method to characterize N 

release from SCU. This static test involves immersing the fertilizer particles in water at 

37.8°C (100°F) for 7 d. The total amount of N that dissolves in water after 7 d is the 

reported test value (McClellan and Sceib, 1973). The 7-d DR method has been 

extensively used to evaluate the release of urea from SCU granules (Blouin et al., 1971; 

Jarrell and Boersma, 1979). Several water-based characterization procedures have 
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been derived from the TVA’s method to measure nutrient release of PCFs. The 

literature reports a variety of static and dynamic incubation techniques with PCFs in 

water at various temperatures for different periods of time (Al-Zahrani, 2000; Novillo et 

al., 2001; Tomaszewska and Jarosiewicz, 2002; Jarosiewicz and Tomaszewska, 2003; 

Dai et al., 2008). Manufacturers generally used the time needed to release 75 to 80% of 

a given nutrient at temperatures ranging from 21 to 25°C as an indicator of the duration 

of release (Shaviv, 2001). Similarly, Trenkel (2010) described laboratory methods used 

to test PCFs in China and Japan that basically involve the static dissolution of nutrients 

in water at temperatures ranging from 25 to 100°C. 

The objectives of this research were 1) to evaluate the effect of changes in 

sand/soil ratio, incubation temperature, and soil type on the effectiveness of the long-

term soil incubation-column leaching technique developed by Sartain et al. (2004) to 

estimate N release rates of EEFs with time; 2) to assess the effect of extraction 

temperature, fertilizer sample size, and extraction time on the ability of an accelerated 

laboratory extraction method developed by Sartain et al. (2004) to estimate N, P and K 

release rates of EEFs; 3) to perform ruggedness testing on the performance of the 

accelerated lab extraction method to estimate N release patterns of EEFs; and 4) to 

develop a prediction model using data from the accelerated lab extraction method to 

predict the 180-d N release curve for a specific EEF product. 

 



 

29 

CHAPTER 2 
EVALUATION OF A SOIL INCUBATION METHOD TO CHARACTERIZE NITROGEN 

RELEASE PATTERNS OF ENHANCED-EFFICIENCY FERTILIZERS  

Enhanced-efficiency fertilizers (EEFs) are designed to gradually release nutrients 

in a pattern that closely matches nutrient demand by plants while potentially reducing 

nutrient losses to the environment through leaching, volatilization and/or runoff. 

Determining EEF nutrient release patterns is essential in the agronomic evaluation of 

these materials. Understanding the rate of nutrient release from EEFs will aid in the 

selection of proper single or mixed EEF formulations for different environmental 

conditions. Nutrient release patterns of EEFs can be evaluated under field or laboratory 

settings. When evaluated in the field, environmental factors that affect nutrient release 

such as soil temperature, moisture, pH, and microbial activity vary; thus nutrient release 

measurements depend on current conditions. On the other hand, when evaluated in the 

laboratory, factors affecting nutrient release are controlled and set at specific optimal 

values, thus measurements are carried out under potential conditions. 

Assessment of the N release profile of EEFs in the field is important for the design 

of effective soil management and fertilization practices. Field methods to estimate net N 

release rates include the closed- or opened-top cylinder system and buried-bag 

incubation. The major advantages of these techniques are: 1) they allow for the 

evaluation of the impact of on-site environmental conditions on net N release rates, and 

2) they can also be used in both surface soils and subsoils with minimum disturbance of 

soil structure (Hart et al., 1994). Variations of these methods have been evaluated in 

field studies to measure the N release rates of EEFs (Huett 1997a; Huett 1997b; Yanai 

et al., 1997; Hanafi et al., 2002; Zvomuya et al., 2003 and Chen et al., 2008).  
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Despite the usefulness of in-field techniques to investigate the actual agronomic 

effectiveness of EEFs, there is also a need to establish a lab method capable of rapidly 

and accurately evaluating the N release characteristics of EEFs. Laboratory methods to 

measure net N transformation rates usually involve soil incubation for a defined period 

of time, under specific conditions. These laboratory procedures include short-term static 

incubation methods (aerobic and anaerobic) and long-term aerobic dynamic incubation 

methods (Canali and Benedetti, 2006). These incubation techniques are usually simple, 

rapid, reproducible in large scale, and easy to recreate in the laboratory under 

environmental conditions similar to those found in the field. Various laboratory 

techniques have been used to evaluate the N release profile of EEFs (Savant et al., 

1982; Alva, 1992; Paramasivam and Alva, 1997; Broschat and Moore, 2007).  Previous 

work has focused mostly on developing soil incubation procedures; however, there is a 

lack of information regarding the effectiveness of these methods to characterize N 

release patterns of EEFs with respect to changes in incubation system environmental 

factors, e.g., soil microbial population, moisture, temperature, and soil type. 

The objective of this study was to evaluate the effect of changes in sand/soil ratio, 

incubation temperature, and soil type on the effectiveness of the Sartain et al. (2004) 

laboratory soil incubation method to estimate N release rates of EEFs with time. The 

following hypotheses were tested in this study: 1) N release rates of the SRFs increase 

with increasing amount of soil present in the incubation mixture, and vice-versa; 2) N 

release rates of the CRFs are not affected by the amount of soil present in the 

incubation mixture; 3) N release rates of the EEFs increase with increasing 

temperatures; and 4) soil texture does not influence N release rates of the EEFs. 
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Materials and Methods 

A soil incubation-column leaching technique was evaluated to determine its 

suitability as a standard method to estimate the long-term N release patterns of EEFs. 

The soil incubation technique developed by Sartain et al. (2004) was used as the 

standard method. This leaching column technique is based on the aerobic incubation of 

a sand/soil/fertilizer mixture exposed to intermittent leaching during a 180-d period. 

These mixtures included: (1) 1710 g of non-coated quartz sand; (2) 90 g of the surface 

(0 to 15 cm) layer of a typical soil from central Florida such as Arredondo fine sand 

(Loamy siliceous, hyperthermic, Grossarenic Paleudult); and (3) the equivalent of 450 

mg N from the EEF under evaluation. The components were mixed, placed in 

lysimeters, and allowed to incubate for 180 d. The incubation lysimeters were 

constructed from cylindrical PVC pipe measuring 30 cm long by 7.5 cm diameter (Figure 

2-1). Mixtures were retained in the lysimeters by glass wool mesh placed at the bottom. 

The sand/soil/fertilizer mixture was initially wetted to 10% moisture content by 

adding 180 mL of water. An ammonia trap consisting of 20 mL of 0.2 M H2SO4 

contained in a 50 mL beaker was placed in the head space of the incubation lysimeter. 

This solution was replaced and analyzed for NH4-N by titration every 7 d to determine 

volatile-N. The columns were incubated at about 21°C in the laboratory. Nine leachings 

were collected at 7, 14, 28, 42, 56, 84, 112, 140 and 180 d from the start with one pore 

volume of 0.01% citric acid (500 mL). The use of citric acid aids in pH control (minimizes 

volatilization) and provides carbon to the microbes. The columns were leached by 

gravity and excess solution was removed under vacuum for 2 min. The use of vacuum 

after every leaching event and the gaseous interchange through the open PVC spigot 

connected to the bottom cap were sufficient to maintain the system under aerobic 
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conditions and thus ensure microbial activity and limit denitrification losses. At each 

leaching, the leachate volume was recorded and an aliquot was frozen for later analysis 

of total N by combustion using an Antek 9000 N analyzer (PAC Co., Houston, TX). In 

addition, the pH of the leachate and electrical conductivity (EC) were measured. 

Electrical conductivity was used to give an idea of the amount of total dissolved N in the 

leachate, therefore, EC data was not presented. The weight of total N recovered in the 

leachate was determined by multiplying N concentration by leachate volume. At every 

sampling interval, the total N released with time was estimated by adding the total N 

present in the leachate and the volatile-N.  

 Three factors (sand/soil ratio, incubation temperature and soil type) that can 

potentially affect N release of the soil incubation-column leaching method were selected 

to investigate the validity of this technique to measure N release patterns of EEFs. In 

each study, only the variable under evaluation was modified while all other parameters 

were maintained the same as the standard soil incubation method described above. 

Eight EEFs, described in Table 2-1, were selected to incorporate a wide range of 

commercially-available EEF technologies. The fertilizers were separated in two groups: 

(1) controlled-release fertilizers (CRF) that include sulfur coated urea (SCU), resin-

coated NPK, polymer-sulfur coated urea (Poly-S), reactive layer coated urea (RLCU) 

and polyolefin-coated NPK; and (2) slow-release fertilizers (SRF) that include IBDU, 

ureaform and biosolids.  All the EEFs were used in the first and second studies while 

the SRF materials were omitted in study 3. These studies were conducted from fall 

2007 to fall 2009. 
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Study #1: Sand/Soil Ratio Effect 

The effect of sand/soil ratio on the N release pattern of eight EEFs was 

determined by incubating sand/soil/fertilizer mixtures containing different quantities of 

soil. The standard method for incubation and leaching described previously was 

followed in this study (Sartain et al., 2004). The total sand/soil mixture of 1800 g, plus 

450 mg N from each EEF, were kept constant. Three experiments were conducted 

simultaneously to determine the sensitivity of the method to sand/soil ratio: 1) standard 

soil sample size (1710 g sand: 90 g soil); 2) low soil sample size (1755 g sand: 45 g 

soil) and 3) high soil sample size (1620 g sand: 180 g soil). 

The incubation medium was composed of sand to allow for sufficient oxygen 

availability in the system, and soil to serve as a biological inoculant. The purpose of 

adding native field soil in the mixture was to introduce the biotic component of a natural 

system. The nutrient release mechanisms of EEFs depend on microbial activity, 

temperature, and soil moisture content. The quantity of inoculant soil used in the 

incubation media could influence the water content and microbial activity within the 

system, thus affecting N release rate. The volumetric water content of each sand/soil 

mixture was measured using a HydroSense™ Soil Water Content Measurement 

System (Campbell Scientific, Inc., Logan, UT) with a 20-cm rod. The measurements 

were made 3 d after the initiation of the experiment and at every leaching event to allow 

for stabilization of the system, and they continued until the third leachate (28 d). 

Study #2: Incubation Temperature Effect 

The influence of temperature on the rate of N release was studied by incubating 

the sand/soil/fertilizer mixtures at temperatures ranging from 21° to 35°C. Three 

experiments to determine the N release rate of eight EEFs were conducted 
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simultaneously in separate growth chambers. Incubation lysimeters were prepared as 

described in the standard soil incubation-column leaching technique. Lysimeters were 

placed in growth chambers at the following incubation temperatures: 1) standard 

temperature (21°C); 2) medium temperature (25°C) and 3) high temperature (35°C). 

After incubating for a specified time, the columns were removed from the growth 

chambers and leached following the standard leaching procedure in order to estimate 

the amount of N released. 

Study #3: Soil Type Effect 

The effect of soil types other than Arredondo fine sand on the transfer of N to the 

soil was investigated using the soil incubation-leaching method. The soil columns were 

prepared as described in the standard method and incubated at about 21°C in the 

laboratory for 180 d. Since the intent of this study was to develop a generic soil 

incubation method that could be used anywhere, it was important to determine whether 

soil type influences the method’s performance. Soils were obtained from four locations 

representing major geographic regions of the United States. Four experiments were 

performed to evaluate the N release patterns of six EEFs incubated in soils from: 1) 

Florida; 2) California; 3) Pennsylvania and 4) Iowa. At each site, surface (top 15 cm) soil 

was collected, air dried, and passed through a 2 mm sieve. The chemical and physical 

properties of the soils were characterized using triplicate samples (Table 2-2). Total 

carbon (C) and total N were determined at the Wetland Biogeochemistry Laboratory at 

the University of Florida using a Flash EA-1121 NC soil analyzer (Thermo Electron 

Corporation, Waltham, MA). Particle size distribution of the soils was obtained using the 

method described in the USDA Soil Survey Laboratory Methods Manual (2004). 
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Statistical Analysis 

All studies included four non-amended columns and four columns containing 

water-soluble ammonium nitrate (AN) as a control treatment. Treatments were 

replicated four times in a randomized complete block design. Statistical analysis of data 

was performed separately for each study using Statistical Analysis System (SAS) 

software (version 9.0; SAS Institute, Cary, NC). The pH data from the fertilizer 

treatments were statistically analyzed using an analysis of variance procedure. 

Nonlinear regression curves were fitted to the N release data separately for each EEF 

material to develop N release curves. The Gaussian-Newton method of SAS PROC 

NLIN was used to calculate the non-linear regressions. The non-linear regression 

curves followed the equation  ( )    (   )    , where N(t)= cumulative 

percentage N released (asymptote of the curve); b = intercept and k = rate, with units of 

percentage N released per d. For each study, the means of the estimated coefficients of 

the N release curves were compared with the general linear model procedure (PROC 

GLM) and single degree of freedom contrasts at P ≤ 0.05. 

Results and Discussion 

Study #1: Sand/Soil Ratio Effect 

The percentages of N released after 180 d of incubation for all EEF materials are 

shown in Figures 2-2 and 2-3. Despite the differences in N release rates among the 

three sand/soil ratios, similar N release patterns with time were obtained for each 

fertilizer material. Regardless of the sand/soil ratio, 93% of the N from the water-soluble 

AN was released after 7 d of incubation and 96% was recovered by the time of the 

second leaching (14 d). The pH of the AN leachate did not change substantially during 

the study. It remained between 6.5 and 7.0 depending on the sand/soil ratio.  
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 Columns were leached with a 0.01% citric acid solution that had an average pH of 

3.4. Therefore, the pH of the leachate should be to some extent lower than would be 

expected from the soil solution leached from these columns. Citric acid is a weak acid 

that partially ionizes in solution, so it only releases a portion of its hydrogen ions when 

added to the sand/soil/fertilizer mixture. In addition, citric acid was expected to have a 

short lifetime in the mixture since it can be used by microbes as a carbon source. 

Therefore, the addition of the 0.01% citric acid solution was not expected to cause a 

pronounced, long-term effect to decrease the pH of the mixture. This mild effect of the 

citric acid on the mixture pH was further confirmed by the reduction of less than one unit 

in the leachate pH of the non-amended soil (control) columns until the end of the 

experiment. The leachate pH from the control columns varied from 6.3 to 7.2, 6.5 to 7.2, 

and 7.0 to 7.6 for the low, standard, and high soil sample sizes, respectively.  

Across the three sand/soil ratios, all EEFs followed basically the same trend 

showing a reduction of pH with time (Figure 2-4). Initially, the pH of the leachates from 

all EEFs was about 7.0 or above, but the values decreased gradually with time reaching 

a leachate pH of below 4.0 for ureaform and all CRFs, and above 6.0 for IBDU and the 

biosolids at the end of the experiment. Ureaform behaved differently when 45 g of soil 

were used in the mixture, reaching a final pH of approximately 6.5. The initial high pH of 

about 8.0 from soil columns amended with urea-based EEFs was likely due to 

hydrolysis of urea into ammonium carbonate through the action of the urease enzyme. 

The leachate pH then decreased as a result of production of nitrate through nitrification 

(Paramavisan and Alva, 1997). Nitrogen was recovered from the soil columns amended 
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with CRFs despite a pH below 4.0 observed during the last leaching events since their 

nutrient release mechanism is not pH-dependent.  

Volatile ammonia N was captured from SCU, ureaform, and the biosolids material 

for all sand/soil ratios. For the duration of the experiments, ammonia N was detected 

only during the first 7 d of incubation for the standard and low soil sample size 

experiments and during 28 d for the high soil sample size experiment. Regardless of the 

sand/soil ratio, ammonia volatilization averaged 2.2 and 2.7% of the total N released 

from SCU and biosolids, respectively. The rate of ammonia volatilization from ureaform 

was influenced by the quantity of soil in the incubation mixture. During the 180-d 

incubation period, ammonia N represented roughly 5.4, 7.4, and 7.7% of the total N 

released from ureaform-amended columns receiving 45, 90, and 180 g of soil, 

respectively. In addition, a small amount of ammonia N (1.6% of total N released) was 

volatilized from IBDU when incubated in columns containing 180 g of soil. 

Regression coefficients, R2, and P values of the non-linear regression equations 

are provided in Tables 2-3 and 2-4 for the CRFs and SRFs, respectively. Two different 

N release rate patterns were observed between the CRFs and SRFs for all three 

sand/soil ratio experiments. When comparing the standard soil sample size with the low 

soil sample size treatment, no difference in the coefficients a and (a-b) of the estimated 

N release curves was found in most CRFs except for SCU and RLCU. The SRFs 

showed a similar trend with no difference for IBDU and ureaform, but a significant 

difference for the biosolids material. On the other hand, when comparing the standard 

soil sample size with the high sample size, there was generally no difference in the a 

and k coeficients of the estimated N release curves, but the (a-b) coefficient was 
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different for all CRFs. An opposite trend was observed with the SRFs, which resulted in 

mostly highly significant (P<0.0001) differences in all the coefficients of the estimated N 

release curves. 

There was a distinct effect of the quantity of soil present in the incubation media 

on the rate of N release (Table 2-5 and 2-6). Overall, the initial N release rates from 

columns innoculated with 45 g of soil were similar to those from columns receiving the 

standard soil sample size (90 g soil), while the total cumulative N released was either 

lower or similar depending on the fertilizer. In contrast, the initial N release rates and the 

total cumulative N released from columns receiving 180 g of soil were higher compared 

with those receiving the standard soil sample size. This trend was followed mostly with 

the SRFs, while CRFs resulted in higher initial N relase rates but similar total cumulative 

N released at the end of the experiment.  

At the beginning of the experiment, the volumetric water content of the systems 

containing 45 and 90 g of soil was the same at about 5%, but was 1% higher for the 

columns receiving 180 g of soil. After every leachate, the volumetric water content of the 

columns amended with 45 g remained constant, while it increased by 1% and 2% for 

the columns receiving 90 and 180 g of soil, respectively. The difference in N released 

from columns receiving 45 and 180 g of soil could be explained partly by the variation in 

the moisture content of the incubation media, since more soil allowed greater water 

retention while less soil likely caused drier conditions in the incubation system. 

The resin-coated NPK material had higher initial N release rates after 7 d of 

incubation when using 45 g of soil compared with the standard treatment. This high 

initial level of N may have been due broken fertilizer particles, microscopic cracks or 
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imperfections in the fertilizer coating and greater leaching of ammonium-N since less 

soil was available to retain ammonium on the cation exchange sites. Similar trends were 

observed by Patel et al. (1977). There was no difference in N release rate for Poly-S 

between the standard and low soil sample sizes. However, when comparing the 

standard with the high soil sample size treament, N release patterns for resin-coated 

NPK and Poly-S were different, with faster N release rates through 180 d from the 

columns receiving 180 g of soil. Higher N release rates were seen after 7 d of 

incubation until the second leachate (14 d). This result suggested that N release was 

influenced by soil moisture content mainly at the beginning of the incubation. When the 

dry granules of these CRFs were placed in the moist incubation media, a high osmotic 

gradient developed between the fertilizer and the media causing water vapor to move 

through the coating, dissolve the N core and diffuse the N out of the fertilizer particle. 

Because of the higher moisture content of the columns receiving 180 g of soil, the 

difusion of the ions away from the fertilizer granules was likely faster, resulting in a very 

low N concentration surrounding the granules. This higher concentration gradient 

across the membrane consequently resulted in greater diffusion of N through the 

coating. These higher N release rates were expected to happen when N inside the 

granule was being dissolved at the beginning of the incubation, continuing until all the N 

was dissolved within the granule. Once the N concentration within the granule was 

reduced, the rate of diffusion was expected to decrease. Christianson (1988) also found 

that N release rates from a polymer-coated urea incubated at different soil moisture 

levels varied during the first 7 d of incubation, with N release increasing slightly as soil 
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moisture content increased. Christianson concluded that once the fertilizer granules 

were moistened and N release started, soil moisture had little effect on N release rate. 

The sand/soil ratio of the mixture influenced the rate of N release from IBDU, 

which increased with the quantity of soil present in the system. Environmental factors 

such as moisture, temperature, and pH have been reported to greatly affect the 

hydrolysis and decomposition of urea-aldehyde condensation products (Jahns et al., 

2003). Therefore, a faster N release rate from the columns amended with 180 g of soil 

was expected because of the higher moisture content of this system. Microbial activity 

of each incubation mixture was quantified by measuring microbial respiration. Microbial 

respiration was determined using a simple titrimetric method for measuring carbon 

dioxide (CO2) evolution from the incubation mixtures after CO2 entraptment in alkali 

(Anderson 1982). Although microbial respiration among the three incubation mixtures 

was not statistically different, the respiration rate from the system containing the low soil 

sample size (45 g soil) decreased by 5% while it increased 20% in the system having 

the high soil sample size (180 g soil) compared with the standard mixture (90 g soil). 

This result suggested that microbial activity was enhanced by adding more soil to the 

sand/soil/fertilizer mixture, but not to a significant degree. 

Similar patterns of N release were shown by ureaform and the biosolids material, 

with N release rates increasing as the quantity of soil present in the incubation system 

increased. In addition, there was about a 50% increase in the initial N released between 

the standard and high soil sample size treatments. Higher N release rates from columns 

receiving the high soil sample size treatment (180 g soil) could be explained by greater 

microbial activity that directly influenced the rate of decomposition of these fertilizers. 
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Likewise, the higher moisture content of this mixture directly affected the hydrolysis rate 

of the biosolids material and indirectly promoted N mineralization in the media. Although 

ureaform and the biosolids material released N at a steady rate, no more than 20% of 

the total N applied was recovered after the initial N release regardless the sand/soil 

ratio. This low recovery of N could be attributed to losses through denitrification during 

the first weeks of incubation (Koivunen and Horwath, 2004) or fixation of ammonium-N 

on the exchange sites. 

Study #2: Incubation Temperature Effect 

Approximately 97% of the N applied as water-soluble AN was released at the 7-d 

leaching event. The release rate was not affected by temperature. Leachate pH 

obtained from the control columns oscillated between 6.9 and 7.2. In general, the initial 

pH of the leachates from all EEFs varied between 6.3 and 8.6. There was a continuous 

pH reduction with time until a pH ≤4.0 was reached for all CRFs and ureaform, and 

about 6.5 for IBDU and the biosolids at 180 d (Figure 2-5). This pH reduction with time 

was likely due to the addition of the 0.01% citric acid solution (pH=3.5) and the process 

of nitrification. 

Volatile ammonia N was observed after 7 d of incubation only for ureaform, the 

biosolids material, and SCU at all three temperatures. Incubation temperature had an 

influence on the rate of ammonia volatilization. Ammonia volatilization was similar at 21 

and 25°C in 180 d, accounting for 7.9, 3.0, and 1.7% of the total N released from 

ureaform, biosolids, and SCU, respectively. However, volatilization rate increased in 

magnitude approximately 0.5, 3, and 10 times for ureaform, biosolids, and SCU, 

respectively, when the columns were incubated at 35°C. Volatile ammonia N was also 

detected during the first 14 d of incubation from IBDU and RLCU incubated at 25 and 
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35°C. Depending on temperature, ammonia volatilization ranged from 1.4 to 2.0% and 

1.1 to 3.6% of the total N released from IBDU and RLCU, respectively. 

The N release rate from EEFs was directly related to incubation temperature. The 

regression coefficients for the fitted N release curves by temperature for all the CRFs 

and SRFs are shown in Tables 2-7 and 2-8, respectively. Compared with 21°C, the a 

and (a-b) parameters of the fitted N release curves were generally not different at 25°C, 

while only (a-b) was significantly different at 35°C for most CRFs. These results 

indicated that similar total cumulative N released was obtained at the end of the 

experiment regardless of temperature, while the initial N release rates increased as the 

temperature increased from 21°C to 35°C. In contrast, for polyolefin-coated NPK, both 

parameters [a and (a-b)] of the fitted N release curve were different at 25°C and 35°C 

compared with 21°C. 

Although temperature markedly affected the release of N from CRFs, release rates 

did not increase proportionally with temperature (Figure 2-6 and 2-7). When comparing 

N release rates at 21°C with those at 25°C, the release rate (k) parameter of the fitted N 

release curves almost doubled for resin-coated NPK, Poly-S, and RLCU (Table2-7). 

Similar variations in N release patterns from 20 to 25°C were found by Cabrera (1997) 

in an N leaching study with similar coated fertilizers. Overall, the effect of temperature at 

35°C compared with 21°C was reflected by higher initial N release rates that gradually 

declined after 28 d of incubation (Table 2-9). The increase in initial N released was 28% 

for SCU, but it almost doubled for resin-coated NPK and Poly-S, and tripled for RLCU. 

These results were similar to the doubling in the initial N release rate of polymer-coated 

fertilizers reported by Oertli and Lunt (1962) for a 10°C increase in temperature. 
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Likewise, Huett and Gogel (2000) found a similar temperature effect on coated fertilizers 

incubated at 30 and 40°C, where N was released unevenly throughout the incubation 

period with the highest rate occurring during the early part of the release period. Brown 

et al. (1966) also showed a similar effect of temperature between 25 and 35°C on 

release of urea from resin-coated granules mixed with quartz sand. The behavior of 

polyolefin-coated NPK was different compared with the other CRFs. Increasing the 

incubation temperature from 21 to 35°C quintupled the initial N release rate, doubled the 

release rate (k), and increased the total cumulative N released by 23% (Tables 2-7 and 

2-9). This marked effect of temperature on N release rates was likely due to the strong 

dependence of the diffusion coefficient and solubility of N on temperature (Gandeza et 

al., 1991). 

The effect of temperature on the N release pattern of IBDU was mostly observed 

during the first 28 d of incubation (Table 2-10). At 35°C, a more pronounced effect with 

doubling of the initial N release rate was observed. This result was confirmed by a 

higher leachate pH of 8.4 at 35°C compared with pH at the lower temperatures (~7.1) 

after 7 d of incubation due to the faster dissolution and hydrolysis of IBDU. Furthermore, 

at 21 and 25°C, leachate pH increased by one unit at the second and third leaching 

event, indicating the gradual hydrolysis of IBDU with time (Figure 2-5). Lunt and Clark 

(1969) also demostrated a moderate enhancement of solubilization of IBDU by a 

temperature increase from 50 to 80°F (10 to 27°C). 

N release rates from ureaform were similar at 21 and 25°C. On average, only 33% 

of the total N applied was recovered during the 6 months of the experiment from the 

columns incubated at 21 and 25°C. The temperature effect was significant at 35°C, 
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showing the highest release rate (20% of the N applied) 7 d after incubation followed by 

a gradual decrease in the rate of N mineralization with time, reaching a total N released 

of 50% of the N applied (Table 2-10). The biosolids material showed a slow and steady 

mineralization pattern at all temperatures. After a high initial N release rate, only about 

20% of the N applied was mineralized until the end of the experiment regardless of 

temperature. An increase in initial N release (30%) and total cumulative N released 

(15%) was observed with biosolids at 35°C compared with the lower temperatures 

(Table 2-10). The percentage N released per day (k) from ureaform and biosolids 

almost doubled by a 10° increase in temperature from 25 to 35°C, which led to the 

conclusion that temperature positively affected microbial activity (Table 2-8). 

Study #3: Soil Type Effect 

On average, 96% of the N applied as water-soluble AN was released after 28 d of 

incubation from columns containing California, Pennsylvania, and Iowa soils, while 95% 

was released by the 14-d leaching event with the Florida soil. The leachate pH from the 

non-amended columns ranged from 6.2 to 7.2. Initially, leachate pH oscillated from 6.2 

to 8.4. It then gradually decreased with time until the termination of the experiment, 

ranging from 3.4 to 5.0 depending on the soil type and fertilizer material (Figure 2-8). 

Volatile ammonia-N was only detected from columns amended with SCU after 7 d of 

incubation. Ammonia volatilization varied from 1.1 to 2.2% of the total N released from 

SCU depending on soil type. 

Compared with the Florida soil used in the standard method, soil type influenced 

the percentage N released per day (k) for all EEFs (Table 2-11). In general, initial N 

release rates [(a-b)] and total cumulative N released (a) were not significantly different 

for any of the soils, but the release rate constant (k) was significantly different for all 
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soils. The k value increased depending on soil type, following the order: 

Iowa>California>Pennsylvania>Florida. The N release from EEFs incubated in the 

loamy Iowa and California soils proceeded more rapidly than it did in the silt loam and 

sandy soils (Table 2-12). This result was likely due to the higher clay content of the Iowa 

and California soils, which consequently provided higher water holding capacity in the 

incubation system. 

Wang and Alva (1996) concluded that N release rates of polymer-coated urea 

were similar among soils of similar particle size distribution. However, they also 

suggested that urea hydrolysis and nitrification were faster in soils that had a greater 

amount of organic C. Considering the loamy soils used in this study, the Iowa soil had a 

greater C content (2.65%) than the California soil (2.09%). Consequently, it was 

expected that higher N release rates would be obtained from the columns incubated 

with the Iowa soil (Figure 2-9). Despite differences in the N release rate among soils, 

more than 70% of the N applied was released from all EEFs by the end of the 180-d 

incubation period regardless of soil type (Table 2-12). 

  

 
 

Figure 2-1. Incubation lysimeters. 
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Figure 2-2. Nitrogen release curves for SCU, resin-coated NPK, Poly-S, and RLCU as 

affected by soil sample size using a soil incubation method. 
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Figure 2-3. Nitrogen release curves for polyolefin-coated NPK, IBDU, ureaform and 
biosolids as affected by soil sample size using a soil incubation method. 
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Figure 2-4. Effect of N source on leachate pH using the soil incubation method, A= low 
soil sample size (1755 g sand: 45 g soil); B=standard soil sample size (1710 g 
sand: 90 g soil); C=high soil sample size (1620 g sand: 180 g soil). 
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Figure 2-5. Effect of N source on leachate pH using the soil incubation method, A= 
standard temperature (21°C); B=medium temperature (25°C); C=high 
temperature (35°C). 
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Figure 2-6. Nitrogen release curves for SCU, resin-coated NPK, Poly-S, and RLCU as 
affected by incubation temperature using a soil incubation method. 
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Figure 2-7. Nitrogen release curves for polyolefin- coated NPK, IBDU, ureaform, and 
biosolids as affected by incubation temperature using a soil incubation 
method. 
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Figure 2-8. Effect of N source on leachate pH using the soil incubation method. 
A=Florida soil; B=California soil; C=Pennsylvania soil, and D=Iowa soil. 
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Figure 2-9. Nitrogen release curves for SCU, resin-coated NPK, Poly-S, Polyolefin-
coated NPK, and RLCU as affected by soil type using a soil incubation 
method. 

SCU

N
 R

e
le

a
s
e
d
 (

%
a
p
p
lie

d
)

0

20

40

60

80

100

Resin-coated NPK

RLCU

0

20

40

60

80

100

0 30 60 90 120 150 180

Poly-S

Days Incubation

N
 R

e
le

a
s
e
d
 (

%
a
p
p
lie

d
)

Polyolefin-coated NPK

0 30 60 90 120 150 180

N
 R

e
le

a
s
e
d
 (

%
a
p
p
lie

d
)

0

20

40

60

80

100

N(t)CA=73.295-49.011*e
-0.0305t 

; R
2
=0.96 

      

N(t)PA=77.243-53.896*e
-0.0281t 

; R
2
=0.98 

       

N(t)FL=78.191-48.597*e
-0.0184t 

; R
2
=0.99

N(t)IA=78.008-68.458*e
-0.0382t 

; R
2
=0.99 

       

N(t)CA=95.441-77.633*e
-0.0315t 

; R
2
=0.99 

      

N(t)PA=92.155-80.457*e
-0.0290t 

; R
2
=0.99 

       

N(t)FL=97.041-83.775*e
-0.0223t 

; R
2
=0.99

N(t)IA=102.405-83.001*e
-0.0337t 

; R
2
=0.99 

       

N(t)CA=83.375-79.087*e
-0.0201t

; R
2
=0.99 

      
N(t)FL=83.435-74.051*e

-0.0105t 
; R

2
=0.99

N(t)CA=90.023-97.923*e
-0.0107t 

; R
2
=0.99 

      
N(t)FL=96.136-101.153*e

-0.0079t
; R

2
=0.99

N(t)PA=97.417-103.692*e
-0.0123t 

; R
2
=0.99 

       

N(t)IA=91.707-101.510*e
-0.0113t 

; R
2
=0.99 

       

N(t)CA=86.049-85.842*e
-0.0361t

; R
2
=0.99 

      

N(t)PA=87.726-93.126*e
-0.0385t 

; R
2
=0.99 

       

N(t)FL=88.248-91.134*e
-0.0306t 

; R
2
=0.99

N(t)IA=97.276-102.697*e
-0.0376t 

; R
2
=0.99 

       

Release data

Florida 

California 

Pennsylvania 

Iowa



 

54 

Table 2-1. Enhanced-efficiency fertilizer specifications. 

N Source Formulation 
(N-P2O5-K2O) 

Release 
duration 

(months)1 
Principle source2 

             N    P2O5     K2O 

Sulfur 
Coated Urea 

39-0-0 1-2 WSON --- --- 

Resin-Coated  
NPK                  

19-6-12 3-4 AN, AP AP,CP         KS 

Polymer-Sulfur 
Coated Urea 

37-0-0 6 PSCU 
 

---- ---- 

Reactive Layer 
Coated Urea 

43-0-0 2-3 PCU ---- ---- 

Polyolefin-Coated 
NPK   

18-6-18 6 AN, AP, KN    AP,CP       KN 

IBDU 31-0-0 2-3 WSON ---- ---- 

Ureaform 38-0-0 6-9 70% WIN 
18%SAWSN 
12% WSON 

---- ---- 

Biosolids    6-3-2 variable AB AB AB 

1Approximate at 21°C soil temperature, as specified by the manufacturer. 
2 WSON= water soluble organic N (urea); AN= ammonium nitrate;AP=ammonium 
phosphate; CP=calcium phosphate; KS= potassium sulfate; PSCU=polymer-sulfur 
coated urea; PCU=polymer-coated urea; KN=potassium nitrate WIN=water insoluble N; 
SAWSN=slowly available water soluble N; AB=activated biosolid. 
 
 
Table 2-2. Physical and chemical characteristics of the soils. 

Soil 

pH 

Particle Size Total 

Origin Texture Clay Sand Silt N C 

  (1:2) --------------------------%------------------------- 

Florida Sand 6.7 2.4 94.5 3.1 0.10 1.49 

California Loam 7.1 19.7 48.8 31.5 0.10 2.09 

Pennsylvania Silt loam 5.6 7.9 24.9 67.2 0.24 3.66 

Iowa Loam 6.0 16.7 48.0 35.3 0.16 2.65 
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Table 2-3. Regression analysis of estimated N release rate from different CRFs using 
the soil incubation method with three sand/soil ratios. 

Sand/soil Ratio1 a (a-b) k R2  P-value 

-------------Sulfur-Coated Urea -------------- 
1) Standard 78.191 48.597 0.0184 0.99 <0.0001 
 (1.185)

2
 (1.241) (0.0017)   

2) Low 69.850 39.516 0.0313 0.98 <0.0001 
 (4.394) (4.190) (0.0024)   
3) High 74.092 39.650 0.0208 0.99 <0.0001 

 (4.441) (3.439) (0.0009)   

1 vs 2 * ** ***   

1 vs 3 NS ** NS   

------------Resin-Coated NPK ------------ 

1) Standard 97.041 83.775 0.0223 0.99 <0.0001 
 (7.918) (7.523) (0.0014)   
2) Low 95.464 69.727 0.0337 0.99 <0.0001 

 (1.951) (2.131) (0.0019)   

3) High 104.771 65.305 0.0245 0.99 <0.0001 

 (3.824) (7.252) (0.0019)   

1 vs 2 NS * ***   

1 vs. 3 NS * NS   

------------ Polymer-Sulfur Coated Urea ------------ 

1) Standard 83.435 74.051 0.0105 0.99 <0.0001 

 (0.528) (1.112) (0.0005)   

2) Low 74.465 65.823 0.0147 0.99 <0.0001 
 (8.264) (7.849) (0.0030)   

3) High 85.034 73.504 0.0170 0.99 <0.0001 

 (3.699) (4.107) (0.0046)   

1 vs. 2 NS NS NS   

1 vs. 3 NS NS NS   

------------ Reactive Layer Coated Urea ------------ 

1) Standard 88.248 91.134 0.0306 0.99 <0.0001 

 (4.167) (2.690) (0.0006)   

2) Low 80.599 81.739 0.0310 0.99 <0.0001 
 (2.505) (2.701) (0.0010)   

3) High 88.382 81.967 0.0267 0.99 <0.0001 
 (6.888) (8.544) (0.0012)   

1 vs. 2 * * NS   

1 vs. 3 NS * NS   
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Table 2-3. Continued. 
Sand/soil Ratio1 a (a-b) k R2  P-value 

------------ Polyolefin-Coated NPK ------------ 

1) Standard 96.136 101.153 0.0079 0.99 <0.0001 
   (1.932) (2.311) (0.0009)   

2) Low 96.691 104.196 0.0145 0.99 <0.0001 

 (1.756) (1.752) (0.0009)   

3) High 108.081 111.103 0.0071 0.99 <0.0001 

 (2.218) (4.057) (0.0004)   

1 vs. 2 NS NS **   

1 vs. 3 *** ** NS   

11= 1710 g sand: 90 g soil; 2=1755 g sand: 45 g soil and 3=1620 g sand: 180 g soil.  
2Standard Deviation is shown in parenthesis. 
3 ( )    (   )     where a, (a-b)= regression coefficients and k= release rate. 
4NS = not significant, *= significant P<0.05, **= significant P<0.01 and ***= significant P<0.001. 
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Table 2-4. Regression analysis of estimated N release rate from different SRFs using 
the soil incubation method with three sand/soil ratios. 

Sand/soil Ratio1 a (a-b) k R2  P-value 

-------------IBDU -------------- 

1) Standard   77.125 82.631 0.0415 0.98 <0.0001 

 (2.707)
2
 (3.396)    (0.0022)   

2) Low   73.526 76.343 0.0346 0.98 <0.0001 

 (1.065) (5.174) (0.0031)   

3) High 102.388 120.695 0.0403 0.99 <0.0001 

 (2.851) (3.484) (0.0012)   

1 vs 2 NS NS **   

1 vs 3 *** *** NS   

------------Ureaform ------------ 

1) Standard 36.904 22.844 0.0078 0.98 <0.0001 

 (0.489) (1.434) (0.0014)   

2) Low 32.639 19.910 0.0067 0.99 <0.0001 

 (1.228) (1.997) (0.0007)   

3) High 78.743 57.077 0.0022 0.99 <0.0001 

 (10.929) (10.185) (0.0005)   

1 vs 2 NS NS NS   

1 vs 3 *** *** ***   

------------ Biosolids ------------ 

1) Standard 59.140 19.280 0.0196 0.93 0.0004 

 (1.486) (1.324) (0.0060)   

2) Low 54.305 12.139 0.0119 0.89 0.0013 

 (1.802) (1.482) (0.0059)   

3) High 74.040 14.437 0.0150 0.99 <0.0001 

 (4.356) (1.465) (0.0045)   

1 vs 2 * *** NS   

1 vs 3 *** ** NS   

11= 1710 g sand: 90 g soil; 2=1755 g sand: 45 g soil and 3=1620 g sand: 180 g soil.  
2Standard Deviation of the coefficients is shown in parenthesis. 
3 ( )    (   )     where a, (a-b)= regression coefficients and k= release rate. 
4NS = not significant, *= significant P<0.05, **= significant P<0.01 and ***= significant P<0.001. 
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Table 2-5. Effect of sand/soil ratio on total N released from five CRFs with time 
 

Total N Released (% applied) 

 Time (days) Cum. 

Sand/soil 
Ratio

1
 

7 14 28 42 56 81 112 140 180 
(%) 

-------------Sulfur-Coated Urea -------------- 

1) Standard 33.9 8.0 8.3 5.3 4.9 5.7 6.4 2.2 1.9 76.5 

2) Low 37.4 8.0 7.2 7.4 3.2 2.8 1.3 2.2 1.5 71.1 

3) High 39.9 3.1 10.1 5.6 3.9 2.9 2.5 4.0 3.0 75.0 

1 vs. 2 NS NS NS *** * *** *** NS NS NS 

1 vs. 3 * ** NS NS NS *** *** ** * NS 

------------Resin-Coated NPK ------------ 

1)Standard 26.2 9.8 13.7 15.7 7.3 12.8 5.2 2.4 1.6   94.7 

2) Low 39.7 13.0 15.8 10.1 5.8 6.3 2.8 1.7 0.7   95.9 

3) High 51.7 4.5 15.5 9.7 6.9 9.9 2.4 1.7 0.9 103.2 

1 vs. 2 ** * NS ** ** *** ** ** *** NS 

1 vs. 3 *** ** NS ** NS * ** ** ** NS 

------------ Polymer-Sulfur Coated Urea ------------ 

1)Standard 12.7 6.8 9.2 11.2 3.0 7.2 9.7 4.0 11.3 75.1 

2) Low 13.5 7.9 10.4 7.7 6.5 6.6 7.3 5.4 5.3 70.5 

3) High 19.0 7.9 13.8 8.6 6.8 10.8 4.0 4.8 7.0 82.9 

1 vs. 2 NS NS NS ** *** NS ** NS *** NS 

1 vs. 3 *** NS * * *** ** *** NS ** NS 

------------ Reactive Layer Coated Urea ------------ 

1)Standard 14.6 14.4 19.5 16.9 7.3 5.1 7.9 1.7 1.9 89.1 

2) Low 16.1 9.0 21.9 12.0 7.8 7.0 2.7 1.5 4.6 82.7 

3) High 24.1 3.5 20.3 14.9 9.0 9.5 2.5 1.8 1.4 87.0 

1 vs. 2 NS *** * ** NS ** *** NS *** NS 

1 vs. 3 *** *** NS NS * *** *** NS NS NS 

------------ Polyolefin-Coated NPK ------------ 

1)Standard 2.8 1.7 7.8 10.1 9.8 12.2 10.6 6.2 9.8 71.1 

2) Low 2.5 2.2 15.3 11.7 9.5 12.5 8.9 7.2 7.1 76.9 

3) High 4.8 2.1 9.2 7.7 9.6 15.8 10.5 8.5 8.2 76.3 

1 vs. 2 NS NS *** NS NS NS ** ** *** * 

1 vs. 3 *** NS NS * NS ** NS *** *** * 
1
1= 1710 g sand: 90 g soil; 2=1755 g sand: 45 g soil and 3=1620 g sand: 180 g soil.  

2 
Single degree of freedom contrasts were generated using SAS GLM Proc.

 
NS = not significant, *= 

significant P<0.05, **= significant P<0.01 and ***= significant P<0.0001. 



 

59 

Table 2-6. Effect of sand/soil ratio on total N released from three SRFs with time 
 Total N Released (% applied) 

 Time (days) Cum. 

Sand/soil 
ratio

1
 

7 14 28 42 56 81 112 140 180 
(%) 

-------------IBDU -------------- 

1)Standard 13.9 18.7
 

20.5 8.7 6.1 3.5 5.0 1.6 1.2  79.2 

2) Low 17.9 2.8 22.1 15.1 7.4 5.3 0.9 0.6 0.0   72.0 

3) High 14.0 16.2 30.2 23.8 7.6 5.2 4.4 0.0 0.0 101.4 

1 vs. 2 * *** NS ** NS NS *** ** *** * 

1 vs. 3 NS *** ** *** NS NS NS *** *** *** 

------------Ureaform ------------ 

1)Standard 14.6 1.1 3.9 1.4 1.4 1.4 2.7 1.6 3.7 31.9 

2) Low 13.3 1.3 1.6 1.5 1.4 1.4 2.7 1.7 1.7 26.5 

3) High 21.9 2.0 1.6 1.0 0.8 3.2 2.5 2.6 4.1 39.8 

1 vs. 2 NS NS *** NS NS NS NS NS *** *** 

1 vs. 3 *** ** *** * ** *** NS ** * *** 

------------ Biosolids ------------ 

1)Standard 39.7 7.4 2.2 1.4 1.3 1.4 2.8 1.3 2.1 59.6 

2) Low 41.1 4.4 1.4 0.0 0.0 1.7 1.4 1.5 1.1 52.6 

3) High 59.3 4.5 2.1 0.8 0.6 1.3 2.9 0.3 1.8 73.6 

1 vs. 2 NS * * *** *** * *** * ** * 

1 vs. 3 *** * NS ** *** NS NS *** NS ** 

1
1= 1710 g sand: 90 g soil; 2=1755 g sand: 45 g soil and 3=1620 g sand: 180 g soil.  

2 
Single degree of freedom contrasts were generated using SAS GLM Proc.

 
NS = not significant, *= 

significant P<0.05, **= significant P<0.01 and ***= significant P<0.0001. 
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Table 2-7. Regression analysis of estimated N release rate from different CRFs using 
the soil incubation method at three incubation temperatures. 

Temperature1 a (a-b) k R2  P-value 

  -------------Sulfur-Coated Urea -------------- 

1) 21°C 74.286 45.988 0.0224 0.99 <0.0001 

   (0.833)2 (1.293) (0.0018)   

2) 25°C 68.073 44.194 0.0299 0.97 <0.0001 

    (4.278) (5.501) (0.0052)   

3) 35°C  79.608 36.923 0.0103 0.99 <0.0001 

    (2.846) (2.049) (0.0019)   

1 vs 2 NS NS *   

1 vs 3 NS ** **   

------------Resin-Coated NPK ------------ 

1) 21°C  97.041 83.775 0.0223 0.99 <0.0001 

    (7.918) (7.528) (0.0014)   

2) 25°C   94.394 73.884 0.0366 0.99 <0.0001 

    (1.586) (3.305) (0.0022)   

3) 35°C 101.330 69.890 0.0431 0.99 <0.0001 

    (2.234) (4.967) (0.0028)   

1 vs 2 NS * ***   

1 vs 3 NS ** ***   

------------ Polymer-Sulfur Coated Urea ---------- 

1) 21°C 83.435 74.051 0.0105 0.99 <0.0001 

  (0.528) (1.112) (0.0005)   

2) 25°C 73.747 67.648 0.0283 0.99 <0.0001 

  (3.090) (2.923) (0.0029)   

3) 35°C 79.340 66.075 0.0307 0.99 <0.0001 

  (7.324) (6.885) (0.0052)   

1 vs 2 * NS ***   

1 vs 3 NS * ***   
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Table 2-7. Continued. 

Temperature1 a (a-b) K R2  P-value 

------------ Reactive Layer Coated Urea ------------ 

1) 21°C 88.248 91.134 0.0306 0.99 <0.0001 

 (4.167) (2.690) (0.0006)   

2) 25°C 80.681 72.081 0.0530 0.99 <0.0001 

 (3.718) (3.026) (0.0019)   

3) 35°C 88.893 74.370 0.0569 0.99 <0.0001 

 (11.623) (5.663) (0.0042)   

1 vs 2 NS *** ***   

1 vs 3 NS ** ***   

------------ Polyolefin-Coated NPK ------------ 

1) 21°C 96.136 101.153 0.0079 0.99 <0.0001 

 (1.932)     (2.311) (0.0009)   

2) 25°C 86.535   96.519 0.0145 0.99 <0.0001 

 (2.144)     (2.786) (0.0004)   

3) 35°C 89.320   82.745 0.0175 0.99 <0.0001 

 (3.323)     (5.958) (0.0027)   

1 vs 2 ** * **   

1 vs 3 ** ** ***   
121°C=standard; 25°C=medium and 35°C=high. 
2Standard Deviation of the coefficients is shown in parenthesis. 
3 ( )    (   )     where a, (a-b)= regression coefficients and k= release rate. 
4NS = not significant, *= significant P<0.05, **= significant P<0.01 and ***= significant 
P<0.001. 
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Table 2-8. Regression analysis of estimated N release rate from different SRFs using 
the soil incubation method at three incubation temperatures. 

Temperature1 a (a-b) k R2 P-value 

-------------IBDU -------------- 
1) 21°C 77.125 82.631 0.0415 0.98 <0.0001 

 (2.707)2 (3.396) (0.0023)   

2) 25°C 78.546 99.827 0.0628 0.99 <0.0001 

 (2.500) (9.303) (0.0080)   

3) 35°C 77.579 68.352 0.0606 0.99 <0.0001 

 (7.153) (4.588) (0.0051)   

1 vs 2 NS ** **   

1 vs 3 NS ** **   

------------Ureaform ------------ 
1) 21°C 36.904 22.844 0.0078 0.98 <0.0001 

 (0.489) (1.434) (0.0014)   

2) 25°C 53.766 36.953 0.0034 0.99 <0.0001 

 (8.187) (4.577) (0.0006)   

3) 35°C 65.786 46.557 0.0061 0.99 <0.0001 

 (2.518) (1.139) (0.0002)   

1 vs 2 ** *** ***   

1 vs 3 *** *** *   

------------ Biosolids ------------ 

1) 21°C 59.140 19.280 0.0196 0.93 0.0004 

 (1.486) (1.324) (0.0060)   

2) 25°C 57.057 18.517 0.0192 0.95 <0.0001 

 (7.523) (1.079) (0.0019)   

3) 35°C 66.519 17.027 0.0331 0.90 0.0011 

 (7.718) (0.702) (0.0064)   

1 vs 2 NS NS NS   

1 vs 3 * * *   
121°C=standard; 25°C=medium and 35°C=high. 
2Standard Deviation of the coefficients is shown in parenthesis. 
3 ( )    (   )     where a, (a-b)= regression coefficients and k= release rate. 
4NS = not significant, *= significant P<0.05, **= significant P<0.01 and ***= significant 
P<0.001. 
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Table 2-9. Effect of temperature on total N released from five CRFs with time 

 Total N Released (% applied) 

 Time (days) Cum. 

Incubation 
Temperature

1
 

7 14 28 42 56 81 112 140 180 
(%) 

-------------Sulfur-Coated Urea -------------- 

1) 21°C
1
 33.9 8.0 8.3 5.3 4.9 5.7 6.4 2.2 1.9 76.5 

2) 25°C 30.0 10.9 10.2 3.2 4.2 3.7 3.4 1.4 3.4 70.4 

3) 35°C 43.6 4.6 5.5 2.9 1.4 4.2 6.0 2.1 3.8 74.0 

1 vs. 2 NS * * ** * * ** * * NS 

1 vs. 3 *** ** ** ** *** NS NS NS ** NS 

------------Resin-Coated NPK ------------ 

1) 21°C 26.2 9.8 13.7 15.7 7.3 12.8 5.2 2.4 1.6   94.7 

2) 25°C 34.8 19.2 13.7 9.8 6.3 6.9 2.8 1.2 0.0   94.6 

3) 35°C 50.0 11.4 22.6 4.8 3.9 6.6 2.2 0.0 0.0 101.5 

1 vs. 2 ** *** NS ** NS ** *** *** *** NS 

1 vs. 3 *** NS *** *** *** ** *** *** *** NS 

------------ Polymer-Sulfur Coated Urea ------------ 

1) 21°C 12.7 6.8 9.2 11.2 3.0 7.2 9.7 4.0 11.3 75.1 

2) 25°C 16.8 13.6 12.1 10.8 6.3 7.5 2.4 3.5 1.2 74.1 

3) 35°C 25.0 11.3 19.5 4.5 4.7 7.9 3.3 2.1 3.2 81.5 

1 vs. 2 NS *** NS NS *** NS *** NS *** NS 

1 vs. 3 ** *** ** ** ** NS *** ** *** NS 

------------ Reactive Layer Coated Urea ------------ 

1) 21°C 14.6 14.4 19.5 16.9 7.3 5.1 7.9 1.7 1.9 89.1 

2) 25°C 28.8 20.6 17.1 3.9 2.7 5.8 2.2 1.1 1.1 83.2 

3) 35°C 39.1 15.3 22.5 3.7 3.0 4.0 1.5 0.7 0.6 90.3 

1 vs. 2 ** ** *  ***   ***   NS *** * ** NS 

1 vs. 3 ** NS **  ***   ***      * *** ** *** NS 

------------ Polyolefin-Coated NPK ------------ 

1) 21°C   2.8   1.7    7.8  10.1   9.8 12.2 10.6 6.2 9.8 71.1 

2) 25°C   2.1   2.5  16.7  12.3 10.7 13.3 9.9 5.3 5.9 79.2 

3) 35°C 14.3   9.6  20.7    6.0   4.6 14.1 7.2 5.4 5.7 87.5 

1 vs. 2 NS * ** **    NS    NS    NS ** *** * 

1 vs. 3 *** *** ** ***    **    *    *** ** *** ** 

1
21°C=standard; 25°C=medium and 35°C=high. 

2 
Single degree of freedom contrasts were generated using SAS GLM Proc.

 
NS = not significant, *= 

significant P<0.05, **= significant P<0.01 and ***= significant P<0.0001. 
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Table 2-10. Effect of temperature on total N released from three SRFs with time 

 Total N Released (% applied) 

 Time (days) Cum. 

Incubation 
Temperature

1
 

7 14 28 42 56 81 112 140 180 (%) 

-------------IBDU -------------- 

1) 21°C 13.9 18.7 20.5 8.7 6.1 3.5 5.0 1.6 1.2 79.2 

2) 25°C 14.2 22.7 28.0 2.7 6.1 3.6 1.3 1.4 0.4 80.0 

3) 35°C 32.5 16.1 18.3 3.5 3.1 3.0 1.4 0.5 0.0 78.8 

1 vs. 2 NS NS *** *** NS NS *** NS *** NS 

1 vs. 3 ** NS NS *** ** NS *** ** ** NS 

------------Ureaform ------------ 

1) 21°C 14.6 1.1 3.9 1.5 1.4 1.4 2.7 1.6 3.7 31.9 

2) 25°C 16.4 2.9 1.3 1.3 1.3 2.3 2.5 2.4 3.4 33.8 

3) 35°C 20.3 2.7 5.5 1.7 1.3 5.9 5.6 2.7 4.8 50.4 

1 vs. 2 NS *** *** NS ** NS *** ** * NS 

1 vs. 3 * *** ** NS *** *** NS ** *** *** 

------------ Biosolids ------------ 

1) 21°C 39.7 7.4 2.2 1.4 1.3 1.4 2.8 1.3 2.1 59.6 

2) 25°C 38.8 6.3 2.3 1.4 1.2 2.8 1.7 1.0 2.0 57.5 

3) 35°C 50.8 7.9 2.0 0.8 0.6 2.5 1.4 1.2 0.0 67.1 

1 vs. 2 NS NS NS NS NS *** *** * NS NS 

1 vs. 3 * NS NS ** *** ** *** NS *** * 

1
21°C=standard; 25°C=medium and 35°C=high. 

2 
Single degree of freedom contrasts were generated using SAS GLM Proc.

 
NS = not significant, *= 

significant P<0.05, **= significant P<0.01 and ***= significant P<0.0001. 
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Table 2-11. Regression analysis of estimated N release rate from five CRFs using the 
soil incubation method with four different soils. 

Soil origin1 a (a-b) k R2 P-value 

-------------Sulfur-Coated Urea -------------- 
1) Florida  78.191 48.597 0.0184 0.99 <0.0001 
 (1.184)2 (1.240) (0.0017)   

2) California 73.295 49.011 0.0305 0.96 <0.0001 
 (2.454) (4.541) (0.0023)   

3)Pennsylvania  77.243 53.896 0.0281 0.98 <0.0001 
 (3.420) (1.231) (0.0033)   

4) Iowa  78.008 68.458 0.0382 0.99 <0.0001 
 (3.451) (5.592) (0.0009)   

1 vs 2 NS NS ***   

1 vs 3 NS NS **   

1 vs 4 NS *** ***   

------------Resin-Coated NPK ------------ 
1) Florida  97.041 83.775 0.0223 0.99 <0.0001 
 (7.918) (7.528) (0.0014)   

2) California 95.441 77.633 0.0315 0.99 <0.0001 
 (5.127) (2.038) (0.0029)   

3) Pennsylvania  92.155 80.457 0.0290 0.99 <0.0001 
 (0.484) (4.519) (0.0015)   

4) Iowa  102.405 83.001 0.0337 0.99 <0.0001 
    (3.656) (4.326) (0.0028)   

1 vs 2 NS NS **   

1 vs 3 NS NS **   

1 vs 4 NS NS ***   

------------ Polymer-Sulfur Coated Urea ------------ 

1) Florida  83.435 74.051 0.0105 0.99 <0.0001 
 (0.528) (1.112) (0.0005)   

2) California 83.375 79.087 0.0201 0.99 <0.0001 
 (1.871) (1.645) (0.0012)   

3) Pennsylvania  78.861 75.090 0.0282 0.98 <0.0001 
 (1.298) (1.168) (0.0020)   

4) Iowa  77.327 75.102 0.0248 0.99 <0.0001 
 (1.397) (2.577) (0.0036)   

1 vs 2 NS ** **   

1 vs 3 ** NS ***   

1 vs 4 ** NS ***   
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Table 2-11. Continued. 

Soil origin1 a (a-b) k R2 P-value 

------------ Reactive Layer Coated Urea ------------ 

1) Florida  88.248   91.134 0.0306 0.99 <0.0001 
   (4.167)     (2.690) (0.0006)   

2) California 86.049   85.842 0.0361 0.99 <0.0001 
   (2.218)    (1.358) (0.0020)   

3) Pennsylvania  87.726   93.126 0.0385 0.99 <0.0001 
   (2.465)     (4.665) (0.0005)   

4) Iowa  97.276 102.697 0.0376 0.99 <0.0001 
   (4.602)     (5.327) (0.0003)   

1 vs 2 NS NS ***   

1 vs 3 NS NS ***   

1 vs 4 ** ** ***   

------------ Polyolefin-Coated NPK ------------ 
1) Florida  96.136 101.153 0.0079 0.99 <0.0001 
 (1.932)     (2.311) (0.0009)   

2) California 90.023   97.923 0.0107 0.99 <0.0001 
 (0.785)     (1.162) (0.0007)   

3) Pennsylvania  97.417 103.692 0.0123 0.99 <0.0001 
 (2.933)     (2.805) (0.0011)   

4) Iowa  91.707 101.510 0.0113 0.99 <0.0001 
 (1.385)     (1.625) (0.0014)   

1 vs 2 ** NS **   

1 vs 3 NS NS **   

1 vs 4 * NS **   
11= Florida soil; 2= California Soil; 3= Pennsylvania soil and 4= Iowa soil. 
2Standard Deviation of the coefficients is shown in parenthesis. 
3 ( )    (   )     where a, (a-b)= regression coefficients and k= release rate. 
4NS = not significant, *= significant P<0.05, **= significant P<0.01 and ***= significant 
P<0.001. 
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Table 2-12. Effect of soil type on total N released from five CRFs with time 

 Total N Released (% applied) 

 Time (days) Cum. 

Soil 
Origin

1
 

7 14 28 42 56 81 112 140 180 (%) 

-------------Sulfur-Coated Urea -------------- 

1) FL 33.9 8.0 8.3 5.3 4.9 5.7 6.4 2.2 1.9 76.5 

2) CA 31.1 12.6 11.0 4.7 4.8 1.7 3.1 3.3 5.6 77.9 

3) PA  30.6 12.1 12.8 4.8 4.7 3.8 4.9 3.1 2.5 79.3 

4) IA 24.2 15.4 16.0 8.5 5.2 3.1 3.6 2.1 2.9  81.0 

1 vs. 2 NS ** ** NS NS *** *** ** *** NS 

1 vs. 3 NS ** *** NS NS ** ** * NS NS 

1 vs. 4 ** *** *** ** NS ** *** NS ** NS 

------------Resin-Coated NPK ------------ 

1) FL 26.2 9.8 13.7 15.7 7.3 12.8 5.2 2.4 1.6  94.7 

2) CA 32.4 14.0 17.4 9.7 10.3 3.9 5.3 1.9 1.4  96.1 

3) PA  25.9 13.2 17.9 9.2 12.1 5.4 4.8 2.3 1.4  92.3 

4) IA 34.2 20.1 16.5 9.1 10.3 5.8 4.1 2.3 1.3   103.6 

1 vs. 2 * ** * ** ** *** NS NS NS NS 

1 vs. 3 NS * * ** *** *** NS NS NS NS 

1 vs. 4 ** *** * ** ** *** * NS NS NS 

------------ Polymer-Sulfur Coated Urea ------------ 

1) FL 12.7 6.8 9.2 11.2 3.0 7.2 9.7 4.0 11.3 75.1 

2) CA 12.3 12.6 15.7 9.8 7.5 7.2 8.2 6.0 3.9 83.2 

3) PA  13.5 13.7 18.4 7.5 8.5 5.6 3.9 4.6 3.9 79.6 

4) IA 12.4 12.7 17.0 9.0 8.0 5.3 6.0 4.3 5.1 79.7 

1 vs. 2 NS ** *** * *** NS NS *** *** *** 

1 vs. 3 NS ** *** ** *** ** *** * *** ** 

1 vs. 4 NS ** *** ** *** *** ** NS *** ** 

------------ Reactive Layer Coated Urea ------------ 

1) FL 14.6 14.4 19.5 16.9 7.3 5.1 7.9 1.7 1.9 89.1 

2) CA 18.2 17.3 20.7 10.0 8.5 3.7 5.1 2.4 1.9 88.1 

3) PA  15.1 21.0 19.1 12.6 11.2 3.5 2.5 2.5 2.2 89.7 

4) IA 17.7 19.9 24.3 12.5 12.3 4.9 3.0 2.4 1.8 98.7 

1 vs. 2 * NS NS ** * ** *** ** NS NS 

1 vs. 3 NS * NS ** *** ** *** ** NS NS 

1 vs. 4 * * ** ** *** NS *** ** NS ** 
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Table 2-12. Continued 
Soil 
Origin

1
 

7 14 28 42 56 81 112 140 180 
Cum. 
(%) 

------------ Polyolefin-Coated NPK ------------ 

1) FL 2.8 1.7 7.8 10.1 9.8 12.2 10.6 6.2 9.8 71.1 

2) CA 1.2 2.9 12.1 9.1 14.6 9.8 10.1 8.8 6.8 75.3 

3) PA  5.0 2.5 14.4 11.3 17.2 10.0 9.3 8.4 8.4 86.5 

4) IA 1.2 2.3 11.0 10.4 17.8 10.6 9.6 7.2 7.8 77.8 

1 vs. 2 ** ** ** NS ** **  NS  ***  ** NS 

1 vs. 3 *** * *** NS ** *  NS  **   NS *** 

1 vs. 4 ** NS ** NS ** *  NS  *  * * 

1
FL, CA, PA, IA represents Florida, California, Pennsylvania and Iowa respectively. 

2 
Single degree of freedom contrasts were generated using SAS GLM Proc.

 
NS = not significant, *= 

significant P<0.05, **= significant P<0.01 and ***= significant P<0.0001. 
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CHAPTER 3 
OPTIMIZATION AND VALIDATION OF AN ACCELERATED LAB EXTRACTION 
METHOD TO ESTIMATE NITROGEN RELEASE PATTERNS OF ENHANCED-

EFFICIENCY FERTILIZERS  

Several methods to characterize the nutrient release properties of enhanced-

efficiency fertilizers (EEFs) have been developed during the last few decades. These 

procedures usually quantify nutrient release rates in either water or soil media 

depending on incubation time. Short-term static or dynamic water incubation studies are 

commonly used for rapid estimation of nutrient release patterns of EEFs. The Katz 

method (AOAC 970.04) and the 7-d dissolution rate test developed by the Tennessee 

Valley Authority (TVA) were the first methods used to characterize the rate of N 

released in water. Several modifications of these procedures relative to incubation 

temperature and time have been studied since EEFs emerged commercially (Dai et al., 

2008; Du et al., 2006; Novillo et al., 2001; Gambash et al., 1990; Blouin et al., 1971; 

Oertli and Lunt 1962). 

Despite the development of many procedures to characterize EEF materials, no 

official standard method of analysis has been accepted for use by AOAC International. 

Several technologies have been tried to evaluate EEF nutrient release rates, but none 

have been shown to be accurate enough to verify label claims and material 

performance. In the consumer perspective, it introduces confusion regarding choices 

when purchasing EEF and a lack of protection against ineffective products. In 1994, a 

Controlled Release Fertilizer Task Force was established by the American Association 

of Plant Food Control Officials (AAPFCO) to address issues concerning the effective 

regulation and analysis of EEF materials (AAPFCO, 1995). As a result of task force 
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efforts, a short-term laboratory method based on the accelerated extraction of nutrients 

with time was developed (Sartain et al., 2004). 

 Solid method validation is needed in order for this technique to be approved as an 

official laboratory procedure. Prior to any validation work, sufficient method 

development and optimization should be performed to be reasonably confident that the 

properties of the “final method” are being tested. Method optimization is the process of 

adjusting the experimental parameters of a method to find the levels that achieve the 

best possible response. Usually, the classical, one-variable-at-a-time (OVAT) procedure 

is implemented to examine the major factors contributing to variability of a method 

during its development and optimization. The OVAT technique consists of varying the 

levels of a given factor while keeping the other factors at standard levels in order to 

evaluate the effect of one specific factor on the method (Dejaegher and Vander Heyden, 

2007). If a factor is found to have a major effect on method response, further method 

development is necessary. 

Ruggedness testing is also an important part in the development of a method. It is 

usually performed only after the method has been optimized because any successive 

changes will require re-testing. Ruggedness testing evaluates the ability to reproduce a 

method in different laboratories or under different circumstances without the occurrence 

of unexpected differences in the obtained results (Vander Heyden et al., 2001). Using 

the OVAT procedure to assess the effect of small changes in the experimental 

conditions on the variability of the method demands considerable experimental work 

and thus, the evaluation of only a small number of parameters is possible. 

Consequently, ruggedness testing is commonly based on partial factorial designs in 
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order to balance the amount of information obtained and the experimental work 

required. An economical approach based on fractional factorial designs has been 

described by Youden and Steiner (1975). 

A robust analytical method capable of producing repeatable nutrient release 

patterns from a broad range of EEF materials is required to gain acceptance as an 

official method by AOAC. Using this rapid technique, regulators and producers can 

monitor EEF efficiently in a laboratory setting. The objectives of this study were: 1) to 

investigate the effect of extraction temperature, fertilizer sample size, and extraction 

time on the ability of an accelerated laboratory extraction method to estimate N, P and K 

release rates of enhanced-efficiency fertilizers; and 2) to perform ruggedness testing on 

the performance of the accelerated lab extraction procedure to estimate N release 

patterns of EEFs using a fractional multifactorial design. The following hypotheses were 

tested in this study: 1) N, P and K release rates increase with increasing extraction 

temperature and vice-versa; 2) sample size affects N, P and K release rates, increasing 

and decreasing with the high and low fertilizer sample size respectively; 3) reducing the 

extraction time reduces the total amount of N, P and K extracted from the EEFs; and 4) 

small variations in several performance parameters of the method do not influence N, P, 

and K release rates of the EEFs. 

Materials and Methods 

Standard Accelerated Lab Extraction Method 

The nutrient release profile of EEF materials was generated by accelerating their 

natural release mechanism in a laboratory setting. The standard method used to 

characterize the nutrient release properties of EEFs consists of using a 0.2% citric acid 

solution to perform various solvent extraction procedures at increasing temperatures on 
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a non-ground fertilizer sample. Each extraction is designed to remove and isolate 

nutrients that release or become available with time. A riffle is used to reduce the non-

ground fertilizer to a 30.0 g ± 1.0 g sample. The extraction procedure consists of 

exposing the EEF to an accumulation and combination of extracts following the time and 

temperature sequence detailed in Table 3-1. An extra extraction (#5) consisting of 94 hr 

is only performed on an EEF if its longevity claimed by the manufacturer is more than 6 

months. 

The main components of the extraction apparatus were the extraction columns 

and a water manifold. Eight vertical jacketed chromatography columns, enclosing inner 

columns of 2.5 cm x 30 cm where the EEF was placed, were used as the extraction 

columns (Figure 3-1). Polyester fiber (3 g ± 0.2 g) was placed 2 to 3 cm above the 

bottom of the column and near the top (~1cm) of the column below the o-ring of the cap 

to hold the fertilizer in place. A polytetrafluoroethylene (PTFE) rod (6 mm x 15 cm) was 

inserted inside the columns to avoid fertilizer caking. A 16-channel, reversible peristaltic 

pump was used to pass the extraction solution through the columns continuously for a 

maximum of 168 hr at a flow rate of 4.0 ± 0.1 mL min-1. 

 A water circulation manifold supplied by a centrifugal pump connected to a 

covered water bath capable of maintaining a maximum constant temperature of 60.0°C± 

1.0°C for extended periods of time was used to achieve the different temperatures in the 

system (Figure 3-2). Water circulated through the manifold and the chromatography 

columns at the same time. The desired mean temperatures were obtained by preheating 

the water bath to several degrees (5 to 10°C) above the desired temperature to account 

for initial heat exchange and temperature equilibration with the manifold and columns. 
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Wrapping the water manifold and the chromatography columns with rubber pipe insulation 

was also required to maintain a stable temperature. Two in-line, symmetrically placed 

thermometers were used to monitor incoming and outgoing temperatures to the 

manifold to assure stabilization of the system at the desired temperature. Roll clamps 

and flow monitors were also attached to the tubing connecting the water manifold to the 

columns to achieve balanced flow and uniform temperature. 

For each extraction, the water bath was adjusted to maintain the desired 

temperature in the columns. Erlenmeyer flasks (500 mL) were filled with 475 mL of 

0.2% citric acid, and this extraction solution and air were pumped from the flasks to the 

bottom of the columns through two different tubes (Figure 3-3). The solution circulated 

throughout the columns at a rate of 4.0 ± 0.1 mL min-1 for a specific time at a specific 

temperature according to the extraction sequence. The flasks were swirled occasionally 

to mix the solution during the extraction. At the end of each extraction period, the flow 

was reversed and air was pumped into the columns from the top to collect the sample at 

the bottom into the flasks (Figure 3-4). After the columns were emptied of liquid, air was 

pumped for 1 min to assure complete transfer of solution. The solution was then cooled to 

room temperature and diluted to volume (500 mL) with extraction solution. A 250 mL 

volume of extract was placed in a graduated cylinder and 5.0 mL of cupric sulfate stabilizing 

solution (20 g CuSO4 · 5H2O per L of 1:1 HCl acid) were added for sample preservation. 

 An aliquot was taken from this extract and frozen for later nutrient analysis. For the 

first extraction, the remaining 250 mL of extract was discarded and the second extraction 

was started with fresh extraction solution. However, for the consecutive extractions, the 

remaining 250 mL of extract was saved to be used in the subsequent extraction, i.e., for 
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extractions 3 through 5, only 225 mL of fresh extraction solution was added to the flask to 

bring the total starting volume to 475 mL. The liquid extracts from each extraction 

sequence were then analyzed for total N using an Antek 9000 N analyzer (PAC 

Company, Houston, TX). Phosphorus concentration in the leachates was determined 

with a Bran Leubbe Technicon Autoanalizer II (Seal Analytical, Mequon, WI) as 

described in EPA method 365.1 ”Determination of Phosphorus by Semi-automated 

Colorimetry” (O‟Dell, 1993). The potassium (K) concentration was analyzed at the 

University of Florida Analytical Research Laboratory following USEPA method 200.7 

(USEPA, 1994) using an Inductively Coupled Plasma Spectrophotometer (ICP). Results 

for each extraction were presented as cumulative percentage of total nutrient released. 

Extraction #1 was considered to represent the readily-available water soluble fraction of 

the EEF. 

Optimization of the Accelerated Lab Extraction Method 

A fully developed and optimized method is necessary to obtain successful 

validation and method utilization. Various experiments were performed to evaluate the 

effect of temperature, fertilizer sample size, and extraction time on the performance of 

the accelerated lab extraction method to measure the nutrient release profile of EEFs. 

Preliminary temperature study 

Temperature is the most important factor that can potentially affect nutrient release 

patterns from coated EEFs. Thus, additional experiments were conducted to evaluate 

this factor. Prior to the series of experiments performed to optimize this method, a 

preliminary temperature study was done to identify the temperature range to be used in 

the optimization studies. Two polyolefin-coated (POC) fertilizers were used to evaluate 

the effect of temperature on N release rate: POC NPK Type A 18-6-18, with a 
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manufacturer-defined release period of 100 d, and POC NPK Type B 18-6-18, with a 

270-d release period. These two fertilizers had the same nutrient core but different 

coating thickness, allowing evaluation of the membrane thickness effect on N release 

characteristics. Four experiments were conducted following the standard accelerated 

lab extraction method described above at the four extraction temperatures shown in 

Table 3-2. 

Method optimization studies  

The OVAT procedure was used to evaluate the effect of temperature, fertilizer 

sample size, and extraction time on N, P, and K release patterns from four EEFs. In 

each experiment, only the factor under evaluation was varied at predetermined interval 

ranges while keeping all other experimental parameters at the levels described in the 

operating procedures of the standard accelerated lab extraction method (Table 3-1). 

The effect of each factor was individually evaluated by comparing the results obtained 

after varying one factor with that of the experiment with all factors at standard levels. 

Four fertilizer materials including different EEF technologies and defined release 

periods were used in five experiments (Table 3-3). 

The first experiment characterized N, P, and K release patterns of the selected 

EEFs for 74 hr under the conditions of the standard accelerated lab extraction method. 

Based on the results from the previous temperature study, only the medium extraction 

temperature (maximum 55°C) described in Table 3-2 was further evaluated using the 

broader range of EEF materials. Two more experiments were also performed to 

evaluate the influence of fertilizer sample size on nutrient release rates. A ±10% 

variation in sample size was followed, resulting in one low sample size (27 g) and one 

high sample size (33 g) experiment. Since one of the main purposes of this method is to 
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develop the nutrient release profile of EEFs in a short period of time, only a reduced 

extraction time was considered in the optimization study. Roughly a 10% decrease in 

extraction time was applied only to the 2nd and 3rd extractions in order to investigate the 

effect of reduced extraction time in the short term (2nd extraction) and long term (3rd 

extraction). The reduced time extraction sequence used in the experiment was: 

Extraction #1- 2:00 hr.; Extraction #2- 1:45 hr.; Extraction #3- 18:00 hr.; and Extraction 

#4- 50:00 hr.  

Statistical analysis 

Fertilizer material treatments were arranged in a randomized complete block 

design with three replications. Fine particle-size IBDU (0.5 to 1.0 mm) was included in 

each run as a standard reference material due to its high dependence on water to 

release N and its low water solubility. For the statistical analysis, the first extraction was 

omitted in all experiments since it was considered to be the water-soluble fraction of the 

EEF. Thus, only the slow-release fraction of the release curve was used for mean 

comparison. Each experiment conducted to evaluate any factor (temperature, sample 

size, or extraction time) was compared with the standard method at normal levels. Data 

were statistically analyzed using the Statistical Analysis System (SAS version 9.0; SAS 

Institute, Cary, NC). Means were separated using the general linear model procedure 

(PROC GLM) and single degree of freedom contrasts at P ≤ 0.05. 

Ruggedness Testing of the Accelerated Lab Extraction Method 

The purpose of ruggedness testing is to evaluate the effect of small variations in 

several parameters on the results of the method using a limited number of experiments. 

The ruggedness of the accelerated lab extraction method to measure N, P, and K 

release rates from EEF was evaluated using the Youden & Steiner ruggedness test 
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(Youden and Steiner, 1975). This design provides a set of multifactorial experiments 

that permit varying up to seven factors simultaneously and require only a total of eight 

experiments. Factors representing quantitative and qualitative variables were selected 

from the operational conditions of the standard method. The seven factors that were 

evaluated in this ruggedness trial with the variations for each factor are presented in 

Table 3-4. All other parameters were identical to those in the standard accelerated lab 

extraction procedure previously described. Five EEF materials replicated three times 

each were used to assess the ruggedness of this method (Table 3-5). These EEFs were 

selected with the intent of incorporating a wide range of EEF technologies. The 

responses determined in this robustness test were cumulative percentage N, P, and K 

released at each extraction time (2; 4; 24; 74 hr) for each individual EEF. 

The fractional factorial design used to evaluate the selected factors is shown in 

Table 3-6. In this table, the original and modified method parameter values were 

expressed by upper case (+) and lower case letters (-) respectively, i.e., changing a 

factor from value A to value a. This design is considered well-balanced because each 

factor is used the same number of times as (+) and (-) levels. In each subset of 

experiments, all other factors were also used the same number of times as (+) and (-) 

levels (Alvares-Ribeiro and Machado, 1997). For example, in a subset of experiments 

that had all (+) levels such as 1 to 4 for factor A, all other parameters also occurred 

twice as the (+) level and twice as the (-) level.  

The effect of each factor (Dx) was calculated from the eight experimental results 

following the Youden & Steiner test that uses the equations below. By using these 

equations, the main effects of all other parameters were canceled out when the average 
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difference between the two levels of a factor was calculated. Thus, each equation (Dx) 

measured individually the effect of changing factor X from one level to the other on the 

N, P, and K release rates of the selected EEFs. 

 Da  = ¼ (R1 + R2 + R3 + R4 – R5 – R6 –R7 – R8) 

 Db = ¼ (R1 + R2 – R3 –R4 + R5 + R6 – R7 – R8) 

 Dc = ¼ (R1 – R2 + R3 – R4 + R5 – R6 + R7 – R8) 

 Dd = ¼ (R1 + R2 – R3 – R4 – R5 – R6 + R7 + R8) 

 De = ¼ (R1 – R2 + R3 – R4 – R5 + R6 – R7 + R8) 

 Df  =  ¼ (R1 – R2 – R3 + R4 + R5 – R6 – R7 + R8) 

 Dg = ¼ (R1 – R2 – R3 + R4 – R5 + R6 + R7 – R8) 
 
After calculating the main effect of each factor, the significance of the Dx values 

was evaluated statistically and graphically using Dong’s algorithm and half-normal 

probability plots, respectively. A full explanation of the estimation of the experimental 

error from the distribution of the effects using the algorithm of Dong can be found in 

Vander Heyden et al. (2001). Table 3-7 shows the parameters that were estimated and 

used to statistically interpret the significance of the effects. All parameters were 

calculated independently for each EEF at each extraction time. An effect (Dx) that is 

between the margin of error (ME) and the simultaneous margin of error (SME) values is 

considered to be possibly significant, and an effect that is above the SME is considered 

to be significant. However, the ME limit was used in this study as the decision criterion 

due to its recommended use for all effects calculated from a ruggedness test (Vander 

Heyden et al., 2001). 

Half-normal probability plots were used as a graphical tool to identify significant 

effects of the selected factors on the method. A complete description of the construction 

of half-normal probability plots can be found in Nijhuis et al. (1999). Half-normal plots 

were created for each individual EEF by ranking all the effects derived from its 
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corresponding ruggedness test (Dx) according to an increasing absolute effect size and 

then plotting the values of that sequence against the corresponding rankits. The rankit 

values for the fractional factorial design with eight experiments used in this study were 

extracted from Vander Heyden et al. (2001) (Table 3-8). In a half-normal probability plot, 

non-significant effects tend to fall on a straight line through zero, while a deviation from 

it indicates that the effect involved is probably significant. The detection of significant 

effects in these plots is done visually and thus it can be very subjective. Therefore, the 

ME and SME values, calculated using Dong’s logarithm, were also plotted and used as 

decision limits to statistically interpret these plots. The significance of an effect was 

determined following the same criterion described above in the statistical interpretation 

of the effects. 

Results and Discussion 

Optimization of the Accelerated Lab Extraction Method 

In the preliminary temperature study, the rate of N release was greatly influenced 

by temperature (Table 3-9). Cumulative percentage N released from both EEFs 

increased with temperature. Increasing the maximum temperature from 50 to 55ºC and 

60ºC almost tripled the total cumulative percentage N released from both fertilizer 

materials. Regardless of temperature, N release rates from POC NPK Type B were 

slower than those from POC NPK Type A. Although both are polyolefin-coated 

materials, a slower N release rate was expected from POC NPK Type B since it has a 

thicker coating to provide a longer nutrient release period. 

At the low temperature sequence (maximum 50ºC), N released from either EEF 

was less than 35% of the total, indicating that the temperature was too low to accelerate 

the N release rate in a short period of time. When comparing standard with medium 
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temperature, no significant difference in N release rates was generally found for POC 

NPK Type A, while the opposite trend was observed for POC NPK Type B. In contrast, 

when comparing standard with high temperature, there was a significant difference in N 

release rates for both EEFs. However, these temperature effects were more marked on 

POC NPK Type B, resulting in almost 30 to 40% more total N released at the medium 

and high temperatures, respectively, compared with the standard temperature. These 

findings demonstrated that N release rates from thickly-coated EEFs are more 

influenced by temperature changes than N release from thinly-coated EEFs. 

Despite the differences in N release rates with increasing temperature, Figure 3-5 

suggests that N release patterns from both EEFs at the medium and high temperatures 

were comparable with those obtained at the standard temperature. In addition, at these 

temperatures, it was possible to differentiate N release patterns of fertilizer products that 

had the same coating technology but different thicknesses. Therefore, it was 

recommended to further evaluate the maximum extraction temperature in the 55 to 

60°C range using a broader selection of EEF materials in order to determine a 

temperature sequence that provides reproducible, well-differentiated N release curves 

while maintaining an easy- to-operate system. Increased wear and tear of the tubing 

and consequently greater chances for leaks in the system were experienced at 60°C. 

The effect of temperature, fertilizer sample size, and extraction time on N release 

rate are shown in Table 3-10. Overall, none of the factors had an effect on total 

cumulative percentage N released from any EEF in 74 hr of extraction. However, a 

slight  effect of temperature and extraction time on N release rates from polymer-coated 

NPK Type B was observed throughout the extraction sequence. Total cumulative N 
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released from this fertilizer was 23% less at the medium temperature compared with the 

standard. Likewise, 42 and 27% less N was recovered from the second and third 

extractions, respectively, when extraction time was reduced compared with the standard 

method. These results were expected since polymer-coated NPK Type B has a thick 

coating (greater longevity), therefore a higher temperature and longer extraction time 

were needed to generate its N release profile using the rapid extraction method. 

A graphic representation of the effects of temperature, fertilizer sample size, and 

extraction time on N release patterns from the four EEFs is shown in Figure 3-6. 

Despite the slight differences in N release rates at some extraction times, each EEF 

followed similar N release patterns across experiments. Only temperature highly 

influenced the cumulative percentage P released from both EEFs (Table 3-11). 

Reducing the extraction temperature to the medium sequence (maximum 55ºC) 

generally decreased P release rate at all extraction times for both EEFs. At the medium 

temperature (maximum 55ºC), the total cumulative percentage P released was reduced 

almost by half for both fertilizers compared with the standard temperature (maximum 

60ºC). This result indicated that increasing the temperature to 60ºC during the last 50 hr 

of extraction greatly increased the amount of P released. Similarly, only temperature 

had an effect on K release rate during 74 hr of extraction for both EEFs. As shown in 

Table 3-12, small differences were observed relative to the total quantity of K recovered 

at each extraction time with respect to temperature change. However, the cumulative 

percentage K released from polymer-coated NPK Type B was 32% lower at the medium 

temperature compared with the standard method. The release rate of nutrients from 

NPK coated fertilizers is expected to be a more complex process compared with release 
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from a single-nutrient coated fertilizer. Numerous studies have reported different trends 

in the differential release of N, P, and K from polymer-coated fertilizers (Oertli and Lunt, 

1962; Huett and Gogel, 2000; Du et al., (2006). In general, across the different polymer-

coated fertilizers studied, the nutrient release rate ranking was: N>>P>K. 

Across all temperatures, the data depicted in Figure 3-7 illustrate that generally 

similar total quantities of P and K were released from both EEFs, with polymer-coated 

NPK Type A releasing 35 to 50%, 30 to 36% and 40 to 47% more N, P, and K 

respectively, compared with Type B due to its thinner coating. For both EEFs, N release 

rate was greatest, followed by P and K. The influence of the core fertilizer solubility on 

the release rate of N, P, and K through the polymer coating was obvious. Thus, the 

ranking of nutrient release, N>P>K, confirmed reasonably well with the solubility of their 

corresponding fertilizer components (water solubility at 20°C is 192, 37 and 32 g/100mL 

for ammonium-nitrate (AN), monoammonium phosphate (MAP) and potassium nitrate 

(KN) respectively).  

At the standard temperature, total cumulative N released was 25 to 27% and 30 to 

36% higher than the total cumulative P and K released, respectively (Figure 3-7a and 

c). In contrast, at the medium temperature (maximum 55°C), the difference in total 

cumulative P and K released compared with N was 44 to 64% and 41 to 48%, 

respectively (Figure 3-7b and d). It was noteworthy that these differences increased with 

decreasing temperature; however, this effect was greater for P. The results indicated 

that temperature exerted substantial influence on the release of P and K ions, which 

was likely due to the increased solubility of these compounds (MAP and KN) and higher 

diffusion rates as the temperature increased. Similar findings were presented by 
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Tomaszewska and Jarosiewicz (2002) and Zhang et al. (1999) on the effect of 

temperature on nutrient solubility and diffusion rates of coated NPK and MAP fertilizer 

formulations. 

Ruggedness Testing of the Accelerated Lab Extraction Method 

A combination of graphical and statistical approaches was used to identify 

significant effects of the selected factors on the performance of the accelerated lab 

extraction method. The results obtained from the eight experiments evaluating N, P, and 

K release rates are presented in Tables 3-13, 3-14 and 3-15 respectively. The values 

were expressed in cumulative percentage nutrient released at each extraction time 

during a 74-hr time period. The factor effects (Dx), standard deviations (S0, S1), and 

Dong’s criterion (ME and SME; α=0.05) were calculated independently for each EEF 

material at each extraction time. The algorithm of Dong was used to statistically 

interpret the effect of the factors on N, P, and K release rates. Tables 3-16, 3-17 and 3-

18 show the effect of the seven factors (Da through Dg) on the cumulative percentages 

of N, P, and K released respectively, and their corresponding critical effect values (ME). 

The effect values (Dx) for most EEFs met the acceptance criterion (Dx < ME), indicating 

that the cumulative percentages of N, P, and K released were generally not significantly 

influenced by the variation of the factors from the standard conditions. 

For N, absolute Dx values higher than Dong’s criterion values were observed only 

with RLCU and IBDU for the A and B factors (Table 3-16). For RLCU, temperature 

influenced the cumulative percentage N released after 4 hr of extraction. The positive 

Db value of 1.7 implied that the “B” values were higher than the “b” values. This result 

indicated that decreasing the temperature in the second extraction from 50 to 40°C 

decreased the cumulative percentage N released from RLCU from 7.6 to 5.9. A 
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decrease in N released with decreasing temperature was expected because the 

diffusion coefficient of RLCU and the solubility of urea depend on temperature. Despite 

the fact that temperature change caused a 22% decrease in N released compared with 

the standard conditions in the second extraction, this effect was isolated and not 

observed with any of the other coated fertilizers studied. Therefore, varying the 

temperature parameter in the predetermined range (Table 3-4) was not considered to 

significantly affect the performance of the method to measure N release rates from 

coated EEFs. 

For IBDU, the flow rate of the extraction solution and extraction temperature had 

an effect on the cumulative percentage N released at the third extraction, resulting in 

positive Da and Db values of 5.5 and 5.8, respectively. Thus, compared with the 

standard conditions, reducing the flow rate of the extract solution to 3.5 mL/min and the 

temperature of the second extraction to 40°C resulted in a decrease of cumulative 

percentage N released from 104.5 to 99.0 and 104.7 to 98.9 respectively. Since the rate 

of IBDU dissolution is affected by temperature and moisture, the effects of flow rate and 

temperature on N released from IBDU were expected. However, these factors only 

caused a minor reduction in N released (~5%) compared with the standard conditions. 

In addition, since IBDU is used as a standard reference material, its purpose is to 

assess the capability of the method to measure N release rates from EEFs. Thus, a 

complete recovery of the applied N as IBDU is required after 74 hr of extraction. On 

average, a recovery of about 100% of the applied N was already obtained by the third 

extraction regardless the experiment (Table 3-13). Therefore, the effect of factors A and 

B on IBDU were considered to have little influence on method results. 
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Only two EEFs (resin-coated NPK and polyolefin-coated NPK) were used to test P 

and K ruggedness because the other three fertilizer materials contained N only. None of 

the factors had an effect on the cumulative percentage P released at any extraction 

time, while factor A (flow rate of the extract solution) produced a large effect on the total 

cumulative percentage K released from resin-coated NPK (Tables 3-18 and 3-19). This 

effect resulted in a positive Da value of 28.6, suggesting that a decrease in the flow rate 

of the extract solution reduced the total cumulative percentage K released after 74 hr of 

extraction. Although a significant reduction in percentage K released was only obtained 

in the last extraction, the same trend was generally seen at all extraction times (Table 3-

15, experiments 6, 7, and 8). Overall, compared with the standard condition (4 mL/min), 

35 to 50% less K was released at any extraction time when a flow rate of 3.5 mL/min 

was used. Lower K release rates at a flow rate of 3.5 mL/min probably resulted from a 

lower concentration gradient between the fertilizer granules and the surrounding 

solution, since less solution circulated through the columns and thus a higher 

concentration of K was maintained around the granules compared with the standard 

condition. 

Half-normal probability plots were utilized in combination with Dong’s algorithm to 

graphically interpret the results and identify significant effects. The rankit values in Table 

3-8 were used to build half-normal plots for all EEFs at each extraction time. However, 

only the plots that showed significant effects are presented. Figures 3-8 and 3-9 show 

the effects of the selected factors on the cumulative percentage N released from RLCU 

and IBDU, respectively, while Figure 3-10 shows the effects on cumulative percentage 

K released from resin-coated NPK. None of the factors had a significant effect on P 
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released from any EEF. The results described by the half-normal probability plots 

agreed with the results obtained from the statistical interpretation using the algorithm of 

Dong. These half-normal probability plots clearly indicated that most effects were more 

or less equal to random error since they mostly fell on a straight line through the origin. 

Cumulative percentage N released from IBDU and RLCU was significantly influenced by 

factors A & B and B only, respectively (Figures 3-8 and 3-9). Likewise, factor B affected 

cumulative percentage K released from resin-coated NPK (Figure 3-10). These factors 

evidently deviated from the straight line, and their effect values (Dx) were greater than 

their corresponding ME values. Thus, they were determined to have a significant effect 

in the interval specified by the ruggedness test. 

 

 

 

 

 

 

 

 

 



 

87 

 
 

Figure 3-1. Extraction apparatus with eight jacketed chromatography columns. 

 

 
 

Figure 3-2.Schematic diagram of water manifold used in the extraction apparatus.  
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Figure 3-3.Schematic diagram of the extraction phase.  

 

 
 

Figure 3-4.Schematic diagram of the collection phase.  



 

89 

 
 

Figure 3-5.Nitrogen released from POC NPK Type A and Type B in 168 hr as affected 
by four extraction temperature sequences. 
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Figure 3-6.Effect of temperature, fertilizer sample size, and extraction time on N 
released from ureaform, PCU, PC NPK Type A, and PC NPK Type B in 74 hr 
compared with the standard accelerated lab extraction method. 
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Figure 3-7. Release of N, P, and K from two EEFs in 74 hr using the accelerated lab 

extraction method (a: PC NPK Type A at standard temperature; b: PC NPK 
Type A at medium temperature; c: PC NPK Type B at standard temperature; 
d: PC NPK Type B at medium temperature). 
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Figure 3-8. Half-normal probability plot for seven effects on percentage N released from 

RLCU with identification of the critical effects ME and SME. 

 
Figure 3-9. Half-normal probability plot for seven effects on percentage N released from 

IBDU with identification of the critical effects ME and SME. 
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Figure 3-10. Half-normal probability plot for seven effects on percentage K released 

from resin-coated NPK with identification of the critical effects ME and SME. 
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Table 3-1. Sequence of extraction times and temperatures for the standard accelerated 
lab extraction method. 

Extraction 
Number 

Extraction Time 
(hr) 

Temperature 
(ºC) 

1 2 25 

2 2 50 

3 20 55 

4 50 60 

 
Table 3-2. Sequence of extraction times and temperatures used in the preliminary 
temperature study. 

Extraction 
Number 

Extraction 
Time 
(hr) 

Standard 
Temperature 

(ºC) 

Low 
Temperature 

(ºC) 

Medium 
Temperature 

(ºC) 

High 
Temperature 

(ºC) 

1 2 25 25 25 25 

2 2 50 50 55 60 

3 20 55 50 55 60 

4 50 60 50 55 60 

5 94 60 50 55 60 

 

Table 3-3. Description of the enhanced-efficiency fertilizer used in the optimization 
studies. 

Source 

Formulation 
(N-P2O5-K2O) 

Release 
duration 
(months)

1
 

Principle source
2
 

  N P2O5 K2O 

Polymer-Coated Urea 
 

 44-0-0    1-2 WSON ----    ---- 

Ureaform   38-0-0         6-9     70% WIN 
  18%SAWSN 
  12% WSON 

----    ---- 

Polymer- Coated 
NPK Type A   
                          

15-7-15     4 AN,MAP 
KN 

MAP KN 

Polymer-Coated  
NPK Type B      

15-7-15     8 AN,MAP 
KN 

MAP KN 

      
1
Approximate at 21°C soil temperature. 

2 
WSON= water soluble organic N (urea); AN= ammonium nitrate; MAP=monoammonium phosphate; 

KN= potassium nitrate; WIN=water insoluble N; SAWSN=slowly available water soluble N. 
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Table 3-4. Factors and their levels for ruggedness testing of the accelerated lab 
extraction method. 

Factor Nominal Conditions Modified Conditions 

Flow rate of extract solution A= 4.0 mL/min a= 3.5 mL/min 

Extraction temperature 
B= 25ºC; 50ºC; 55ºC; 
60ºC; 

b= 25ºC; 40ºC; 55ºC; 
60ºC; 

Concentration of extract solution C= 0.20% c= 0.25% 

Addition of stabilizer solution D= no d= yes 

Amount of extraction solution E= 475 mL e= 450 mL 

N form in standards F= ammonium nitrate f= urea 

Flow meters of water manifold G= all open g= 4 fast & 4 slow 

 

Table 3-5. Enhanced-efficiency fertilizers used in the ruggedness testing of the 
accelerated lab method. 

N Source Formulation 
(N-P2O5-K2O) 

Release 
duration 
(months)1 

Principle source2 

             N    P2O5     K2O 

Resin-Coated  
NPK                  

19-6-12 3-4 AN, AP AP,CP   KS 

Polymer-Sulfur 
Coated Urea 

37-0-0 6 PSCU 
 

---- ---- 

Polyolefin-Coated 
NPK   

18-6-18 6 AN, AP, KN  AP,CP KN 

Reactive Layer 
Coated Urea 

43-0-0 2-3 PCU ---- ---- 

IBDU 31-0-0 2-3 WSON ---- ---- 

1Approximate at 21°C soil temperature, as specified by the manufacturer. 
2 WSON= water soluble organic N (urea); AN= ammonium nitrate;AP=ammonium 
phosphate; CP=calcium phosphate; KS= potassium sulfate; PSCU=polymer-sulfur 
coated urea; PCU=polymer-coated urea and KN=potassium nitrate. 
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Table 3-6. Experimental design of Youden & Steiner’s ruggedness test. 

Experiment 
Number 

Factor Combination 
Experimental 

Response A/a B/b C/c D/c E/e F/f G/g 

1    A        B         C        D        E         F        G R1 

2    A        B         c        D         e         f          g R2 

3    A         b        C        d         E         f          g R3 

4    A         b        c         d         e         F        G R4 

5    a         B        C        d         e         F         g R5 

6    a         B        c         d         E         f         G R6 

7    a         b         C       D         e         f          G R7 

8    a         b         c        D        E         F         g R8 

 

Table 3-7. Parameters used in the statistical interpretation of the effects using Dong’s 
logarithm. 

Parameter Formula Condition 

Initial estimate of the 
standard error 

               |  | Where    is the value of effect    

Final estimate of the 
standard error     √   ∑  

  
For all |  |        
Where    number of |  |  
      

Margin of error      (        )      Where              

Simultaneous 
margin 
 of error 

     (         )      Where      (   )(   ) 

             

 

Table 3-8. Rankits used to draw half-normal probability plots using eight experiments 

Effect Rankit Value 

1 0.09 

2 0.27 

3 0.46 

4 0.66 

5 0.90 

6 1.21 

7 1.71 
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Table 3-9. Effect of four temperature sequences on total cumulative %N released from 
two EEFs using the standard accelerated lab extraction method. 

 
 
Time 
(hr) 

Treatments 
(Cumulative %N released)1 

 
Contrasts2 

(1) 
Std. 

(2) 
Low 
TP 

(3) 
Medium 

TP 

(4) 
High 
TP 

1 vs 2 1 vs 3 1 vs 4 

------------- POC NPK Type A -------------- 

   2 0.0 0.0 0.0 0.0    
   4 0.0 0.0 0.4 0.4 NS * * 
 24 18.6 7.9 23.7 30.8 *** * *** 

 74 60.7 21.8 62.1 70.0 *** NS ** 

168 86.1 33.8 85.9 95.9 *** NS ** 

------------ POC NPK Type B ------------ 

   2 0.0 0.0 0.0 0.0    
   4 0.0 0.0 0.0 0.2 NS NS *** 
 24 3.3 2.6 6.5 10.1 NS *** *** 

 74 28.2 12.4 35.1 40.1 *** ** *** 

168 49.8 23.0 63.1 68.1 *** *** *** 
1Treatments: 1= standard temperature (max. 60°C); 2=low temperature (max. 50°C); 
3=medium temperature (max. 55°C); 4= high temperature (max. 60°C).  
2NS = not significant, *= significant P<0.05, **= significant P<0.01 and ***= significant 
P<0.001. 

 

 

 

 

 

 

 

 

 

 



 

98 

Table 3-10. Effect of temperature, fertilizer sample size, and extraction time on total N 
released from four EEFs using the accelerated lab extraction method. 

Time 
(hr) 

Treatments (Cumulative %N released)1 
 

Contrasts2 

(1) 
Std. 

(2) 
Medium 

TP 

(3) 
Low 
SS 

(4) 
High 
SS 

(5) 
Red. 
Time 

1 vs 2 1 vs 3 1 vs 4 1 vs 5 

------------- Polymer Coated Urea -------------- 

2   0.7 0.8 1.0 0.8 1.0     

4   6.2 2.2 3.5 4.2 4.9 *** ** ** NS 

24 62.8 55.7 74.0 62.7 74.3 NS * NS * 

74 84.3 75.3 90.9 81.9 93.7 NS NS NS NS 

----------------- Ureaform ---------------- 

2 15.6 14.2 16.3 15.0 15.8     

4 24.0 22.0 24.4 21.2 23.9 * NS * NS 

24 28.3 26.2 28.4 27.6 28.7 NS NS NS NS 

74 31.5 28.5 31.1 29.5 33.0 NS NS NS NS 

-------------- Polymer Coated NPK Type A ------------ 

2   0.0 0.0 0.0 0.0 0.0     

4   2.1 1.5 1.7 2.2 2.3 * NS NS NS 

24 28.3 27.2 37.7 31.3 29.6 NS * NS NS 

74 55.6 57.4 57.7 57.8 61.5 NS NS NS NS 

--------------Polymer Coated NPK Type B------------ 

2   0.3 0.3 0.0 0.0 0.1     

4   1.9 1.4 1.2 1.6 1.1 ** ** * *** 

24   9.2 8.3 9.6 10.7 6.7 NS NS NS * 

74 36.2 28.0 31.2 37.7 32.0 * NS NS NS 

1Treatments: 1= standard method; 2=medium temperature (max. 55°C); 3= low sample 
size (27 g); 4=high sample size (33 g); 5= reduced time (2:00; 1:45; 18:00; 50:00 hr).  
2NS = not significant, *= significant P<0.05, **= significant P<0.01 and ***= significant 
P<0.001. 
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Table 3-11. Effect of temperature, fertilizer sample size, and extraction time on total P 
released from two EEFs using the accelerated lab extraction method. 

Time 
(hr) 

Treatments (Cumulative %P released)1 
 

Contrasts2 

(1) 
Std. 

(2) 
Medium 

TP 

(3) 
Low 
SS 

(4) 
High 
SS 

(5) 
Red. 
Time 

1 vs 2 1 vs 3 1 vs 4 1 vs  5 

-------------- Polymer Coated NPK Type A ------------ 

2 0.0 0.0 0.0 0.0 0.0     

4 1.0 0.3 0.7 0.7 0.8 ** * NS NS 

24 14.0 11.4 17.6 15.5 14.6 NS NS NS NS 

74 41.7 20.8 37.6 37.8 39.6 *** NS NS NS 

--------------Polymer Coated NPK Type B------------ 

2 0.1 0.1 0.0 0.1 0.1     

4 1.0 0.6 0.5 0.7 0.7 ** ** * * 

24 6.4 4.9 5.7 5.9 5.4 * NS NS NS 

74 26.5 14.6 27.2 25.9 27.1 *** NS NS NS 

1Treatments: 1= standard method; 2=medium temperature (max. 55°C); 3= low sample 
size (27 g); 4=high sample size (33 g); 5= reduced time (2:00; 1:45; 18:00; 50:00 hr).  
2NS = not significant, *= significant P<0.05, **= significant P<0.01 and ***= significant 
P<0.001. 
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Table 3-12. Effect of temperature, fertilizer sample size, and extraction time on total K 
released from two EEFs using the accelerated lab extraction method. 

Time 
(hr) 

Treatments (Cumulative %K released)1 
 Contrasts2 

(1) 
Std. 

(2) 
Medium 

TP 

(3) 
Low 
SS 

(4) 
High 
SS 

(5) 
Red. 
Time 

1 vs 2 1 vs 3 1 vs 4 1 vs  5 

-------------- Polymer Coated NPK Type A ------------ 

2 0.1 0.1 0.1 0.2 0.1     

4 0.8 1.4 1.7 1.6 1.4 ** ** ** ** 

24 14.8 8.9 18.4 18.6 15.1 * NS NS NS 

74 38.9 33.7 45.6 41.8 31.4 NS NS NS * 

--------------Polymer Coated NPK Type B------------ 

2 0.2 0.1 0.2 0.2 0.2     

4 0.9 1.1 1.1 1.0 1.2 NS NS NS * 

24 5.4 4.4 6.7 6.9 6.7 NS NS * NS 

74 23.3 15.8 28.7 25.8 19.7 * NS NS NS 
1Treatments: 1= standard method; 2=medium temperature (max. 55°C); 3= low sample 
size (27 g); 4=high sample size (33 g); 5= reduced time (2:00; 1:45; 18:00; 50:00 hr).  
2NS = not significant, *= significant P<0.05, **= significant P<0.01 and ***= significant 
P<0.001. 
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Table 3-13. Results of eight ruggedness experiments on the cumulative %N released 
for five EEFs using the accelerated lab extraction method. 

 
Cumulative %N Released 

Extraction 
Time 
(hr) 

Exp 1 
R1 

Exp 2 
R2 

Exp 3 
R3 

Exp 4 
R4 

Exp 5 
R5 

Exp 6 
R6 

Exp 7 
R7 

Exp 8 
R8 

 
-------------Resin-coated NPK------------ 

 
2 11.4 11.4 11.1 10.9   9.1 9.5 15.8 9.5 
4 22.5 23.4 22.0 21.6 27.8 21.4 32.7 19.4 
24 47.1 49.8 45.3 49.8 50.5 42.8 57.3 46.7 
74 96.1 94.5 97.1 97.4 88.3 100.6 93.4 93.2 
         

------------Polymer-sulfur coated urea-------- 
 

2 4.7 5.2 5.7 4.3 3.0 4.8 3.6 4.7 
4 16.0 16.5 14.2 24.2 14.3 15.5 11.2 12.1 
24 40.6 35.8 35.4 34.5 33.3 36.2 37.3 33.7 
74 51.0 45.7 49.6 48.2 61.3 50.4 51.6 45.8 
         

---------Polyolefin coated NPK------- 
 

2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 
4 0.5 0.4 0.2 0.2 0.3 0.3 0.3 0.4 
24 13.0 11.0 6.7 12.1 26.7 13.6 12.5 13.0 
74 53.6 50.7 57.7 52.5 65.9 53.0 62.2 54.0 
         

---------Reactive layer coated urea------- 
 

2 2.5 2.0 2.3 2.3 2.8 2.5 2.3 2.1 
4 8.1 6.9 6.2 6.3 8.0 7.4 6.0 5.2 
24 47.7 42.1 33.7 39.3 42.6 41.9 41.1 36.6 
74 85.5 77.6 88.4 75.1 81.7 81.0 77.4 75.3 
         

----------IBDU---------- 
 

2  9.8 10.2 10.1 9.2 8.1 8.9 8.1 9.2 
4 58.6 55.2 35.9 48.0 54.5 45.7 39.0 33.2 
24 108.4 105.1 103.0 101.4 100.9 104.2 94.4 96.6 
74 110.6 107.5 109.5 106.1 104.7 109.2 100.1 102.7 
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Table 3-14. Results of eight ruggedness experiments on the cumulative %P released for 
two EEFs using the accelerated lab extraction method. 

 
                                  Cumulative %P Released 

Extraction 
Time 
(hr) 

Exp 1 
R1 

Exp 2 
R2 

Exp 3 
R3 

Exp 4 
R4 

Exp 5 
R5 

Exp 6 
R6 

Exp 7 
R7 

Exp 8 
R8 

 
-------------Resin-coated NPK------------ 

2 4.7 11.6 5.7 6.8 13.6 3.1 3.9 4.3 
4 10.2 22.1 11.0 11.0 23.7 6.0 9.3 7.5 
24 21.5 42.4 28.8 44.8 38.2 26.8 27.2 33.5 
74 58.6 62.4 67.6 67.3 59.5 56.8 58.2 46.0 
         

---------Polyolefin-coated NPK------- 
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24 2.6 2.6 1.2 2.1 4.1 1.9 1.6 2.3 
74 11.6 12.5 9.2 8.3 16.9 8.8 10.5 6.0 

 

Table 3-15. Results of eight ruggedness experiments on the cumulative %K released for 
two EEFs using the accelerated lab extraction method. 

 
                                  Cumulative %K Released 

Extraction 
Time 
(hr) 

Exp1 
R1 

Exp 2 
R2 

Exp 3 
R3 

Exp 4 
R4 

Exp 5 
R5 

Exp 6 
R6 

Exp 7 
R7 

Exp 8 
R8 

 
-------------Resin-coated NPK------------ 

 
2 10.0 11.4 11.0 10.2 17.1 5.3 5.0 5.6 
4 19.7 22.7 20.3 18.2 29.1 10.9 9.9 11.0 

24 40.7 50.7 50.7 48.0 47.3 24.4 29.5 26.5 
74 95.2 98.3 88.9 90.9 77.1 58.8 65.3 57.9 

         
---------Polyolefin coated NPK------- 

 
2 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.0 
4 0.2 0.1 0.1 0.1 0.2 0.1 0.2 0.1 

24 3.3 3.7 2.0 2.5 6.1 2.2 7.8 2.6 
74 21.5 19.2 11.5 9.5 13.7 8.8 26.8 7.4 
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Table 3-16. Effects of seven factors on the cumulative %N released for five EEFs using 
the experimental error estimated from Dong’s criterion. 

Extraction 
Time 
(hr) 

Da Db Dc Dd De Df Dg 
Critical 
Effect 
(ME)1 

 
-------------Resin-coated NPK------------ 

2 0.2 -1.5 1.5 1.9 -1.5 -1.7 1.6 3.6 
4 -2.9 -0.2 4.8 1.3 -5.1 -2.0 1.4 7.2 
24 -1.3 -2.2 2.8 3.1 -6.4 -0.3 1.2 7.3 
74 2.4 -0.4 -2.7 -1.6 3.4 -2.7 3.6 6.1 

 
------------Polymer-sulfur coated urea-------- 

 
2 1.0 -0.2 -0.5 0.1 1.0 -0.7 -0.3 1.5 
4 4.4 0.2 -3.1 -3.1 -2.1 2.3 2.5 6.6 
24 1.4 1.3 1.6 2.0 1.2 -0.6 2.6 3.9 
74 -3.7 3.3 5.9 -3.8 -2.5 2.2 -0.3 8.2 

 
---------Polyolefin coated NPK------- 

 
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
4 0.0 0.1 0.0 0.1 0.1 0.1 0.0 0.2 
24 -5.7 5.0 2.3 -2.4 -4.0 5.3 -1.5 9.6 
74 -5.2 -0.8 7.3 -2.1 -3.2 0.6 -1.7 8.9 

 
---------Reactive layer coated urea------- 

 
2 -0.1 0.2 0.2 -0.3 0.0 0.1 0.1 0.4 
4 0.2 1.7* 0.6 -0.4 0.0 0.3 0.4 0.9 
24 0.1 5.9 1.3 2.5 -1.3 1.9 3.7 7.1 
74 2.8 2.4 6.0 -2.6 4.6 -1.7 -1.0 8.1 

 
----------IBDU---------- 

 
2 1.2 0.1 -0.4 0.3 0.6 -0.3 -0.4 1.4 
4 6.3 14.5 1.4 0.5 -5.8 4.6 3.1 15.9 
24 5.5* 5.8* -0.2 -1.2 2.6 0.2 0.7 3.4 
74 4.3 3.4 -0.2 -2.2 3.4 -0.6 0.4 6.1 

1Margin of error, calculated using ME= t(1- α/2,df) × S1; (α=0.05). 
*Significant to ME:│Dx│> ME, (α=0.05). 

 

 

 



 

104 

Table 3-17. Effects of seven factors on the cumulative %P released for two EEFs using 
the experimental error estimated from Dong’s criterion. 

Extraction 
Time 
(hr) 

Da Db Dc Dd De Df Dg 
Critical 
Effect 
(ME)1 

 
-------------Resin-coated NPK------------ 

 
2 1.0 3.1 0.5 -1.2 -4.5 1.3 -4.1 6.4 
4 2.0 5.8 1.9 -0.6 -7.8 0.9 -6.9 9.5 
24 3.0 -1.3 -8.0 -3.5 -10.5 3.2 -5.6 13.8 
74 8.9 -0.5 2.8 -6.5 -4.6 -3.4 1.4 11.4 
         

---------Polyolefin coated NPK------- 
 

2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
24 -0.4 1.0 0.2 -0.1 -0.6 0.9 -0.5 1.5 
74 -0.2 4.0 3.2 -0.6 -3.2 0.5 -1.3 5.5 

1Margin of error, calculated using ME= t(1- α/2,df) × s1; (α=0.05). 
 

Table 3-18. Effects of seven factors on the cumulative %K released for two EEFs using 
the experimental error estimated from Dong’s criterion. 

Extraction 
Time 
(hr) 

Da Db Dc Dd De Df Dg 
Critical 
Effect 
(ME)1 

 
-------------Resin-coated NPK------------ 

 
2 2.4 3.0 2.6 -2.9 -3.0 2.6 -3.7 6.9 
4 5.0 5.7 4.1 -3.8 -4.5 3.6 -6.1 11.3 

24 15.6 2.1 4.6 -5.7 -8.3 1.8 -8.2 18.8 
74 28.6* 6.6 5.2 0.3 -7.7 2.4 -3.0 23.9 

         
---------Polyolefin coated NPK------- 

 
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 

24 -1.8 0.1 2.0 1.1 -2.5 -0.3 0.3 3.5 
74 1.2 2.0 7.1 7.8 -5.0 -3.5 3.7 11.6 

1Margin of error, calculated using ME= t(1- α/2,df) × s1; (α=0.05). 
*Significant to ME (α=0.05) 
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CHAPTER 4 
STATISTICAL CORRELATION OF THE SOIL INCUBATION AND THE 

ACCELERATED LAB EXTRACTION METHODS TO ESTIMATE NITROGEN RELEASE 
RATES OF ENHANCED-EFFICIENCY FERTILIZERS  

Currently, a wide range of enhanced-efficiency fertilizers (EEF) is produced and 

distributed in the United States, Canada, China, Japan, Europe, and Israel for different 

purposes in the agriculture and horticulture sectors (Trenkel, 2010). However, there is 

no universally accepted official method to verify the nutrient release patterns claimed by 

the manufacturers of these EEFs. A Controlled Release Task Force established in 1994 

by AAPFCO was formed to meet regulatory needs and address effective analysis of 

EEFs. As a result, a new method involving an accelerated extraction of nutrients in a 

laboratory setting was developed to generate data that could be correlated with the real-

time nutrient release profile of EEFs. 

The accelerated lab extraction method exposes the EEF to a sequence of 

increasingly aggressive temperatures in order to accelerate its natural release 

mechanism and develop its N release profile in a short period of time (74 hr). However, 

the N release mechanism of some EEF products depends at least partially on biological 

activity. Consequently, some concern was expressed by the task force regarding the 

applicability of an accelerated extraction method to characterize these types of EEF 

products. As a result, the soil incubation method was developed as a sister method, that 

although not accelerated, is biologically active and can be conducted under controlled 

conditions. Therefore, there was a need to assess the ability of the accelerated lab 

extraction method to produce data that could be correlated with the release of N under 

the controlled, biologically active soil incubation method. 
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 The objective of this study was to develop a prediction model that can use data 

from the accelerated lab extraction method to predict the 180-d N release curve for a 

specific EEF product. It was hypothesized that the accelerated lab extraction method 

generates data that can be correlated with the N release data from the soil incubation 

method in order to predict the N release curve for a specific EEF.  

Materials and Methods 

Nonlinear Regression 

Non-linear regression techniques were used to establish the correlation between 

the data generated from the accelerated lab extraction method and the soil incubation 

method, and to develop the prediction model. All analyses were performed using the 

Statistical Analysis System (SAS version 9.0; SAS Institute, Cary, NC). Performing a 

nonlinear least-squares regression is a slightly different process compared with a linear 

least-squares regression. The derivatives for a linear model do not depend on any 

parameters, but in a nonlinear model the derivative matrix is a function of at least one 

element of the estimation matrix. For this reason, SAS PROC NLIN fits a nonlinear 

regression model using a least squares iterative process, while the nonlinear model is 

approximated by a series of least-squares linear models with user-supplied initial values 

(SAS/STAT® 9.2 User's Guide). Each iteration is an attempt to further improve the 

resulting parameter estimates. 

SAS PROC NLIN includes four different methods to perform nonlinear regression: 

Gaussian-Newton (default), Newton, Marquardt, and Steepest Descent/Gradient. To 

determine the most appropriate method for this study, several nonlinear regression 

models were fitted using all four iterative methods with identical user-supplied initial 

values. Results indicated that the method used to estimate the update vector had no 
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effect on the resulting estimation matrix. Thus, the robust Gaussian-Newton method 

was used for all nonlinear estimations. 

Prediction Models  

A two-step analysis process was used to correlate soil incubation data with results 

from the accelerated lab extraction. The first step fitted nonlinear regression curves to 

the N release data from long-term soil incubation. These data had an exponential-like 

structure that is typical of N release curves. The nonlinear equation [ ( )    (  

 )      was assumed to be the functional form of the soil incubation N release curve 

(Sartain et al., 2004). The estimates of the release constants a, b and k were saved to 

serve as dependent variable values in the second step. 

Step 1: 

 ( )    (   )         (1)  

Where, 

N(t)= cumulative percentage N released with time 

t= time, in d 

a= maximum amount of N released (asymptote of the curve) 

b = intercept 

k = rate, with units of percentage N released/d. 

In the second step, the values of the release constants (a, b and k) and the four 

extraction values (EXT1, EXT2, EXT3, and EXT4) generated by the accelerated lab 

extraction procedure were used to fit equations of a multiple regression model in which 

E1, E2, E3, and E4 were used as “explanatory” variables and the release constants 

were “dependent” variables (Equations 2, 3 and 4). The results were estimates of the 

coefficients (α0-α4, β0-β4, γ0-γ4) in step 2. 

Step 2: 
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                                    (2)  

                                     (3)  

                                      (4)  

Where, 

                        = first, second, third and fourth accelerated lab extraction 
values respectively.  
 

Then, for each fertilizer material, the mean extraction values were obtained and 

inserted into the fitted equations 5, 6 and 7 to predict the values of the release 

constants (a, b, and k). Finally, the predicted values of the release constants were used 

to create the estimated N release curve for a 180-d period (Equation 8). 

Prediction: 

 ̂   ̂   ̂   ̅    ̂   ̅    ̂   ̅    ̂   ̅       (5)  

 ̂   ̂   ̂       ̂       ̂       ̂            (6)  

 ̂   ̂   ̂   ̅    ̂   ̅    ̂   ̅    ̂   ̅         (7)  

 ̂( )   ̂  ( ̂   ̂)   ̂                                                 (8)  

Where, 

 ̂  ̂      ̂ = estimates of a, b, and k. 

 ̂   ̂   ̂   ̂       ̂   ̂  = coefficient estimates of α0-α4, β0-β4, and γ0-γ4. 

  ̅     ̅     ̅         ̅   = mean extraction values from EXT1, EXT2, EXT3, EXT4.  

Data issues 

Clearly, the ideal situation was to fit a model for the N release curve (equation 1) 

separately for each EEF, then use those constants (a, b and k) as the dependent 

variables to fit a nonlinear regression curve using the accelerated lab extraction method 

data as independent variables. However, with at most four replications of the 

accelerated lab extraction method for each EEF, it was not possible to estimate each 
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coefficient of the nonlinear regression curve by individual EEF (equations 2, 3, and 4) 

because the number of observations must be more than the number of parameters (α0-

α4, β0-β4, and γ0-γ4) that are being estimated in order to calculate a unique parameter 

estimate. 

Analysis of variance (ANOVA) was performed on the model parameter estimates 

(a, b, and k) for the soil incubation method (Equation 1) to determine if they differed by 

fertilizer material. If the parameter estimates were not different, stratification of the 

model by fertilizer material would not be necessary, and as a result the sample size 

would increase. However, with a P-value < 0.0001, the parameter estimates were 

different and thus, the model needed to be stratified by fertilizer material. Two groupings 

were proposed: Group A was defined based on the N release mechanism of the EEFs, 

while Group B was defined based on statistics only. Group A divided the EEFs into 

three subgroups that included: 1) RLC urea, SCU, resin-coated NPK, polyolefin-coated 

NPK, and Poly-S; 2) IBDU, ureaform, methylene ureas A, B and C; and 3) blend A and 

B. Group B had four subgroups: 1) RLC urea, IBDU, SCU, resin-coated NPK; 2) 

polyolefin-coated NPK, Poly-S, and methylene urea B; 3) ureaform, methylene urea A, 

methylene urea C; and 4) blend A and B. 

The optimal grouping was identified using ANOVA for the stratified estimates and 

was chosen according to the grouping that produced the largest statistically significant 

difference between subgroups and had the higher R2 for the estimates. Table 4-1 

displays the statistics that resulted from the ANOVA on the corresponding N release 

model coefficients (Equation 1) to determine differences between grouping definitions. 

For both groups A and B, statistically significant differences between subgroups were 
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consistently observed for a, (a-b), and k, with a P-value < 0.0001. Furthermore, the R2 

values were generally lower for the group A coefficients compared with the statistics of 

group B. Although R2 for group A was lower for the a and k coefficients, it was slightly 

larger for the (a-b) coefficients. However, the increased R2 for the (a-b) coefficients 

using group A was not worth the lower R2 values for the a and k coefficients compared 

with group B. Therefore, group B definition appeared more able to detect differences 

between subgroups, indicating that estimates of the N release curve parameters using 

the accelerated extraction data would improve. Although this group was defined based 

on statistics, the subgroups did coincide with some N release mechanisms of the EEFs. 

Choosing group B also implied that errors associated with these estimates would be 

smaller compared with group A, and associated prediction intervals would be tighter. 

Once the two-step process needed to create unique estimates was determined, 

the linear regression model assumptions of normality, homogenous variances, and 

independence were evaluated. Normality of the data was not checked, as it was not 

necessary to estimate regression parameters or to partition the total variation of the 

data (Rawlings et al., 1998). Independence of the data was assumed based on how the 

data were processed and collected. Assessing whether the data had homogenous 

variances was necessary, as estimation can be affected if this assumption was not met. 

After graphing the residuals and the predicted values for each variable, there was no 

evidence of heterogeneity within the grouped data. Therefore, the linear regression 

model assumptions were met. 

Zero extraction values 

Polyolefin-coated NPK was the only fertilizer that had no measurable N released 

by the first extraction. It was questioned whether these zero values actually helped to 
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demonstrate, or provided any information about the nutrient release profile of this 

fertilizer material. Basically, it was essential to determine if using these zero values 

added unnecessary variation or “noise” to the accelerated lab extraction values. To 

account for this variation, all the analyses were performed using the original accelerated 

lab extraction data (including the zero extraction values) and then the same analyses 

were conducted using only the non-zero accelerated lab extraction values. The results 

for each analysis were compared and the data set that gave a better prediction for N 

release was the final data set used for each analysis method. 

Twelve EEFs, with at most four replications each, were subjected to both the soil 

incubation method and the accelerated lab extraction method. A description of the EEF 

products is presented in Table 4-2. The resulting cumulative percentage N released 

data from both methods were statistically analyzed and used to generate the three 

prediction models detailed below. One replication of each EEF, which was selected 

randomly, was not used in the model fitting process, but was saved for model validation 

procedures. 

Two-step nonlinear regression method with grouping 

The two-step process shown in equations 1-4 was applied to the grouped data to 

obtain coefficient estimates for α0-α4, β0-β4, and γ0-γ4. The predicted values for a, b, and 

k ( ̂  ̂      ̂), were then used to calculate the predicted N release data through 180 d 

[ ̂( )   ̂  ( ̂   ̂)   ̂  . This method was performed using the original accelerated lab 

extraction values and also using only non-zero extraction values. For each of these data 

sets, the two-step regression analysis used the first two accelerated lab extraction 

values and the first three accelerated lab extraction values for each replication. The 
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data were also analyzed using all four accelerated lab extraction values, but this 

analysis was possible only with the original data due to over-parameterization issues. 

Principal component analysis with grouping 

Principal component analysis (PCA) was another proposed analysis method 

because it was reasonable to speculate that the accelerated lab extraction values could 

be considered multiple independent variables that essentially measured nearly the 

same thing. Highly correlated variables can affect estimation of the coefficients and can 

produce very large standard errors for these estimates. PCA shrinks the number of 

independent variables so that the estimation matrix is not nearly singular, resulting in 

more reliable estimates and smaller corresponding standard errors (Joliffe, 2002). This 

process uses the available accelerated lab extraction data to create composite variables 

called principal components. These re-defined variables then take the place of the 

extraction values and are used as the explanatory variables in any analysis. 

The number of principal components created from the accelerated lab extraction 

values was determined by studying the scree plots for the corresponding stratified data 

(Figure 4-1). The scree plots indicated that at least the first two principal components 

should be included in the model since the line began a “downhill slope” after the second 

eigenvalue. Associated, non-stratified output indicated that 95% of the variability was 

explained by the first two principal components. Once defined, the first two principal 

components were used in the multiple linear regressions to estimate the coefficients (α0-

α4, β0-β4, γ0-γ4) for the N release curve in step 2 (equations 2-4) shown above. Then, 

these results were used to obtain the predicted N release curve [ ̂( )   ̂  ( ̂  

 ̂)   ̂   using equations 5, 6, and 7 for each fertilizer material. This method was 
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performed using the original four accelerated lab extraction values and also only the 

non-zero accelerated lab extraction values. Likewise, this process was performed using 

two and three principal components for each accelerated lab extraction data set. 

Two-step method based on PCA without grouping 

As previously mentioned, any model used to predict the N release curve should be 

fitted by fertilizer material. However, the number of replicates for the accelerated lab 

extraction data for each EEF was insufficient to uniquely estimate the five coefficients 

found in step 2. A third prediction method that can be described as a hybrid of the two 

previously proposed analysis methods but did not use any grouping of the fertilizer 

materials was also evaluated. This method followed the same process as the PCA 

method that was based on the principle of correlated explanatory variables. However, 

instead of redefining the explanatory variables into principal components as was done in 

the second method, a subset of the accelerated lab extraction values was used as the 

explanatory variables in the multiple linear regressions (equations 2, 3, and 4) and thus, 

material-specific estimates for the coefficients were calculated. Since non-stratified data 

were used in this prediction method, it was necessary to optimize the number of 

explanatory variables that could be used for each fertilizer material but would still result 

in unique parameter estimates. Based on the scree plot analysis described in the PCA 

method, the first two accelerated lab extraction values explained 95% of the variation in 

the ungrouped data, indicating that using the first two extraction values should be 

sufficient for a model. 

Unlike the other fertilizer materials, which had three replications of the accelerated 

lab extraction data available, ureaform and Poly-S had four replications available. For 

these two EEFs only, the prediction model used the first three extraction values. For all 
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other EEF materials, using the first three extraction values was impossible as only three 

replications were available, so only the first two extraction values were used. The end 

results were material-specific estimates of the coefficients shown in equations 2, 3, and 

4 (step 2). After the coefficients were estimated, the next step was to compute the 

predicted values for a, b, and k based on the fitted models for each material. Then those 

predicted values were used to calculate the predicted N release data separately for 

each EEF material, as outlined in step 1. 

Results and Discussion 

The nonlinear regression [ ( )    (   )      was fitted to the mean N 

release data obtained from the soil incubation method separately for each EEF (step 1). 

An R2 statistic, equal to the sum of squared deviations about the fitted curve divided by 

the sum of squared deviations for the mean, was calculated for each EEF to determine 

the goodness of fit of the nonlinear regression to the N release data. The coefficients for 

the fitted N release curve and the corresponding R2 are presented in Table 4-3 for each 

EEF. The R2 values were greater than 0.99 for most EEFs except for ureaform and 

methylene urea A that had an R2 value of 0.98. Therefore, the nonlinear equation fitted 

the observed N release data very well. 

For all prediction methods, results were similar between the original accelerated 

lab extraction values and the data that used only the non-zero accelerated lab 

extraction values. Since the predictions were very close, use of the original accelerated 

lab extraction values for prediction was preferred because the prediction model could be 

uniformly created regardless of the EEF materials included in each grouping. Figures 4-

2 through 4-7 display the predicted N release curves for each permutation of data sets 

and number of explanatory variables for the two-step nonlinear regression method and 
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the PCA with grouping method. The mean soil incubation N release data for each EEF 

were graphed along with each prediction model to compare the predicted N release 

curves with the N release data obtained from the soil incubation. For each prediction 

method, the permutation of data set and number of explanatory variables that produced 

N release curves closer to the soil incubation N release data were chosen. Then, a final 

prediction model was selected from the three prediction methods. 

Figures 4-2 through 4-4 show the predicted N release curves using the two-step 

nonlinear regression method with two, three, and four extraction values. Predictions for 

most EEFs were similar regardless of whether two, three, or all four accelerated lab 

extraction values were used. However, the prediction model using four accelerated lab 

extraction values was closest to the mean soil incubation N release values for 

methylene urea A, resin-coated NPK, and methylene urea C. Therefore, the prediction 

model using all four original accelerated lab extraction data values was selected as the 

final model for this prediction method.  

Figures 4-5 through 4-7 display the predicted N release curves using the PCA with 

grouping method with two and three principal components. For most EEFs, the PCA 

method produced similar predictions using either two or three principal components, all 

of which were created from all four original accelerated lab extraction values. The 

prediction model using two principal components was closest to the mean soil 

incubation N release values only for RLC urea and poly-S. However, polyolefin-coated 

NPK and blend B presented the same pattern for the prediction model using three 

principal components. Since the scree plots indicated that two principal components 

were appropriate and they explained at least 90% of the variability of the data for all 
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groupings (95% using non-stratified data), the chosen model was the PCA with 

grouping prediction method using two principal components. 

Final Prediction Model 

A final prediction model was selected from the three different prediction methods 

evaluated throughout this study. Figures 4-8 though 4-10 show a graphic comparison of 

the predicted N release curves obtained from the three selected methods for each EEF. 

The third model, the PCA-like non-stratified prediction method, produced results that 

were typically further from the mean soil incubation N release values compared with the 

other prediction methods. This trend was clearly seen with methylene urea A, RLC urea, 

SCU, and blend B (Figures 4-8 and 4-10). For the rest of the EEFs, the predicted N 

release curves were very close to the other two prediction methods that are easier to 

use. Therefore, the PCA-like non-stratified prediction method was not further evaluated. 

The leave-one-out cross-validation (LOOCV) method was used to evaluate the 

remaining two prediction models and to determine the best method to predict the 

cumulative percentage N release rates of the twelve EEFs. The LOOCV values for each 

EEF material and total were calculated with the two-step nonlinear regression method 

and with the PCA with grouping method (Table 4-4). Overall, a smaller cross-validation 

value indicates better model fit. In this case, since the prediction methods were not 

chosen for individual EEFs but for the best prediction method as a whole considering all 

EEF materials, the total LOOCV value from each prediction method was used as the 

LOOCV result to reference. As shown in Table 4-3, the total LOOCV value for the two-

step nonlinear regression prediction method was the smallest of the two methods, and 

therefore this method was selected as the final prediction model. 
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The predicted N release curves using the final method along with the fitted N 

release curves using the soil incubation N release data are presented in Figures 4-11 

through 4-13. The predictive ability of this final method was assessed by calculating a 

R2-type statistic equal to (SS1-SS2)/SS1, where SS1 equals the sum of squared 

differences between points on the fitted N release curve and the overall mean, and SS2 

equals the sum of squared differences between points on the fitted N release curve and 

points on the predicted N release curve. This pseudo R2 measures how much better the 

predicted N release curve agrees with the fitted N release curve than a straight line 

through the mean agrees with the fitted N release curve. An R2 value equal to 1 

indicates that the predicted N release curve is exactly the same as the fitted curve, and 

a value of 0 indicates that the predicted N release curve fits no better than a horizontal 

line. 

Table 4-5 presents the estimated coefficients for the final prediction model with the 

corresponding R2 values for each EEF. Larger differences between the predicted and 

the fitted N release curves were found for ureaform, poly-S, and polyolefin-coated NPK 

(Figures 4-11 through 4-13). These results were further confirmed by the lower R2 

values of 0.76, 0.89, and 0.94 for these fertilizers, respectively, compared with the other 

EEFs. The R2 values for the rest of the EEF materials were greater than 0.97, which 

suggested that the accelerated lab extraction method was capable of predicting N 

release rates with time from these EEFs with very high accuracy. 

Error Estimation 

Error terms for the two-step nonlinear regression method were difficult to calculate 

because this prediction model is a two-step process. Bootstrapping of the data was 

used as a method to estimate the error terms associated with the coefficient estimates. 
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Bootstrapping is the practice of estimating properties of an estimator by measuring 

those properties when sampling from an approximating distribution. For this analysis, 

the empirical distribution of the observed data was used as the approximating 

distribution. By performing the bootstrapping in this manner, it was inherently assumed 

that the observations were from an independent and identically distributed population 

(Efron and Tibshirani, 1993). This assumption was possible because within each 

stratum, all the replications came from the same EEF. The resampling was performed 

using sample sizes equal to the size of the observed data set, each of which was 

obtained by random sampling with replacement from the original data set. 

Smoothed bootstrapping uses the same bootstrapping method with a small 

amount of random noise added to “smooth” the distribution of the mean percentage N 

released. For this analysis, N(0,σ2) was used as random noise, where   
 

√ 
 and n is 

the associated sample size. This random noise was added to each bootstrap sample to 

obtain a “smoothed” continuous sampling distribution. This smoothed bootstrapping 

method, stratified by EEF material, was performed using 10,000 simulations. The 

bootstrapping results were used to create 90% prediction intervals for each EEF. 

Figures 4-14 through 4-16 show the predicted N release curve with the associated 

prediction interval for each EEF. Prediction intervals for ureaform, RLC urea, IBDU, 

resin-coated NPK, Poly-S and polyolefin-coated NPK were very narrow. 

In general, the prediction intervals for each EEF could be misleading. Only three 

replications for each EEF were available to perform the bootstrapping that used 10,000 

simulations per fertilizer material. With the small sample size for each EEF, it was 

possible that the variation captured in the data was insufficient to produce appropriate 
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prediction intervals, indicating that the error estimates could be biased (Efron and 

Tibshirani, 1993; Efron, 1982). However, it was even difficult to determine if this bias 

existed, and if so, by how much because of the small amount of data available.  
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Figure 4-1. Scree plots for four groups of EEFs (1: RLC urea, SCU, IBDU, and resin-

coated NPK; 2: Poly-S, polyolefin-coated NPK, and methylene urea B; 3: 
ureaform, methylene urea A, and methylene urea C; 4: blend A and blend B). 
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Figure 4-2. Predicted N release curves using the two-step nonlinear regression method 

with 2, 3, and 4 extraction values for ureaform, methylene urea A, RLC urea, 
and SCU. 
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Figure 4-3. Predicted N release curves using the two-step nonlinear regression method 

with 2, 3, and 4 extraction values for IBDU, resin-coated NPK, blend A, and 
Poly-S. 
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Figure 4-4. Predicted N release curves using the two-step nonlinear regression method 

with two, three, and four extraction values for polyolefin-coated NPK, 
methylene urea A, methylene urea C, and blend B. 
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Figure 4-5. Predicted N release curves using the PCA with grouping method with two 

and three principle components for ureaform, methylene urea A, RLC urea, 
and SCU. 
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Figure 4-6. Predicted N release curves using the PCA with grouping method with two 

and three principle components for IBDU, resin-coated NPK, blend A, and 
Poly-S. 
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Figure 4-7. Predicted N release curves using the PCA with grouping method with two 

and three principle components for polyolefin-coated NPK, methylene urea A, 
methylene urea C, and blend B. 
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Figure 4-8. Predicted N release curves using the three selected prediction methods for 

ureaform, methylene urea A, RLC urea, and SCU (Model 1: two-step 
nonlinear regression method; Model 2: PCA with grouping method; and Model 
3: PCA-like non-stratified method). 
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Figure 4-9. Predicted N release curves using the three selected prediction methods for 

IBDU, resin-coated NPK, blend A, and Poly-S (Model 1: two-step nonlinear 
regression method; Model 2: PCA with grouping method; and Model 3: PCA-
like non-stratified method). 
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Figure 4-10. Predicted N release curves using the three selected prediction methods for 

polyolefin-coated NPK, methylene urea A, methylene urea C, and blend B 
(Model 1: two-step nonlinear regression method; Model 2: PCA with grouping 
method; and Model 3: PCA-like non-stratified method). 
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Figure 4-11. Predicted N release curves using the final prediction method (two-step 

nonlinear regression) for ureaform, methylene urea A, RLC urea, and SCU. 
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Figure 4-12. Predicted N release curves using the final prediction method (two-step 

nonlinear regression) for IBDU, resin-coated NPK, blend A, and Poly-S. 
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Figure 4-13. Predicted N release curves using the final prediction method (two-step 

nonlinear regression) for polyolefin-coated NPK, methylene urea A, 
methylene urea C, and blend B. 
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Figure 4-14. Predicted N release curves using the final method with the corresponding 

90% prediction intervals for ureaform, methylene urea A, RLC urea, and SCU. 
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Figure 4-15. Predicted N release curves using the final method with the corresponding 

90% prediction intervals for IBDU, resin-coated NPK, blend A, and Poly-S. 
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Figure 4-16. Predicted N release curves using the final method with the corresponding 

90% prediction intervals for polyolefin-coated NPK, methylene urea A, 
methylene urea C, and blend B. 
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Table 4-1. Statistics from ANOVA of fitted N release curve coefficients by group 
 Group A1 Group B2 

 a (a-b) k a (a-b) k 

Sum of  
Squared 
Error 

15889.05 8404.87 0.0073 11224.151 12303.665 0.0030 

R2 0.623 0.893 0.624 0.7334 0.843 0.845 

P-value 
Grouping 

<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

1Group A: 1) RLCU, SCU, resin-coated NPK, polyolefin-coated NPK, and Poly-S; 2) IBDU, 
ureaform, methylene ureas A, B and C; and 3) blend A and B. 
2Group B: 1) RLCU, IBDU, SCU, resin-coated NPK; 2) polyolefin-coated NPK, Poly-S, and 
methylene urea B; 3) ureaform, methylene ureas A and C; and 4) blend A and B. 
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Table 4-2. Enhanced-efficiency fertilizers used for the statistical correlation of the 
methodologies. 

N Source 

Formulation 
(N-P2O5-K2O) 

Release 
duration 
(months)1 

Principle source2 

       N P2O5 K2O 

Ureaform 38-0-0 6-9 70% WIN 
18%SAWSN 
12% WSON 

---- ---- 

Methylene Urea A 40-0-0 4 35% WIN 
50%SAWSN 
15% WSON 

---- ---- 

Reactive Layer 
Coated Urea 

43-0-0 2-3 PCU ---- ---- 

Sulfur-Coated Urea 
39-0-0 1-2 WSON --- --- 

IBDU 31-0-0 2-3 WSON ---- ---- 

Resin-Coated  
NPK                  

19-6-12 3-4 AN, AP AP,CP     KS 

Blend A 20-2-20 -- 60%WIN(Ureaform) 
KN 

CP KN 

Polymer-Sulfur 
Coated Urea 

37-0-0 6 PSCU 
 

---- ---- 

Polyolefin-Coated 
NPK   

18-6-18 6 AN, AP, KN  AP,CP  KN 

Methylene Urea B 40-0-0 -- 40%WIN ---- ---- 

Methylene Urea C 30-0-0 -- 30%WIN ---- ---- 

Blend B 33-0-4 -- 54%WIN(Ureaform) 
14%SAWSN 
32% WSON 

---- KS 

1Approximate at 21°C soil temperature, as specified by the manufacturer. 
2 WSON= water soluble organic N (urea); AN= ammonium nitrate; AP=ammonium phosphate; 
CP=calcium phosphate; KS= potassium sulfate; PSCU=polymer-sulfur coated urea; 
PCU=polymer-coated urea; KN=potassium nitrate WIN=water insoluble N; SAWSN=slowly 
available water-soluble N. 
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Table 4-3. Regression coefficients and R2 values for the fitted soil incubation N release 
data for twelve EEFs. 

N Source a (a-b) k R2 

Ureaform 47.460 29.410 0.0052 0.98 

 (16.036)1 (14.898) (0.0033)  

Methylene Urea A 58.684 32.402 0.0169 0.98 
 (5.237) (1.005) (0.0022)  

RLC Urea 89.749 88.925 0.0339 0.99 
 (12.532) (12.271) (0.0072)  

SCU 96.935 84.538 0.0387 0.99 
 (6.245) (2.037) (0.0033)  

IBDU 89.351 98.559 0.0395 0.99 

 (13.220) (21.895) (0.012)  

Resin-Coated NPK                  103.362 86.571 0.0242 0.99 
 (6.982) (9.105) (0.0058)  

Blend A 60.117 23.480 0.0074 0.99 
 (3.763) (3.690) (0.0007)  

Poly-S 82.652 74.615 0.0167 0.99 
 (7.533) (7.373) (0.0064  

Polyolefin-Coated NPK   81.595 88.412 0.0132 0.99 
 (12.966) (13.480) (0.0022)  

Methylene Urea B 94.213 59.239 0.0317 0.99 
 (7.729) (5.362) (0.0041)  

Methylene Urea C 67.424 29.022 0.0128 0.99 
 (3.634) (0.641) (0.0022)  

Blend B 91.499 43.002 0.0142 0.99 
 (4.098) (8.060) (0.0039)  

1Standard deviation of the fitted coefficients is shown in parenthesis. 
 
 
 
 
 
 
 
 
 
 
 



 

139 

Table 4-4. Leave-one-out cross-validation results for the two-step nonlinear regression 
method and the PCA with grouping method for twelve EEFs. 

N Source Non-Linear Regression PCA1 with Grouping 

Ureaform 33.35 10.34 

Methylene Urea A 1.15 1.68 

RLC Urea 11.33 4.93 

SCU 0.82 5.94 

IBDU 29.50 38.45 

Resin-Coated NPK 3.49 6.97 

Blend A 2.72 6.69 

Poly-S 83.06 187.16 

Polyolefin-Coated NPK 49.03 136.09 

Methylene Urea B 8.06 5.32 

Methylene Urea C 12.29 76.35 

Blend B 33.93 55.28 

Total 268.73 535.21 
1PCA= Principal component analysis 
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Table 4-5. Regression coefficients and R2 values for the predicted N release curves 
using the final selected method (two-step nonlinear regression) for twelve EEFs. 

N Source        a    (a-b)     k R2 

Ureaform 37.126 22.741  0.0084 0.76 

 (5.519)1 (0.823) (0.0023)  

Methylene Urea A 59.030 32.457 0.0168 0.99 
 (0.824) (0.358) (0.0007)  

RLC Urea 90.183 91.215 0.0294 0.98 
 (0.448) (0.385) (0.0014)  

SCU 96.955 84.586 0.0386 0.99 
 (0.552) (0.929) (0.0006)  

IBDU 90.456 87.982 0.0270 0.98 
 (2.285) (0.931) (0.0008)  

Resin-Coated NPK                  103.376 87.761 0.0231 0.99 
 (0.825) (1.561) (0.0011)  

Blend A 60.132 23.479 0.0074 0.99 
 (2.104) (3.877) (0.0006)  

Poly-S 83.464 74.115 0.0105 0.89 
 (2.167) (2.135) (0.0017)  

Polyolefin-Coated NPK   76.161 81.645 0.0110 0.94 
 (2.676) (1.070) (0.0014)  

Methylene Urea B 94.329 59.294 0.0316 0.99 
 (3.459) (3.692) (0.0012)  

Methylene Urea C 67.703 28.605 0.0129 0.97 
 (4.337) (1.659) (0.0007)  

Blend B 91.482 42.968 0.0142 0.99 
 (4.617) (7.981) (0.0040)  

1Standard deviation of the predicted coefficients is shown in parenthesis. 
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CHAPTER 5 
CONCLUSIONS  

Long-Term Soil Incubation Method 

The objective of this study was to evaluate the effect of changes in sand/soil ratio, 

incubation temperature, and soil type on the N release rates of EEFs with time using a 

180 d soil incubation method. The following hypotheses were tested in this study: 1) N 

release rates of the SRFs increase with increasing amount of soil present in the 

incubation mixture, and vice-versa; 2) N release rates of the CRFs are not affected by 

the amount of soil present in the incubation mixture; 3) N release rates of the EEFs 

increase with increasing temperatures; and 4) soil texture does not influence N release 

rates of the EEFs. 

 The gradual lowering of leachate pH for the fertilizer treatments during 180 d of 

incubation was in small part due to the continued addition of 0.01% citric acid and in 

large part due to nitrification occurring in the incubation media. This result suggested 

that the system was functioning naturally, with conditions favorable for microbial activity. 

The decline in leachate pH to about 3.5 at the end of the experiment did not appear to 

inhibit nitrification because N was still recovered during the last leaching events. 

Likewise, the mild effect of the citric acid on the system pH was further confirmed by the 

reduction of less than one unit in leachate pH of the non-amended soil columns until the 

end of the incubation period. In general, volatile ammonia-N was detected only through 

the first 7 d of incubation. This observation was likely caused by the initial leachate pH 

of ≥8.0 from most EEFs due to the hydrolysis of the urea to ammonium. The decrease 

of pH in the subsequent leachates due to nitrification of the ammonium was most likely 

the reason no more volatile ammonia was detected through the termination of the 
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experiments. About 96% of the N applied as water-soluble AN was recovered after 14 d, 

which was an indicator of the suitability of the system for its intended purpose. The R2 

values for all the equations were close to unity, and all relationships except for the 

biosolids material were statistically significant at P < 0.0001. This result indicated that 

the equations provided a good approximation of the N release rate (% of applied) with 

time. Regardless of the study, all EEFs followed similar N release patterns. 

In general, sand/soil ratio had an effect on the rate of N release of the EEFs, which 

varied depending on the type of fertilizer. For the SRFs (IBDU, ureaform and the 

biosolids), N release rates and the total cumulative N released through 180 d decreased 

with the low soil sample size (45 g soil) and increased with the high soil sample size 

(180 g soil) compared with the standard soil sample size (90 g soil). This sand/soil ratio 

effect on the SRFs was more marked with the columns receiving the high soil sample 

size. These results suggested that the slightly higher moisture content and microbial 

activity of this incubation system influenced the rate of N release from the SRFs. For the 

CRFs, N release rates were only influenced by the high soil sample size, producing a 

higher initial N release during the first 14 d but similar total cumulative N released 

through 180 d of incubation, compared with the standard treatment. 

Temperature had the greatest influence on N release rates from EEFs. For CRFs, 

the initial N release rates and the percentage N release per day (k) increased as 

temperature increased. This temperature effect was more pronounced at 35°C. 

However, the total cumulative N released was similar at any temperature. For SRFs, an 

increase in temperature from 25 to 35°C increased the initial N release rates and the 

total cumulative N released, and almost doubled the percentage N released per day 
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from ureaform and biosolids. This temperature effect on the EEFs led to the conclusion 

that increasing the temperature from 21 to 35°C accelerated the diffusion rate of the 

CRFs, the dissolution and hydrolysis rate of IBDU, and the microbial degradation of 

ureaform and biosolids. N release rates from all EEFs were influenced by soils that 

varied in texture from sandy to loamy. Soil texture had an influence on the percentage N 

release per day (k) which increased following the order: 

Iowa>California>Pennsylvania>Florida. These results demonstrated that N was 

released faster from columns inoculated with soils high in clay and/or organic C content 

and slower with sandy and silt loam soils.  

The soil incubation-column leaching technique was demonstrated to be a robust 

and reliable method for characterizing N release patterns from EEFs. The method was 

reproducible and the results were only slightly affected by variations in environmental 

factors such as microbial activity, soil moisture, temperature, and texture. Information 

generated by these studies suggests that by incubating the EEFs using the standard 

method at temperatures between 21 and 25°C, reproducible and consistent N release 

curves can be obtained regardless of location. 

Short-Term Accelerated Laboratory Extraction Method 

The objective of this study was to conduct method optimization and ruggedness 

testing of the accelerated lab extraction procedure by assessing the effect of various 

parameters at different levels on the performance of the method to estimate nutrient 

release rates of EEFs. The following hypotheses were tested in this study: 1) N, P and 

K release rates increase with increasing extraction temperature and vice-versa; 2) 

sample size affects N, P and K release rates, increasing and decreasing with the high 

and low fertilizer sample size respectively; 3) reducing the extraction time reduces the 
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total amount of N, P and K extracted from the EEFs; and 4) small variations in several 

performance parameters of the method do not influence N, P, and K release rates of the 

EEFs. 

In general, varying the fertilizer sample size and reducing the extraction time did 

not affect N, P, or K release rates from any EEFs. Temperature was the only factor 

found to substantially influence nutrient release rates from the EEFs studied. Raising 

the extraction temperature by 10°C at least doubled the N release rate at each 

extraction time. At the low extraction temperature of 50°C, less than 35% of the applied 

N was recovered in 168 hours, indicating that this temperature was too low to 

accelerate the N release profile of these EEFs. Differences in nutrient release rates 

between the medium and the standard temperature (55 vs. 60°C) depended on fertilizer 

coating thickness. The thickly coated fertilizers were more responsive to this minor 

temperature change (5°C), but they always provided lower N, P, and K release rates 

compared with the thinly coated fertilizers, suggesting that coating thickness highly 

influenced the amount of nutrient released. This finding was interesting because it 

showed that the accelerated lab extraction method has the capability to differentiate 

nutrient release patterns from fertilizers having the same coating technology but 

different designed release rates. 

The significant temperature effect was highly marked for P and to a lower extent 

for N and K. Total P released decreased to half when the maximum temperature 

decreased from 60 to 55°C. Based on these results, the optimal extraction temperature 

sequence that produced the highest N, P, and K release rates and showed no abnormal 

nutrient release due to coating deformation or fertilizer caking was determined to be: 
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Extraction #1- 2:00 hr. @ 25°C; Extraction #2- 2:00 hr.@ 50°C; Extraction #3- 20:00 hr. 

@ 55°C; and Extraction #4- 50:00 hr. @ 60°C. 

Overall, the optimized method showed to be rugged for measuring N release rates 

of coated EEFs. Only two factors, flow rate of extract solution and extraction 

temperature, produced significant effects for N released from IBDU and RLCU 

(temperature only), thus indicating that the method was little affected if slight variations 

from the standard conditions were applied. Nevertheless, these factors should be 

carefully controlled to ensure high precision of the method. Validation of the extract flow 

rate and temperature at standard values is recommended before each extraction 

sequence. Ruggedness testing of this method for P and K was inconclusive due to the 

use of an insufficient number of P and K-based EEF materials. At least five 

representative test samples are recommended to be used in method-performance 

studies (Horwitz, 1995). Therefore, further experiments are necessary to fully evaluate 

the effect of these factors on P and K released from coated EEFs. 

Correlation of the Soil Incubation and the Accelerated Extraction Methods 

The objective of this study was to develop a prediction model that can use data 

from the accelerated lab extraction method to predict the 180-d N release curve for a 

specific EEF product. It was hypothesized that the accelerated lab extraction method 

generates data that can be correlated with the N release data from the soil incubation 

method in order to predict the N release curve for a specific EEF. 

 Based on the R2 > 0.90 obtained for most EEF materials, results indicated that the 

data generated from the accelerated lab extraction method could be used to predict the 

N release from these EEFs during a 180-d period under controlled, yet biologically 

active soil conditions. High R2 indicated a strong relationship considering the limited 
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amount of data used as well as the sampling and analytical variances. The accuracy of 

the final prediction model varied by fertilizer type and technology, but the two-step 

regression prediction method showed strong evidence that the accelerated laboratory 

extraction is a viable method to predict N release patterns of EEF with time including 

those that require biological activity for N release. The predicted regression constants 

for ureaform did not produce as high of a coefficient of determination as the rest of the 

EEFs, but the regression accounted for 76% of the variation in the total sum of squares. 

This result was possibly due to the low N recovery from ureaform during 180 d (~30% of 

N applied).  For any further statistical analyses, additional replications for each EEF are 

needed so that any potential bias can be identified and the quality of the estimates can 

be more precisely quantified. These results are promising as no standard method to 

evaluate and regulate EEF materials has been accepted by AOAC. Based on these 

results, the accelerated laboratory method was capable of evaluating and predicting the 

N release properties of the selected EEFs, thus, it has potential for use as a regulatory 

and evaluation method for a broad range of EEFs. 
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