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ABSTRACT 

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) in both 

near infrared (MR) and mid infrared (MIR) has been previously shown to be effective in 

quantifying soil nitrogen (N) concentrations when calibrated using numerous field soil 

samples. However, such an approach provides samples that likely contain substantial 

correlations between physical and chemical properties. To address these concerns, the 

performance of DRIFTS coupled with PLS regression in NIR regions, 5,000-4,000 cm"' 

(2,000-2,500 nm) and 6,500-5,500 cm"' (1,540-1,820 nm), and the MIR region, 3,400-

2,400 cm"' (2,940-4,170 nm), was assessed first through analysis of the concentration of 

mineral N (ammonium (NH4'^) (0-50 ppm) and nitrate (NO3") (0-200 ppm)) artificially 

incorporated into a series of silica sand and clay samples with a consistent particle size. 

The influence of the reduction of sand particles to silt was also analyzed quantitatively. 

Subsequently, the Pima clay loam soil was evaluated and the concentration ranges of 0-

200 ppm NH4'*" and 180-1,000 ppm NO3' were added in soil samples. All three regions 

provided good measurement of NH/ but the MIR region was significantly more useful 

for NO3' measurement in sand. The detection limits for the measurement of mineral N in 

sand with particle sizes within 212-300 }im using the MIR region were 9 ppm NH4"' (7 

ppm NH4-N) and 36 ppm NO3' (8 ppm NO3-N). For silt (particles less than 53 |im), the 

most effective model was the MIR region for both NH4^ and NO3' measurements, 

yielding the detection limits of 15 ppm NH4^ (12 ppm NH4-N) and 50 ppm NO3" (11 ppm 

NO3-N). The MIR region also performed reasonably well with soil samples but both NIR 

regions provided poor results. The detection limits for and NO3' measurements in 
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soil were 100 ppm NH/ (78 ppm NH4-N) and 330 ppm NO3" (75 ppm NO3-N) with the 

correlation coefficients (R^) of roughly 80% and 90%, respectively. The spectral range of 

2,900-2,400 cm"' was the effective common range for mineral N measurement in sand, 

silt, and soil samples. 
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I. INTRODUCTION 

The availability of soil nitrogen (N) is of primary importance to plant growth, 

particularly in arid regions such as the desert southwest U.S. in which soils are N poor. 

The level of N in soil is measured as total N, which includes both organic and inorganic 

forms of N. Soils generally contain from 0.02-0.4% N (200-4,000 ppm). Inorganic N, 

mainly consisting of NH/ and NO3", usually constitute only 1-2% of total soil N. Since 

plant roots take up either NO3' or NH/, knowledge of the levels of both in soil are 

essential for the management of N-fertilizers in agricultural fields. 

The concentration of soil N is generally determined through wet chemistry 

methods such as Kjeldahl, Dumas combustion, and direct distillation by which the soil 

sample is extracted or digested to convert N into detectable forms. These techniques are 

commonly known as destructive methods. While widely utilized, destructive methods are 

too time consuming to permit frequent analysis of soil N with a fine spatial resolution 

across an agricultural field. A nondestructive method such as the Diffuse Reflectance 

Infrared Fourier Transform Spectroscopy (DRIFTS) has the potential to permit rapid 

determination of N in soils providing fine spatial and temporal resolution of a field. 

DRIFTS involves introduction of a beam of infrared (IR) light followed by 

measurement of the diffusely reflected light coming from the surface of a sample. This 

light contains information of chemical compounds in the sample resulting from the 

change in their energy states after absorbing the light. The IR region of the spectrum 

encompasses radiation with frequencies (wavenumbers) ranging from 12,800 to 10 cm"' 

or when presented in wavelength 780 to 1,000,000 nm. The fundamental vibrational 



absorptions occur in the mid-infrared (MIR) region, 4,000-200 cm"' (2,500-50,000 nm), 

while the vibrational overtones and combinations of fundamental vibrations are in the 

near-infrared (NIR) region, 12,800-4,000 cm"' (780-2,500 nm). Many functional groups 

of polyatomic molecules vibrate at relatively consistent Ifrequencies despite the molecular 

structure of the rest of the molecule. Nitrogen in organic matter is commonly attached to 

other atoms such as carbon, oxygen and hydrogen, forming a variety of functional groups 

of nitrogen bonds that are infrared active. The functional groups of inorganic N such as 

and NO3' also exhibit vibrational absorption features at specific frequencies. The 

intensities of these absorption features correspond to the concentrations of these chemical 

compounds. 

DRIFTS spectra are inherently nonlinear, thus requiring the use of data 

transformations such as the Kubelka-Munk (K-M) function or the log (1/R»), where Roo is 

the ratio of sample reflectance spectrum to the reflectance of a non-absorbing standard, to 

establish the linear relationship between the intensity of DRIFTS spectra and the 

concentration of N in soil. Many factors affect the absorption intensity of DRIFTS 

spectra that could cause a nonlinear relationship between absorbance spectra and analyte 

concentration. These factors include specular reflectance, particle-size differences, 

sample packing density, and variations in reference standard. Mathematical pretreatments 

could be used to compensate for these nonlinear effects to some extent depending upon 

the absorption intensity of the analyte relative to other components in the sample matrix. 

To develop calibration models for soil N with DRIFTS, previous groups have 

collected DRIFTS spectra of numerous field soil samples and correlated this to its N 



content determined using wet chemistry techniques. Statistical methods such as multiple 

linear regression (MLR) or partial least squares (PLS) regression are then employed to 

correlate spectral data to N concentration. Ideally, this approach should be used to 

investigate either physical or chemical variations - not both at once - particularly in 

quantitative analysis. Field soil samples typically have substantial variations in both 

physical and chemical properties (e.g., soil textures, particle size distributions, organic 

and inorganic contents, and water contents) that could have significant impact on 

DRIFTS spectra, causing deviations from the linear relationship of spectral data and N 

concentration. By using the mathematical pretreatments alone to compensate for this 

nonlinearity, the unique calibration model might not be obtained. These previous studies 

have focused primarily on total N measurement rather than on measuring individual N 

species (NHU"^ and NO3') which are more useful in terms of fertilization management. 

The present study investigated the capability of the DRIFTS technique to quantify 

the concentration of NH4"^ and NO3" in soil. The initial approach was to maintain 

consistent physical properties of samples, and vary only NH/ and NO3" components; 

other sample variations were methodically added to the sample matrix. This was 

accomplished by studying consistent sized sand particles to which have been added 

known and varying amounts of NH/ and NO3". The sample matrix was then changed to 

clay; mixtures of clay, sand, silt, and humic acid; and soil, respectively. Both the NIR and 

the high-wavenumber MIR regions were evaluated. The particle size effect on the 

prediction of NH4'^ and NO3' in sand and silt was also studied. Measurements are 



compared based on the standard error of prediction (SEP) which is similar to a 

measurement standard deviation. 

The predictions of NH/ concentrations in sand samples were effective in two 

separated IR regions but only the MIR region was successful for the determination of 

NO3' in sand. Few PLS factors were required in the optimal model and low SEP's were 

obtained. In general, samples with consistent (and large) particle size gave the lowest 

errors. Smaller particles scatter more light, thus reducing the useful signal obtained from 

samples. When silt (particles less than 53 [im) was used, the SEP was increased due to 

this scattering effect. The MIR region provided the most effective model for both NH4^ 

and NO3 measurements in this sample, yielding the SEP values of approximately 5 ppm 

and 16 ppm within the concentration range of 0-50 ppm NH4" and 0-200 ppm NO3", 

respectively. The optimal spectral range of 3,000-2,400 cm"' included distinct features of 

NH4''" and NO3" where N features were unlikely affected by particle variations in sand and 

silt samples. 

DRIFTS spectra of clay samples with either NBU^ or NO3" added indicated no 

spectral features of mineral N at the maximum concentrations of 50 ppm NH4'^ and 200 

ppm NO3". However, when the mixture of clay (kaolinite), silt, and humic acid served as 

the sample matrix, the distinct N features were shown in DRIFTS spectra, especially in 

the MIR region. Therefore, the quantitative analysis of mineral N in this mixture would 

be feasible. NH4"^ and NO3" features were completely masked when neat (unaltered) soil 

sample was used at the same concentration ranges as sand samples. Dilution of soil in 

KBr was necessary to provide reasonable measurements of mineral N. Both NIR regions 



failed to provide the optimal calibration model for the determination of mineral N in soil 

samples. The MIR region, on the other hand, provided reasonable models for both NH4'^ 

and NO3' measurements in soil samples within the concentration ranges of 0-200 ppm 

NH4^ and 180-1,000 ppm NO3' without requiring numerous mathematical pretreatments 

utilized in other previous studies. The calibration models developed in this study could be 

used as a preliminary model for quantitative analysis of mineral N in field soils. 
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11. BACKGROUND 

Soil is the normal medium for growing plants. The maximum crop yield typically 

depends to a significant extent upon the biological, chemical, and physical condition of 

soil available for the plant's roots to achieve sufficient water and nutrients. Soil consists 

of four constituents: minerals, organic matter, air, and water. Based on its particle size, 

soil minerals can be grouped as sand (50-2,000 |im), silt (2-50 |im), and clay (less than 2 

l^m) (Hillel, 1998). Sand and silt consist mainly of weathering-resistant primary minerals 

(minerals present in the original rock from which soil was formed). Clay, on the other 

hand, includes secondary minerals formed in the soil by decomposition of the primary 

minerals and their recomposition into new fonns. 

Sand grains usually consist of quartz but may include fragments of feldspar, mica, 

and occasionally heavy minerals such as zircon (Hillel, 1998). Sand grains can be 

represented as spheres but they are not necessarily smooth. Silt particles resemble sand 

both physically and mineralogically but they have a greater surface area and are often 

coated with strongly adherent clay. Clay particles are characteristically plate-like or 

needle-like and generally belong to a group of minerals known as the aluminosilicates 

(secondary minerals). Clay may also include considerable concentrations of fine particles 

such as iron oxide or calcium carbonate that do not belong to the aluminosilicates 

category. Clay minerals differ mineralogically from sand and silt and they are the most 

important constituents in qualitative and quantitative determination of basic soil 

properties (Barber, 1995). 
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The typical aluminosilicate clay minerals appear as laminated microcrystals, 

composed mainly of two basic structural units: a tetrahedron of four oxygen (O) atoms 

surrounding a central cation, commonly Si"^^, and an octahedron of six oxygen atoms or 

hydroxyls (OH) surrounding a fairly larger cation of lesser valency, usually Al^"^ or Mg^"^ 

(Hillel, 1998). The layered aluminosilicate clay minerals are classified into two main 

types: depending on the ratios of tetrahedral to octahedral sheets (e.g., 1:1, 2:1, or 2:2). 

For 1:1 minerals, an octahedral sheet is attached by the sharing of oxygens to a single 

tetrahedral sheet. The most common mineral of the 1:1 tj^e is kaolinite, which has the 

unit layer formula of Al4Si40io(OH)8. For 2:1 minerals, an octahedral sheet is attached in 

the same way to two tetrahedral sheets, one on each side. The 2:1 clay minerals are 

further divided into expanding and nonexpanding types. Montmorillonite and vermiculite 

are the common expanding 2:1 clay minerals whereas illite belongs to a group of 

nonexpanding 2:1 clay minerals. The expanding clay minerals exhibit pronounced 

swelling-shrinking behavior as well as high plasticity and cohesion. 

The textural class of soil is determined on the basis of the mass ratios of the three 

fractions, namely sand, silt, and clay (Hillel, 1998). Soils with different proportions are 

assigned different classes. The textural triangle, which indicates the varied percentage of 

clay, silt, and sand, is used to classify the textural class of soil. A soil class called loam, 

for example, occupies a central location in the textural triangle indicating a balanced mix 

of coarse and fine particles with properties intermediate among those of sand, silt, and 

clay. 
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Soil humus is defined as the somewhat stable fraction of the soil organic matter 

remaining after major portions of added plant and animal residues have decomposed 

(Van Cleve and Powers, 1995). Humus includes the humic substances that are 

procedurally defined fractions based on solubility at different pH values, and the groups 

of nonhumic substances such as carbohydrates, proteins, lipids, and organic acids. Humic 

substances have functional groups in molecular structures, which are very reactive with 

protons and metal cations. These include carboxyl (-COOH), phenolic and alcoholic 

hydroxyl (-0H), quinoid or ketonic carbonyl (C==0), amino, and sulfhydryl (SH) groups. 

Humic substances consist of three main fractions: hum in is insoluble in water at any pH, 

humic acids (HA) are insoluble in water under acid conditions (less than pH 2), fulvic 

acids (FA) are soluble in water under all pH conditions. Humic acids have higher 

molecular weights than fulvic acids, and fulvic acids contain higher oxygen but lower 

carbon and nitrogen contents and have more acidic functional groups, particularly 

COOH. Humic acids are dark brown to black in color while fulvic acids are light yellow 

to yellow-brown. 

2.1. Soil Nitrogen 

Nitrogen (N) occurs in both organic and inorganic fractions of soil. The organic 

soil N occurs largely as NH2 groups while the inorganic soil N primarily occurs as nitrate 

(NO3'), ammonium (NH4^), and a small amount of nitrite (NO2") (in some soils with high 

pH) (Barber, 1995). The quantity of N in soil at the surface generally ranges from 0.02 to 

0.25% (200-2,500 ppm) while the plow layer of cultivated soils usually contains 0.02-
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0.4% (200-4,000 ppm) (Jackson, 1964; Barber, 1995). The organic and inorganic N can 

be exchanged through microbiological decomposition processes; thus, levels of NH4'^ and 

NO3" in soil do not remain constant (Barber, 1995). 

Soil nitrogen mostly occurs in organic form while the inorganic forms of N are 

usually made up of less than 1% of soil N content (Jackson, 1964). Plant roots may take 

up N in the form of either NO3' or depending upon soil conditions (Barber, 1995). 

Thus the availability of these N compounds is of importance for plant growth. The levels 

of inorganic N in soil are usually too low to promote the growth rate of commercial 

crops, thus necessitating the use of fertilizers. The excessive use of N fertilizer in many 

regions, particularly those with N poor soils, has brought concern about increasing 

groundwater contamination. In Arizona, the average application rate of nitrogen fertilizer 

is one of the highest in the United States (Doerge et al, 1991). A compilation of water 

quality data revealed that 10.2% of the 6864 wells tested in Arizona exceeded the 

maximum recommended concentration of 45 ppm of nitrate in drinking water as set by 

the Environmental Protection Agency (EPA) (Doerge et al., 1991). More aggressive low-

level application of N-based fertilizers requires an understanding of the availability of N 

in the soil. This has led to the increasing need for improved fertilization management 

practices, which require rapid and accurate techniques for determination of N in soils. 

Such measurements not only help farmers to apply adequate amounts of N fertilizer at 

precise times and locations but reduce N contamination of groundwater as well. 
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2.2. Measurement of Soil Nitrogen 

Nitrogen concentration in soil is usually reported as total N and other predominant 

inorganic forms such as NHU'^and NO3'. NO2" is seldom present in detectable amounts and 

usually its determination is unwarranted (Keeney and Nelson, 1982). There are several 

techniques available for determination of soil N; generally, these techniques are classified 

as destructive or nondestructive methods. For destructive methods, a soil sample is 

extracted or digested to convert N in soil into detectable forms such as N2 or NH3 before 

measurement. These methods include Kjeldahl, Dumas combustion, and direct 

distillation. The methods such as titration, colorimetric, potentiometric, chromatographic, 

and ion-selective electrodes are then used to measure N in solution. The destructive 

methods are time-consuming, laborious and expensive, thus restricting the number and 

frequency of sampling. The Kjeldahl method, for example, consists of three steps; (1) 

digestion to convert N to NHLi'^ salt, (2) distillation of NH4^ and collection of NH3, and 

(3) determination of NH/ by titration (Tan, 1996). A number of reagents are used in 

these steps and it requires about 30 minutes or more to finish the entire process. 

For nondestructive methods, soil samples can be used "as is" or as a "neat 

sample", requiring no sample preparation. Examples include spectroscopic measurement 

in both near-infrared and mid-infrared regions. Spectroscopic measurement can be 

simple, inexpensive, and rapid. The ability to quickly and inexpensively obtain many 

measurements of soil N in the field would enhance the effective use of N fertilizers at the 

right amount and precise time based upon crop requirements. 
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2.3. Infrared (IR) Spectroscopy 

Spectroscopy is the study of the interaction of electromagnetic radiation with 

matter (Coleman, 1993). Based on the quantum theory first proposed by Max Planck, 

atoms, ions, and molecules can exist only in certain discrete states, which are 

characterized by definite amounts of energy (Skoog et al, 1998). When a species changes 

its state, it absorbs or emits an amount of energy precisely equal to the energy difference 

between the states. The energy difference (AE) between states can be estimated by: 

AE=Ei  -Eo =hv=hc/X (2 .1)  

where h is the Planck constant, v is the frequency of radiation, c is the speed of light, and 

X is the wavelength of the radiation. 
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Figure 2.1. Energy-level diagram for a single molecule [Source: Skoog et al. (1998)]. 

The total energy associated with the absorption of a molecule is normally 

composed of three energy components: electronic energy, vibrational energy, and 

rotational energy (Fig. 2.1) (Coleman, 1993). The electronic component is due to state-to-
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state electron transitions. Ultraviolet and visible light has sufficient energy to cause these 

transitions, generating the ultraviolet and visible spectra. Various interatomic vibrations 

and rotational motions within a molecule arise from the vibrational and rotational energy 

respectively. 

Infrared (IR) absorption spectra of molecules arise from changes in energy 

produced by transitions of molecules from one vibrational or rotational energy state to 

another. The fundamental vibrational frequency of any two atoms chemically bonded 

within molecules can be estimated using the diatomic harmonic oscillator model as 

where Vn, is the classical vibrational frequency of the bond, k is the force constant, ).i is 

the reduced mass, and mi and mi are the individual atomic masses. When a molecule 

absorbs a photon of radiation, causing the transition between the vibrational states, the 

frequency of radiation (v) in Eq. 2.1 is equal to the classical vibrational frequency of the 

bond (vm). That is, 

With the harmonic oscillator model, the absorption of infrared radiation would 

solely occur when the molecule transits from a lower energy state to the next higher state 

(Skoog et al., 1998): 

(2.2) 

mimo |i = ^ 
mj +m2 

(2.3) 

radiation (2.4) 
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(Av= ±1), which is called the fundamental or normal mode. However, the anharmonic 

oscillator can also occur leading to the transition of Av greater than 1. These weaker 

absorptions are called overtones and are commonly found at approximately 2 or 3 times 

that of the fundamental mode. Additionally, the sums of two or more different vibrational 

modes can occur. These are called combination modes. Two typical fundamental modes 

of molecular vibrations (stretching and bending) are shown in Fig. 2.2. Stretching is the 

movement along the bond axis, either symmetric or asymmetric, while bending is the 

motion caused by a change in bond angle. 
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Figure 2.2. Typical stretching and bending modes: (A) Stretching; (B) Bending [Source: 
Coleman (1998)]. 

Infrared spectroscopy involves the measurement of absorption or emission of 

radiation as a consequence of vibrations within a molecule between the component atoms 

or chemical functional groups of a sample when they interact with an IR light. The IR 

spectral region is conveniently divided into near-infrared (NIR), 12,800-4,000 cm"' (780-

2,500 ran); mid-infrared (MIR), 4,000-200 cm"^ (2,500-50,000 nm); and far-infrared, 200-
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10 cm"' (50,000-1,000,000 nm) (Skoog et al., 1998). The NIR spectral region is 

composed of absorptions related to vibrational overtones and combination absorptions, 

which are less intense than the fundamental vibrational absorptions in the MIR region. 

Soil organic and inorganic compounds exhibit distinct features in both the NIR 

and the MIR regions. The free NH/ ion exhibits infrared active fundamental bands near 

1,400 cm"' (7,100 nm) and 3,150 cm"' (3,200 nm) and overtone and combination bands 

located near 2,840 cm"' (3,500 nm), 3,020 cm"' (3,300 nm), 5,000 cm"' (2,000 nm), and 

6,600 (1,500 nm) (Petit et al., 1999; Krohn and Altaner, 1987). The NO3 ion has infrared 

active fundamental bands around 720 cm"' (13,900 nm), 830 cm"' (12,000 nm), and 1,390 

1 1 
cm" (7,200 nm) and overtone and combination bands located near 1,790 cm' (5,600 

nm), 2,430 cm"' (4,100 nm), 2,800 cm"' (3,600 nm), and 5,200 cm"' (1,900 nm) (Ehsani et 

al., 1999; Vogt and Finlayson-Pitts, 1994). 

The quality of an IR spectrum is strongly dependent on the method of sample 

preparation and the optical interface between the sample and the instrument, defined by a 

sampling accessory (Coates, 1998). Normally sampling for IR analysis involves 

transmittance or reflectance. With the advent of the Fourier Transform Infrared 

Spectrometer (FTIR) coupled to powerful statistical methods, techniques such as diffuse 

reflectance became practical for both qualitative and quantitative analysis of solid 

samples including soils (Janik et al., 1998). 
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2.4. Fourier Transform Infrared (FTIR) Spectroscopy 

The major difference between Fourier Transform Infrared (FTIR) spectroscopy 

and the traditional dispersive IR instruments is that the former utilizes an interferometer 

instead of regular dispersing equipment. The most common interferometer used is a 

Michelson interferometer (Fig. 2.3), which consists of two perpendicularly plane mirrors, 

one of which can travel in a direction perpendicular to the plane (a movable mirror) while 

the other is fixed (a stationary mirror). A beamsplitter divides an incoming beam of light 

into two equal portions aimed in perpendicular directions. 

Stationary 
mirror 

Source 

<( }> 

Beamsplitter 

M 

Sample 
position 

Movable 
mirror 

5=0 S=X/2 5=^ 5-3 ?J2 

Detector 

8(=2[OM-OS]) 

Figure 2.3. Schematic diagram of Michelson interferometer [Source: Harris (1999)]. 

The interferometer splits a source beam of light into two beams which travel 

separate different distances, then recombine. The difference in distance traveled is called 



the optical retardation (5). If the two beams are in phase, as occurs when the optical 

retardation is equal to multiples of wavelength (X), they interfere constructively to give a 

wave with twice the amplitude. If the waves are one-half wavelength (180°) out of phase, 

they interfere destructively and cancel out. Destructive interference takes place when the 

optical retardation is equal to (n+1/2)1, where n is an integer (n = 0, 1, 2...). For any 

intermediate-phase difference, there is a partial cancellation. If the mirror is moved at 

constant speed, light reaching the detector goes through a sequence of maxima and 

minima as the interference alternates between constructive and destructive phases. A plot 

of light intensity versus optical retardation (5) is called an interferogram. This 

interferogram can be inverse Fourier transformed to yield a single beam spectrum, a plot 

of raw detector response versus wavenumber (v) (inverse wavelength). To generate a 

complete interferogram, the movable mirror is translated back and forth once, a so-called 

scan. Fig. 2.4 illustrates two examples of the interferogram (on the left) and their 

corresponding single beam spectra (on the right) with a monochromatic light source of a 

given A, and a continuum light source. 

FTIR spectroscopy offers significantly higher Signal-to-Noise ratios (SNR) than 

dispersive instruments because all the radiation strikes the detector at once (Jacquinot 

advantage) and all the wavenumbers of light are detected simultaneously (Felgett 

advantage) (Smith, 1996). FTIR instruments also have extremely higher resolving power 

(the ability to distinguish adjacent spectral features) and wavenumber reproducibility than 

do dispersive instruments. These advantages make it possible to analyze the complex 

spectra, which contain relatively high spectral overlapping (Skoog et al. 1998). 
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Figure 2.4. Comparison of interferograms and single beam spectra: (A) A monochromatic 
light source; (B) A continuum light source [Source: Skoog et al. (1998)]. 

2.5. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 

Light incident on a substance can interact with the material in six ways:-

absorbance, transmittance (regular or scatter), and reflectance (diffuse, specular, or 

retroreflection), as shown in Fig. 2.5A. Specular reflectance is the common front-surface 

mirror reflection in which the angles of incidence and reflectance are equal (Griffiths and 

Fuller, 1982). Diffuse reflectance refers to the light that undergoes multiple reflection, 

refraction, scattering and absorption in varying degrees before re-emerging at the sample 

surface in all angles. Since the radiation that is diffusely reflected has traveled through 

the sample particles, it contains information about the absorption characteristics of the 

sample. The total reflectivity of any material can contain both specular and diffuse 

reflection. 
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Figure 2.5. Reflectance measurement; (A) Light incident on a substance; (B) DRIFTS 

Specular reflectance of an absorbing material can be described by the Fresnel 

equations as: 

where Rg is the reflection specular reflectivity for the perpendicular incident radiation, r \  

is the index of refraction of the material, X is the wavelength of the incident radiation, and 

a is the absorption coefficient of the particular material (Kortum, 1969; Vincent and 

Hunt, 1968). For a non-absorbing material (a=0), Rs is generally small and increases with 

increasing r). Since both t) and a are functions of X, a has a significant effect on the 

amount of Rj near the wavelength where absorption occurs. If the absorptivity is 

moderate, the increased specular reflectance can result in an "anomalous dispersion" 

feature due to the rapid and asymmetric changes in the index of refraction in the vicinity 

of the absoiption band, resulting in a shift in the absorbance peak to either shorter or 

accessory [Source: Springsteen (1998)]. 

' (^ + lf+n^(X^ Il6n^)a^ 
(2.5) 
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higher wavelength (Su2xiki and Gresham, 1986; Olinger and Griffiths, 1993a). On the 

other hand, if the absorptivity is very large, a large reflectance maximum or a derivative 

shaped band, called "reststrahlen band", results. This band is also caused by the drastic 

changes of the reifractive index at wavelengths where the material absorbs radiation. The 

reststrahlen phenomenon can lead to distortion or even inversion of the absorption 

features in a sample with high concentration (or high absorptivity). 

Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) is a tool 

that can be used to measure the flux per wavelength of light reflected in a scattered 

manner from a sample. This is ideal for characterization of solid samples of moderate 

reflectivity. The diffuse reflectance is measured using either an integrating sphere or a 

nonintegrating sphere (Springsteen, 1998). An integrating sphere is simply a hollow ball 

internally coated with a very highly reflective and diffuse surface material allowing the 

measurement of both transmitted and reflected scatter. A nonintegrating sphere employs 

an ellipsoidal or spherical mirror to focus the light beam onto a sample held in a small 

cup and then the scattered reflected light is caught by another similar curved mirror 

directing light to a detector, as shown in Fig. 2.5B. A nonintegrating sphere is designed to 

block or reduce the amount of specular reflected light that reaches the detector. 

2.5.1. Factors Affecting DRIFTS Spectra 

The band shape and intensity of analyte DRIFTS spectra are dependent upon the 

absorptivity, scattering properties, and analyte concentration (Griffiths and Fuller, 1982). 

These factors are mainly controlled by the sample characteristics and preparation, 
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including the particle size, the refractive index, the sample matrix, the packing density, 

and the sample homogeneity. While having similarities to the absorptivity coefficient, the 

scattering coefficient is also dependent on wavelength, decreasing with increasing 

wavelength (decreasing wavenumber) (Suzuki and Gresham, 1986). Thus long 

wavelength radiation (low wavenumber) where scattering is low can penetrate deeper 

into the sample than shorter wavelength (higher wavenumber). The effects of the particle 

size, the refractive index, and the packing density on the absorptivity and scattering 

properties are described below. 

Sample particle size affects both the scattering and the absorptivity coefficient. 

The modified particle model proposed by Simmons (1975) shows the relationship 

between the scattering coefficient (s) and the particle size (d) as: 

s = • .(2.6) 

r = )(1 - nii) 
( l_ i^) ( l_ i^)  

1-mjT 1 + m:T 
.(2.7) 

where r and T are the reflectance and transmittance, respectively, of a single layer or 

particle at an infinitely thick powered sample and iSg and nij are the mean fraction of 

externally and internally incident radiation reflected by a particle surface. Generally, the 

scattering coefficient (s) is approximately proportional to the inverse of average particle 

size (d"') (e.g., increases with decreasing particle size). With lower scattering, the 

radiation can penetrate deeper into a powdered sample, and thus increases absorbance 

intensity (Kortum, 1969). The opposite relationship can also be possible depending upon 



the absorptivity of materials and the wavelength where absorption occurs. The particle 

size distribution of a sample can change the scattering coefficient and lead to different 

reflectance values even for chemically identical samples (Burger et al., 1997). The 

sample's particle sizes also can cause a baseline shift and a change in spectral bandwidth. 

Particle size effects might also contribute to the instability of calibrations performed on 

DRIFTS spectra (Mark, 1992). 

Refractive index effects result in strong specular reflectance contributions to 

diffuse reflectance spectra. The spectra of highly absorbing inorganic materials with high 

refractive indices are more affected by changing particle size. Vincent and Hunt (1968) 

developed a theory to explain qualitatively the general behavior of spectral features of 

particulate surfaces in the MIR region as the particle size (d) is progressively reduced 

from coarse to fine. This concept was based upon the relationship between the absorption 

coefficient (a), specular reflectance (Rs), diffuse reflectance (Ry), and total reflectance (Rt 

= Rs + Rv). They pointed out that Rg and Ry have opposite dependencies on a and d: 

decreasing a implies decreasing R, and increasing Ry while decreasing d implies 

decreasing Rs and increasing Ry. In the subsequent paper, Hunt and Vincent (1968) 

divided the observed spectral features as a function of particle size into three types. In 

type I behavior, R« always dominates (Rtw Rs) and a reflectance maximum is seen. 

Decreasing particle size will diminish reflectance intensity. In type II behavior, spectral 

features indicate reflectance maxima at large particle size but exhibit reflectance minima 

when reducing particle size to some critical size. Opposite to type I, Ry always dominates 

(R,w Ry) in type III behavior and a reflectance minimum is observed. In this case, 
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decreasing particle size will increase reflectance intensity. Fig. 2.6 illustrates the sketch 

of all three types of spectral behavior of strontianite (SrCOs) reflection spectra with 

reducing particle sizes. 

Type II 

Type I 
Type III 

1500 500 1100 700 
Wavenumber (cm') 

Figure 2.6. Reflection spectra of strontianite with different particle sizes: (A) 0-74 |j.m; 
(B) 74-250 ).im; (C) 250-1,600 |xm [Source; Hunt and Vincent (1968)]. 

A rough sample surface with randomly oriented particles could enhance light 

scattering by producing multiple reflections off particle surfaces, which result in reducing 

specular reflectance (Brimmer et al., 1986). To maintain a rough surface, the sample 

should be loosely packed. However, increasing packing density affects the scattering 

coefficient which influences, to some extent, the penetration depth of radiation. Yeboah 

et al. (1984) showed experimentally that packing samples by applying certain amounts of 

pressure increased the intensity of DRIFTS spectra of finely ground organic samples 
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diluted with KCl powder. They concluded that the increase in band intensity was due to 

decreases in the scattering coefficients with applied pressure. They also observed that the 

increase in band intensity of neat powdered samples was quite smaller than diluted 

samples when the applied pressure was increased. This might be due to the shorter 

penetration depth in neat sample compare to diluted sample when packing. Although 

increasing packing density could increase band intensity, applying pressure in excess 

amounts might increase glossy sample surface which in turn increases specular 

reflectance; thus, reducing band intensity. The appropriate pressure should be estimated 

to optimize the packing density. 

2.5.2. Dev elopment of Quantitative Analysis using Infrared Spectroscopy 

The ultimate goal of any quantitative analysis is to find the optimum calibration 

equation that can be used to precisely determine the quantities of the unknown 

concentration of analyte. A spectroscopic technique requires calibration to determine the 

relationship between the spectral signals and the analyte concentrations in samples. The 

calibration procedure commonly involves the following steps (ASTM, 1995): selection 

of calibration samples, determination of analyte concentrations with a reference 

analytical method, collection of infrared spectra, development of the mathematical 

model, validation of the calibration model, and application of the valid model for the 

analysis of an unknown sample. 

The selected calibration samples should ideally provide all chemical and physical 

variations which are expected to be encountered in samples analyzed by the model. The 
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concentrations of calibration samples should be uniformly distributed over the entire 

ranges of the analyte concentrations. Also the number of calibration samples must be 

statistically sufficient for the relationship between spectral variables and analyte 

concentrations to be modeled. If a calibration model contains more than 3 variables, a 

calibration set should include a minimum of spectra of six times the number of variables 

used in a model after removing outliers (ASTM, 1995). 

The accuracy of infrared analysis is limited by the accuracy and precision 

(repeatability) of the reference analytical methods used to determine the analyte 

concentrations. Repeated measurements of the reference values are required to improve 

the accuracy of a model. Sample spectra should be randomly collected with a 

spectroscopic instrument. Sample preparation must be as consistent as possible and the 

instrument parameters should be maintained the same throughout the experiment. 

Multiple spectra of a single sample should be employed to compensate for the variations 

in the instrument environmental conditions such as temperature variations. 

A calibration model is usually developed using the multivariate analysis such as a 

multiple linear regression (MLR) and a partial least squares (PLS) regression (see section 

2.5.3 for more detailed discussion in the development of calibration models for DRIFTS 

spectra). The infrared regions that contain the vibrational absorbance of analytes are used. 

Various types of data pretreatments may be applied to the spectral data prior to the 

development of calibration models so as to improve the Signal-to-Noise ratio (SNR). The 

preprocessing methods include mean-centering, numerical derivatives, digital filtering 

(e.g., Savitzky and Golay smoothing, an FFT (fast Fourier transform) filtering, and a 
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wavelet filtering methods), and multiplicative scatter correction (MSG) which normalizes 

the different spectra to an average scattering level. The successes of these pretreatments 

are mainly dependent on the qualities of spectral data. The method of validation is 

described in section 2.5.3.4. 

2.5.3. Quantitative Analysis with DRIFTS 

In the spectroscopic technique, the Beer-Lambert Law that defines a simple linear 

relationship between the absorption spectrum and the concentration of constituent in a 

sample is frequently applied. The Beer-Lambert Law or Beer's Law is mathematically 

expressed as: 

=  e-bC (2 .8)  

where A,_ is the sample's absorbance at specific wavelength X (or wavenumber), e, is the 

absorptivity coefficient of constituent at X,  b is the path length through the sample, and C 

is the concentration of constituent. In general, b is kept constant in most quantitative 

experiments. Thus Beer's law can be rewritten as: 

A,  =K,C (2.9)  

where is absorptivity constant. 

The DRIFTS technique is associated with two optical factors: the complex 

retractive index and absorptivity. The relationship between DRIFTS spectra and analyte 

concentration is non-linear partly due to specular reflectance, causing the reststrahlen 

phenomenon at frequencies in which the analyte has a high absorptivity. Thus, in 
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DRIFTS spectra, the low intensity bands usually become relatively intense while high 

intensity bands are usually distorted or inverted. Specular reflectance can be reduced by 

diluting with alkali halide powders (non-absorbing standards) such as KBr or KCl and 

grinding the sample to a smaller particle size. For qualitative analysis, a neat sample is 

frequently ground to a small and consistent particle size and diluted with halide powders. 

For quantitative analysis, DRIFTS spectra can be somewhat linearly related with analyte 

concentration in the same manner as Beer's law by applying the data transformations 

such as Kubelka-Munk (K-M) or log (1/R»), where R® is the ratio of sample reflectance 

spectrum to the reflectance of a non-absorbing standard. Both K-M and log (I/Roc) 

functions relate the analyte concentration with two factors; the absorption coefficient and 

the scattering coefficient. The K-M function is expressed as: 

f(Roo) = 5Ll^^ = ^^^^^ = KlC (2.10) 
^Rqo S 

where R« is the ratio of the sample diffuse reflectance to the non-absorbing reference at 

"infinite depth" and s is the scattering coefficient which is assumed to be constant. 

2.5.3.1. Limitation of K-M Function 

The Kubelka-Munk (K-M) function derives from several assumptions, for 

example, specular reflection is negligible, particles are much larger than the wavelength 

of irradiation so that the scattering coefficient is independent of wavelength, particles are 

randomly distributed, monochromatic radiation is used thus the scattering is constant, the 

sample layer is of infinite depth, and particles are distributed homogeneously throughout 
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the entire sample (Olinger and Griffiths, 1992). Since the K-M function is applied for the 

MIR region, sample dilution with a non-absorbing powder is necessary to lower sample 

concentration for the highly absorbing sample, to ensure the sample homogeneity, and to 

somewhat reduce the specular reflectance that could cause band inversion at high 

concentrations. Additionally, the K-M function applies only for a homogeneous sample 

of "infinite" depth, the condition where increasing the sample depth beyond this depth 

does not enhance band intensities. Thus sample dilution is required to ensure the infinite 

radiation penetration depth. Dependent upon the particle size and the degree of 

compaction, it has been found experimentally that the layer thickness is considered 

infinitely thick with the depths between 1 and 3 mm for finely powdered sample 

(Griffiths and Fuller, 1982). 

Although the K-M function is generally applied to DRIFTS spectra of dilute 

dispersion of samples in a non-absorbing powder, it is often found that there are 

deviations from linearity between f(R«) and analyte concentration at quite low 

concentrations in the MIR region where the absorptivities of absorption bands are 

relatively high (Olinger and Griffiths, 1992). In practice, the full-wavelength is often 

scanned; thus, the scattering coefficient is not constant but varies with sample particle 

size, packing, and wavelength. Also if the analyte is surrounded by a highly absorbed 

matrix, the K-M function no longer is valid (Kortum, 1969). Olinger and Griffiths (1988) 

have studied the effect of an absorbing matrix on NIR diffuse reflectance spectra of 

carbazole, NaCl, and graphite mixed in various proportions. Carbazole (C12H9N) was 

used to represent a common organic analyte. NaCl and graphite represent non-absorbing 
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and absorbing components of the matrix, respectively. The plots of log (1/R«,) versus the 

analyte concentration were more linear than that obtained using the commonly applied K-

M function when a sample matrix contained only 1 wt % of graphite. When the content 

of graphite (absorbing component) was 5 wt %, the linear plot failed for both functions. 

The absorption of radiation on the addition of graphite to carbazole was not additive (i.e., 

the background correction could not provide the linear plot of f(Ra,) to carbazole 

concentration). However, the background correction for the absorption of the matrix was 

feasible only for the relatively simple matrix (Olinger and Griffiths, 1992). The reason 

that the K-M equation is not applicable when the analyte is surrounded by the strongly 

absorbed matrix might be simply due to the fact that it is derived from a non-absorbing 

matrix. As a result, the K-M function could be useful for the analyte with low 

absorptivity and concentration surrounded by the non-absorbing matrix or the matrix that 

absorbs at different frequencies than does the analyte. On the contrary, the log (1/Roo) 

format could provide more linearity than the K-M function when the sample matrix is 

strongly absorbing (Olinger and Griffiths, 1992). 

To establish the relationship between analyte concentration and the transformed 

DRIFTS spectra (by either the K-M function or the log (1/R«) format) and to estimate the 

calibration model's coefficients, the multivariate regression techniques such as the 

multiple linear regression (MLR) and the partial least squares (PLS) regression are often 

utilized. 
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2.5.3.2. Multiple Linear Regression (MLR) 

When there are multiple components at various absorbance wavelengths in 

samples of interest and different mixtures or samples are scanned, the linear Beer's law 

equation (Eq. 2.8) is presented as (Malinowski, 1991; Mark, 1992; Martens and Naes, 

1989): 

Ax, i=Ki jq i+0„  (2 .11)  

where Ax,i is the matrix of absorbance of samples i (i = 1, 2 ,3> • • n) at wavelength X (k 

= 1,2,3,.. .,k), Ky is the matrix of absorptivity constants of components j (j = 1,2,3,.. .,m) 

at wavelength X, Cj,i is the matrix of concentrations of component j in sample i, and is 

the matrix of residual errors. Generally, we are interested in the concentration rather than 

the absorbance, thus Eq. 2.11 can be rearranged as: 

Ci , i=Ki- , ' iA„+Sj , i  (2 .12)  

—  1  — 1  
where K;> j is the inverse of K>.j. To find a calibration equation, K; j is usually 

determined by the inverse least squares regression. This method is known as the multiple 

linear regression (MLR). For convenience, Eq. 2.12 can be rewritten as: 

C-bA (2.13)  

where b represents the constant matrix calculated from the inverse of Kxj. The MLR 

method assumes that a constant matrix b can be estimated by: 

b  =  (A 'A)- 'A 'C (2 .14)  

where A' is the transpose of matrix A. 



Some drawbacks of using the MLR approach are the limitation in number of 

wavelengths selected due to fewer samples available than the number of wavelengths 

considered, the difficulty in selecting the appropriate distinct features for each absorbed 

compound, the high degree of correlation between absorbance at nearby wavelengths, the 

requirement of large sample size, and the common interferences in spectra of each 

analyte (Wise and Gallagher, 1998). Therefore, MLR is generally applied for samples 

that have unique analyte absorption features. For multiple chemical components where 

analyte absorption bands are highly overlapped by other compounds, a full-spectrum 

method such as partial least squares (PLS) regression is usually applied. 

2.5.3.3. Partial Least Squares (PLS) Regression 

While MLR attempts to find a factor that best correlates absorbance matrix (A) 

with concentration matrix (C), the partial least squares (PLS) regression seeks to find 

factors that capture the greatest amount of variance in spectra and achieve the best 

correlation. The PLS method is one of the spectral decomposition techniques that 

involves finding individual, outer relations for A and C and an inter relation linking both 

matrices. According to Malinowski (1991), the outer relations can be represented by: 

A = TP' + E (2.15) 

C = UQ' + F (2.16) 

where T and U are score matrices, Q and P are loading matrices or eigenvectors, and E 

and F are error matrices resulting from model inadequacy and experimental errors. The 

inner relation can be expressed as: 
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U = TB .(2.17) 

where B is known as the matrix of inner-relationship coefficients. The parameters of the 

PLS model are usually estimated by an iterative algorithm such as the NIPALS or the 

SIMPLS, as described below. 

The nonlinear iterative partial least squares (NIPALS) routine, for instance, 

involves f inding  the  parameters  o f  the  f i r s t  p r inc ipa l  components  (or  fac tors ) ,  namely  b i ,  

tl, pi, Ui, and qi, chronologically by arbitrarily selecting one column of matrix C as the 

starting estimate for ui (Wise and Gallagher, 1998). The normalized weighting matrix, 

wi, and others parameters axe computed sequentially as: 

A'u 
W i  = •  

A'u .  

t j  =  AW] '  

f  
Ui tl qi = 
Uj t, 

Ui =Cqi  

A ' t j  
Pi = 

tl t, 

.(2.18) 

.(2.19) 

.(2.20) 

.(2.21) 

.(2.22) 

Then the process is repeated until convergence is achieved. To check for convergence, 

the value of ti in Eq. 2.19 is compared with the previous iteration. If they are equal within 

rounding error, Eq. 2.22 will proceed. If they are not equal, Eq. 2.18 will be recalculated 

when using Ui from Eq. 2.21. The inter coefficient (bi) is then calculated by: 
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t 

bi=-^  (2.23)  
t, ti 

To obtain the next factors (e.g., hi, tz, p2, U2, q2, and so on), the entire process is repeated 

but the matrices of A and C are replaced by their residual matrices. The residual matrices 

of A and C are calculated as follows; 

El  =  A- t iP i  (2 .24)  

F i=C-bi t iq i '  (2 .25)  

Note that the j| || symbol is defined as the length of a matrix, for example: 

II z II = yfzjz .(2.26) 

2.5.3.4. Cross Validation Technique 

To determine the optimum number of factors and the predictive ability of the 

calibration model, the cross validation method, a procedure where the available data is 

split into calibration (training) and prediction (testing) sets, is commonly applied. The 

prediction errors are computed as the standard error of calibration (SEC), the standard 

error of prediction (SEP), and the correlation coefficient (R") for both calibration and 

prediction data sets. The SEC and the SEP are basically the standard deviation of the 

differences between reference and IR estimated values for samples within the calibration 

and prediction sets, respectively. The model with the highest R' and the lowest SEP 

would be the ideal of optimal models. Mathematically the prediction errors are expressed 

as (Workman, Jr., 1992): 
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= 

I ( C . - C ) 2  
M 
N _ T 
Z ( C i - C ) 2  

, i=l 

.(2.27) 

N, i l / 2  

SEC = 
S' (Ci -Ci) '  
i=l 

SEP = 
n C i - C i f  

.(2.28) 

.(2.29) 

where Ci represents the known concentrations of analytes for sample 1®' through sample 

N""' typically estimated by a wet chemistry method, C is the mean value of C where C is 

some function of absorbance, Cj is the estimated C values calculated by MLR or PLS 

method, Nc is the total number of samples in a calibration set, Np is the total number of 

samples in a prediction set, and K is the number of wavelengths used in a calibration 

model for MLR or the number of factors (latent variables) for PLS respectively. The 

value of Cj in Eq. 2.29 is calculated from the calibration model obtained using data in a 

calibration set. 

A cross validation procedure can also be performed by a so-called leave-one-out 

cross validation where one sample is removed from the data matrix and a calibration 

model is built on the remaining samples and then is used to estimate the value for the 

sample that was left out (ASTM, 1995). When this process is repeated until each sample 

has been left out once, the standard error of cross validation (SECV) is estimated as: 
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SECV = 

N . , 

£1 
N- l  

1/2 

.(2.30) 

where Cj, Cj, and N are as defined previously except that Cj is now estimated based on 

the leave-one-out cross validation. The term ZjljCCi -Cj)^ in Eq. 2.30 is commonly 

known as the prediction residual error sum of squares (PRESS). 

The prediction errors generally decrease when increasing PLS factors, indicating 

that more variation in the data set is fitted. The optimum number of PLS factors in the 

calibration model are determined after which the prediction errors no longer decrease 

meaningfully. A plot of PRESS or SECV values (y-axis) versus the number of PLS 

factors (x-axis) can be used to determine the optimum number of factors included in the 

calibration model (ASTM, 1995). An example of this plot is shown in Fig. 2.7. A 

minimum or a first constant level of PRESS can provide an indication of the maximum 

number of factors to be included (as pointed by the solid arrow in Fig. 2.7). A good rule 

of thumb is to only include the additional PLS factors when the SECV or the SEP 

improves by at least 2% and to choose fewer factors when in doubt (Wise and Gallagher, 

1998). 

A measurement limit of detection can be estimated as three times the SEP. The 

coefficient of vaiiation (CV) is the scale free parameter that is usually applied to measure 

the natural dispersion around the regression line. It is defined as: 

QFP 
CV(%) = ^ *100 (2.31) 

Concentration Range 
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Figure 2.7. A plot of measurement errors (SEC and SEP or SECV) versus the number of 
PLS factors. The solid arrow indicates the appropriate number of PLS factors 
included in the calibration model. 

2.5.3.5. Outlier Detection 

In general, outliers represent data that are irrelevant or erroneous compared to the 

majority of the data set. The possible causes of outliers could be: (1) errors in reference 

data due to operator mistakes such as miscalculation or mistyping data; (2) errors in 

DRIFTS instrument such as noise spikes, difficulties in instrumental alignment, and 

temperature variations; (3) physical interferences such as packing density and particle 

orientation in a sampling cup. The physical variations in the majority data that are 

recognized by the instrument and the statistical methods employed are not considered as 

outliers. Outliers would bias the calibration model toward themselves and reduce the 

prediction ability of the model; thus, they should be eliminated or corrected to make 

optimal use of data. 



The common methods used to detect outliers are based upon leverage and 

residuals (Martens and Naes, 1989). Briefly, leverage concerns the position of the 

individual observation relative to others while residuals indicate the difference between 

the estimated and predicted values. Leverage is estimated using the Mahalanobis 

distance, which calculates the distance of a score (t) for each observation from the center 

of the calibration score data (T). Data with low leverage (Mahalanobis distance near 0) 

usually have very little importance for the calibration solution compared to the ones with 

high leverage (Mahalanobis distance close to 1). However, an object with high leverage 

may have strong effects on the estimation of model parameters. Thus, the appropriate 

cutoff values for both leverage and residual should be established. Data in both 

calibration and prediction sets that exceed the cutoff values of leverage and residual are 

considered as outliers (e.g., data with residual more than three times of SEP). Such data 

are removed from the data sets. 



III. LITERATURE REVIEW 

Infrared (IR) spectroscopy has been used to qualitatively analyze the physical and 

chemical properties of organic and inorganic soil components since the early 

development of dispersive IR instruments (Piccolo, 1994). Because of the complexity and 

heterogeneity of soil, its infrared spectrum often exhibits broad or overlapped peaks. For 

this reason, the use of IR analysis in soil studies had been restricted to qualitative and 

semi-quantitative measurements (Janik et al, 1998). Advances in computer technology, 

FTIR, and the development of new statistical methods accelerated the use of IR for 

quantitative analysis of soil properties. In particular, the DRIFTS technique has been 

recently reported for quantitative analysis of soil components that are relatively high in 

concentration. 

3.1. Infrared Spectroscopy for Soil Nitrogen Determination 

The relationship between infrared spectra and the concentrations of soil nitrogen 

(N) is established through a calibration process requiring many samples. In most prior 

studies, a number of soils were collected from one or more fields and sample spectra 

were scanned. Wet chemistry methods such as Kjeldahl and Dumas combustion were 

commonly employed as a reference analytical method to determine N concentrations in 

these samples. When a calibration is developed with neat (unaltered) soil samples, the log 

(l/Rcxj) transformation is normally used since it provides greater linearity between IR 

spectra and N concentrations than the K-M function does. R«, is the ratio of the sample 

reflectance spectrum to the reflectance of a reference standard (or a background). A 
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background spectrum is used to mathematically subtract invariant components and 

instrument variances in a sample matrix. Any variances in the background composition 

relative to that of a sample can significantly affect the absorbance spectra of sample 

analyte causing band broadening, baseline shifts, or peak position shifts (Workman, 

1992). Generally, it is very difficult to obtain an appropriate background spectrum for a 

field soil. Practically, a non-absorbing standard such as KBr is used as a background in 

both a neat soil sample and a diluted sample. The stepwise multiple linear regression 

(SMLR) or the partial least squares (PLS) regression methods were frequently used to 

linearly correlate the log (1/Roo) data and the N concentrations in soil samples. 

The near-infrared (NIR) region has received more attention than mid-infrared 

(MIR) region for quantitative analysis of soil N in previous studies since N band 

absorptivity in the NIR region is low so that neat samples (with no sample preparation) 

can be used without interferences caused by specular reflection or saturated absorption at 

high concentrations. A disadvantage of NIR versus MIR is that an NIR spectrum consists 

of the vibrational overtone or combination bands by multiple chemical bonds, which are 

difficult to interpret compared to the fundamental vibrations in the MIR region (Olinger 

and Griffiths, 1993b). The more intense bands of other absorbing components 

surrounding the interested species in the sample matrix may also overlap the low band 

intensity of relatively low analyte concentrations in the NIR region. 

The prediction of total N in different field soils with the DRIFTS technique using 

either NIR or MIR region has been reported with relatively high correlation coefficients 

(R^ > 80%) and somewhat low coefficient of variation (CV) (approximately 10% with the 



standard error of prediction (SEP) < 300 ppm) (Dalai and Henry, 1986; Meyer, 1989; 

Morra et al, 1991; Krischenko et al, 1992; Janik and Skjemstad, 1995; Salgo et al, 

1998; Reeves, III et al., 1999; Confalonieri et al., 2001; Reeves, III et al., 2001). Plants 

take up N in the form of NH/ or NO3" and so it is more valuable to have information on 

the concentration of individual N species than for total N alone. Only a few studies 

(Krischenko et al., 1992; Ehsani et al., 1999; Ehsani et al., 2001) have reported the 

potential of DRIFTS for the determination of soil mineral N (NHU"^ and NO3'). This lack 

of attention may be due to the low concentration of each species (approximately less than 

100 ppm without N fertilizers) or to the temporal changes in the relative levels of each 

through the nitrification process. 

The relatively low R^ (less than 50%) for soil mineral N (NEU"*" and NO3") 

measurement in the NIR region reported by Krischenko et al. (1992) could be caused by 

the low and unstable concentrations of mineral N in soil samples. On the contrary, a high 

R" (more than 70%) and low CV (less than 10%) were reported for the prediction of NO3" 

in two soil types (Yolo loam and Capay clay) when spiked with N fertilizers to yield the 

concentration range of 0-440 ppm NO3" or 0-100 ppm NO3-N (Ehsani et al., 1999). 

However, the measurement errors were changed noticeably when the type of soil or N 

fertilizer were mixed. This lack of a unique calibration model for NO3" measurement in 

the NIR region calibrated using a field soil might be due to the low absorption intensity 

of NO3" relative to those of other features in soil samples. 

The possibility of using the MIR region for NO3" prediction in soil samples was 

investigated by Ehsani et al. (2001). Their detector was not sensitive enough to detect 



NOs" in neat soil samples (without diluted with a non-absorbing powder) when the NO3" 

concentration was less than 400 ppm NO3-N so they added soil samples with an extreme 

concentration range of 400-3,000 ppm NO3-N. They also studied the effect of the dilution 

matrix and packing pressure on the quantitative analysis of NO3" in soil. When soil 

samples were diluted with KBr and a substantial packing pressure of 10,619 kPa (1,540 

psi) was applied, a high correlation (R^ > 80%) was obtained (Ehsani et al, 2001). 

3.2. Challenges with Neat Samples for Quantitative Analysis by DRIFTS 

One of the major difficulties of the DRIFTS technique for quantitative analysis is 

that the specular reflectance can cause band distortion or inversion (reststrahlen band), 

especially in the MIR region which yields lower DRIFTS intensities (Culler, 1993). 

Specular reflectance can be partly reduced by diluting the sample with a non-absorbing 

standard, however, dilution might cause ion exchange and interference from water 

absorbed onto the non-absorbing alkali halide matrix. The replacement of NH4^ in the 

NH/-saturated clay (Smectite) by from KBr used as the diluting matrix caused the 

shift of the NH4"^ peak to lower wavenumbers (shifting from 1,440 cm"^ to 1,400 cm"') 

(Petit et al., 1999). The alkali halide also tends to adsorb organics from the air if they are 

left for several hours, leading to peaks around 2,950 cm"' (3,390 nm) in the MIR region 

(Griffiths and Fuller, 1982; Vogt and Finlayson-Pitts, 1994). 

It was possible to obtain undistorted DRIFTS spectra of some agricultural 

products in the NIR region (8,000-4,000 cm"') without dilution (Olinger and Griffiths, 

1993a). No differences in DRIFTS spectra existed between the dilute (1 wt % in KCl) 
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and neat samples except for the decreased band intensities in the sample spectra due to 

dilution. Band distortion was more pronounced in the low-wavenumber region of the 

MIR (below 2,000 cm"'). Therefore, neat samples could provide reliable information for 

quantitative analysis in the NIR and the high-wavenumber MIR regions. In fact, many 

studies have shown that neat soil samples could be used for quantitative analysis of soil N 

in both NIR and MIR ranges (see section 3.1). However, such an approach must be 

carefully investigated. The soil matrix has substantial variations in both physical and 

chemical properties such as soil textures, particle size distribution, and organic and 

inorganic absorptions that can have a significant impact on the quantitative analysis of 

the low contents and weakly absorbed analytes. 

When using neat soil samples, the strength of the absorption by the matrix 

surrounding the analyte is important for DRIFTS which relies on a relative reflectance 

(Roo). Soil chemical compounds such as soil mineral N (NH4^ and NO3*) have small 

absorbance features and they are likely shadowed by the intense features of other 

fundamental components in the soil matrix such as water (0-H stretching), sand (O-Si-0 

stretching), or clay and organic matter (--OH and -CH peaks). The particle-size variations 

in soil samples could also impact the effective penetration depth of radiation, which, in 

turn, influences the absorption intensities of analytes. Additionally, the differences in soil 

textures and the particle size distribution of soil samples could enhance the heterogeneous 

distribution of analytes in the sample and the difference in sample packing density. 

Although the log (l/Rx) transformation together with statistical methods could be used to 

compensate for the non-linearity between analyte concentrations and the log (l/Ro,) 



transformed spectral data in neat soil samples, the effect of particle-size variations of soil 

matrix might be significant and thus influences the analysis. 

A series of mathematical pretreatments could be used to minimize variations in a 

background spectrum and chemical and physical interferences in neat samples before 

developing the calibration model for the prediction of analyte concentrations. The first or 

second derivative and the multiplicative scatter correction (MSC) pretreatments could, to 

some extent, reduce the variation in baselines and the scattering effect due to the 

difference in particle size distribution of soil samples. In addition, the differences in the 

effective penetration depth due to multiplicative scatter effects could be normalized by 

using the absorbance ratio of analyte at a single wavelength to a reference (typically 

water) at another wavelength (Brimmer and Hall, 1993). The analyte concentration is 

proportional to this ratio rather than just the absorbance of analyte at a particular 

wavelength or wavenumber. The smoothing or filtering techniques such as a Savitzky 

and Golay smoothing, an FFT (fast Fourier transform) filtering, and a wavelet filtering 

methods could also be employed to minimize noise in DRIFTS spectra, resulting in 

increasing the signal-to-noise ratio (SNR). 

Another difficulty for soil N determination using a field soil is that it is very 

difficult to select the representative calibration samples that provide all variations 

expected to be present in the samples that are to be analyzed using the calibration model. 

The levels of N in agricultural soils can vary from 100 ppm to 7,000 ppm or more 

depending on the application rate of N-fertilizers. Additionally, the particle size 

distributions are different for each soil type and can influence N measurements. Dalai and 
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Henry (1986) found that finely ground soil samples yield a relatively lower standard error 

of prediction (SEP) for total N determination than do coarsely ground samples. A 

developed calibration model for soil N might be applied for a certain concentration range 

and a particular soil type and location regardless of mathematical pretreatments used. The 

mixed soil samples taken from different treatments, types of soils, concentration ranges, 

or locations (e.g., till and no till, Yolo loam and Capay clay, or wide and narrow 

concentration ranges) could lower the capacity of IR spectroscopy to predict N in soil 

(Morra et al., 1991; Krischenko et al, 1992; Reeves-III et al, 1999; Ehsani et at., 1999). 

Also higher bias was found in predicted total N with concentration less than 300 ppm 

(Dalai and Henry, 1986). One approach to minimize the effect of the wide N 

concentration range is to divide samples into subsets with narrow ranges of N content and 

relatively similar mineralogy (Janik and Skjemstad, 1995). This improved the correlation 

coefficient (R^) and reduced the SEP using the locally linear approximation and the 

partial least squares (PLS) method. The performance of IR spectroscopy could be 

reduced when two soil types were mixed in the calibration set or two sources of N 

fertilizers were combined in one soil type (Ehsani et al., 1999). 

The lack of a representative calibration sample could result in differences in the 

selected optimal spectral regions for soil N. For prediction of total N in the NIR region, 

the combinations of wavelengths primarily correspond to overtones and combination 

vibration of N functional groups in soil. Although these features should be invariant, the 

optimal wavelengths of NIR reported in previous studies are different in each study. 

Using absorbance data in a calibration model, Dalai and Henry (1986) selected three 
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wavenumbers at 5,880 cm"' (1,702 nm), 5350 cm'^ (1,870 nm) and 4,870 cm"' (2,052 

nm). Morra et al. (1991), using the derivatives of absorbance data, selected wavenumbers 

near these regions but also included other wavenumbers. For NO3" measurement, Ehsani 

et al. (1999) used the NIR range from 5,500 to 4,300 cm"' (1,820-2,330 nm) while Ehsani 

et al. (2001) selected the ratio of the average NOa'peak around 1,370-1,390 cm~' (7,300-

7,190 nm) to the average water peak around 1,640-1,660 cm^' (6,100-6,020 nm) instead 

of the entire range of MIR region, 4,000-500 cm"' (2,500-20,000 nm). The use of this 

ratio might be to normalize the effect of multiplicative scatter as reported by Brimmer 

and Hall (1993). 

In summary, to use the DRIFTS technique effectively for non-ideal samples such 

as neat soil, it is necessary to correct for interfering absorptions from other components 

present in the sample matrix, variations of background spectra, and scattering differences 

due to particle-size variations that could affect the spectral basehnes, the shift in 

absorption bands, or the effective penetration depth. These effects, however, may not be 

compensated for by the use of complex statistical pretreatments such as the first- or 

second-derivative of the log (1/Roo) data, the multiplicative scatter correction (MSC) 

method, and the smoothing or filtering techniques. By using statistical methods to match 

DRIFTS spectra and the analyte concentrations, absorption at wavelengths that do not 

result from the desired analyte may be spuriously selected. For example, the wavelength 

of unknown components in a sample that might also vary with analyte concentration may 

be selected as believed to contain analyte-specific information. The prediction might also 

fail when selecting a group of samples in validation sets that do not contain similar soil 
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mineralogy to the ones included in calibration sets (i.e., lacking a representative 

calibration sample). 

3.3. An Alternative Approach 

The substantial variations in both physical and chemical properties of neat soil 

samples could have a significant impact on collected DRIFTS spectra, resulting in a 

lov^^er prediction ability of DRIFTS for N determination. Additionally, a calibration 

model might not be valid since the representative calibration samples of soil could not be 

easily selected. Most prior studies in this area have relied simply on the mathematical 

processing to improve the ability of IR spectroscopy for soil N determination. As soil 

types vary from study to study, the physical variations also likely vary, thus measurement 

capabilities depend on more than just chemical variations and the unique calibration 

model cannot be established. Also the information on the level of soil mineral N (NH4 ' 

and NO3') described previously is more valuable than total N alone given that they are the 

form of N taking up by plant root. Previous studies, however, have not focused on 

performing mmeral N measurements with samples having minimal physical variations, 

particularly for field soils. 

The overall objective of this study is to evaluate the feasibility of utilizing the 

DRIFTS method together with PLS regression to perform chemical analyses of soil 

mineral N (NH/ and NO3"). Since there are a number of attributes of field soil samples 

that can influence mineral N quantification by DRIFTS, there can be benefits from 

studying soil matrices with constant physical characteristics. The approach used in this 



study is to study silica sand (the major component of soil) and vary only interested 

chemical components. The complexity of the sample matrix is progressively increased 

with the second important component of soil that is clay. These studies should provide 

highly accurate measurements since the physical variations are constant. To synthetically 

imitate a field soil, changing the matrix to the mixture of sand, silt, clay, and an organic 

compound varies both physical and chemical components of sample matrix. Finally, a 

neat soil sample is investigated to validate the optimal calibration model developed using 

the previous sample matrices. These studies will serve as a benchmark to improve 

spectral collection techniques and data analyses for mineral N measurement. 
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IV. MATEMALS AND METHODS 

4.1. Sand 

Sand (white quartz) (Sigma Chemical Company, Inc., St. Louis, MO) with the 

particle size range of 212-300 jim (#70-50 U.S. Mesh) was washed with 0.01 M HCl 

solution overnight and then was rinsed with distilled water before being oven-dried at 

105°C for 24 hours. 

4.1.1. Mineral Nitrogen Compound Addition 

Acid washed sand served as the sample matrix throughout this study. To this was 

added random but known amounts of N components (NH4CI, NaNOs, and NH4NO3) to 

yield at least 40 samples with independent N amounts. Table 4.1 summarizes the types of 

N components used, the concentration ranges of NHU^ and NO3", and the number of 

samples for each group. The concentration of N is expressed as parts per miUion (ppm) 

throughout this study. The ppm is equivalent to mg kg"' in the SI unit. For a one-

component analysis (Groups No. 1 and 2), the concentrations of NH4^ varied from 0 to 50 

ppm and NO3" from 0 to 200 ppm. The concentration ranges of NH4" and NO3' in Arizona 

soils are approximately 0-20 ppm and 0-200 ppm, respectively. For the analysis of two N 

components (Groups No. 3 and 4), the NH4'*" concentrations also varied from 0 to 50 ppm 

and from 0 to 200 ppm for NO3". The additions of 10 samples in Group No. 3 were 

randomly added with either NH4^ or NO3'. The maximum content of NH4'^ in Group No. 4 

was slightly higher than other groups because the maximum of NO3" concenfration was 

fixed at 200 ppm. 
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Table 4.1. Summary of all experiments of nitrogen compounds added onto silica sand and 
silt samples. 

Group 
Nitrogen 

Compound Particle Size 
(^im) 

# Spectra -

Concentration Range 
(ppm) 

NH4^ NO3" 
No. 1 NH4CI 212-300 120 0-50 -

No. 2 NaNOs 212-300 120 - 0-200 

No. 3 NH4CI + NaNOs 212-300 153 0-50 0-200 

No. 4 NH4NO3 212-300 120 0-60 0-200 

No. 5 NH4CI + NaN03 63-106 60 0-50 0-200 

No. 6 NH4CI + NaNOj Less than 53 60 0-50 0-200 

No. 7 NH4Cl + NaN03 ^Mixtures of 3 sizes 153 0-50 0-200 

No. 8 NH4Cl + NaN03 212-300 63 0-50 0-200 

"Mixtures of three particle sizes: 212-300 fim, 63-106 fxm, and less than 53 jim. 

Nitrogen was added to sand by preparing a liquid solution of each N compound in 

NANOpure water. This approach yielded samples which were more homogeneous than 

those prepared by addition of powders. The analytical balance used to weigh samples has 

a readability and reproducibility of 0.1 mg. The sand samples, roughly 280 mg, were put 

into a stainless steel cup without dilution with KBr. The cup was gently tapped on all 

sides with a spatula to loosely pack sand, and then the sample surface was leveled with a 

razor blade. The pH value of the NH4CI solution was adjusted to be lower than 6.0 to 

assure the presence of ]SIH4'̂  in the solution. The pH values of NaNOa and NH4NO3 

solutions were generally less than 6.0. 
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Volumes of N solutions were pipetted onto the sand in the sampling cups to avoid 

losses due to transfer. Based on the water density of 1 g cm the accuracies of the 

pipettes used were 99.4% and 99.5% for the 50-fiL and the 1-mL pipettes respectively. 

Each sample received the same total amount of NANOpure water to consistently 

distribute N components to the whole sand sample in the cup. Samples were air-dried in a 

desiccator for 24 hours before spectra were collected. The pH values of all stock 

solutions were recorded when preparing samples to assure the required pH values. See 

section 4.1.4 for the quantitative analysis of spectral data. 

The amounts of NH/ and NO3" losses after 24-hr of air-drying in a desiccator 

were quantified by preparing replicate samples that contained the highest contents of 

either NH/ or NO3' in solutions mixed with sand. The levels of N in sample solutions 

were then measured both before and after air-drying with the wet chemistry methods 

described in section 4.1.5. Table 4.2 indicates that there are no measurable N losses 

during the air-drying process since the differences of N levels in solutions are within the 

detection limit of the classical methods used (i.e., ±0.3 and ±0.6 ppm for the NH3 

electrode and the VIS spectrophotometer, respectively). 
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Table 4.2. Determination of NBU"^ and NO3" losses after 24-hr air-drying in a desiccator. 
Concentration Estimated Concentration 

(ppm) 
Difference 

(= Before - After) 
(ppm) 

"by weight ^by volume NH4 NO3" 
(ppm) (ppm) Before After Before After NH/ NO3 

48 4.8 4.72 4.90 - - -0.18 -

48 4.8 4.72 4.90 - - -0.18 -

Average M 4.72 4.90 - - -0.18 -

200 1.13 - - 0.90 1.14 - -0.23 

200 1.13 - - 1.00 1.30 - -0.31 

200 1.13 - - 0.92 1.25 - -0.32 

Average 1.13 - - 0.94 1.23 - -0.29 

® Microgram of ammonium or nitrate in 1 gram of sand. 
Microgram of ammonium or nitrate in 1 milliLiter of water. 

4.1.2. Particle Size Analysis 

The sample particle size could affect the quantitative analysis of N compounds. 

Since clay particles are typically less than 2 |ani, the particle size effect on silica sand 

added with N compounds should be investigated before changing the sample matrix to 

clay. Sand with its original particle size (212-300 juim) was ground in a mixer and mill 

machine (#800, Spex Industries, Inc., Edison, NJ) for approximately 5 minutes and then 

washed with 0.1 M HCl solution overnight with the ratio of 100 mL of HCl to 1 gram of 

sand to remove iron oxide (FeO), formed after milling. The washed ground sands were 

dried in an oven at 105°C for 24 hours. The dried sand particles were then sieved both by 
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a sieve shaker and by hand to separate the particle sizes into sand with the particle size of 

63-106 |j,m (#230-140 U.S. Mesh) and silt (particles less than 53 jam (less than #270 U.S. 

Mesh)). Samples were prepared using the same approach as described in section 4.1.1 by 

which both NH4CI and NaNOa solutions were directly added into the ground samples in a 

cup producing 20 samples in each group (Table 4.1, Groups No. 5 and 6). Two particle 

sizes of sands (212-300 pni and 63-106 jim) and silt particles (less than 53 |i.m) were also 

manually mixed with equal weight ratios (Table 4.1, Group No. 7) to which were added 

both N compounds. A few samples in each group were evaluated using a scanning 

electron microscope (SEM) to observe the distribution and surface morphology of sand 

particles in samples. The scanning electron microscope scans the surface of a specimen 

with a small electron probe synchronously with an electron beam of a separate cathode-

ray tube (CRT) (Black, 1974). The intensity of the CRT is modified by one of the signals 

produced by the probe-specimen interaction to form an image on the face of the tube. 

4.1.3. Sample Homogeneity 

Adding N solutions directly onto sand samples prepared in a sampling cup can 

minimize losses of N due to transfer or due to binding to transfer containers. However, 

later experiments brought into question the uniformity of the N distribution in a sampling 

cup. Fig. 4.1 illustrates the DRIFTS spectra of the sand samples added with 50 ppm NH4'^ 

prepared both in a 20-mL polyethylene scintillation vial (Fig. 4.1 A) and in a sampling 

cup (Fig. 4.1B). Fig. 4.1B shows more intense NH4' features than Fig. 4.1A does. This 

might be caused by the accumulation of NH4"^ on the sample surface after drying, 
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showing more intense peaks than would be in a homogeneous sample. The less intense 

features in Fig. 4.1 A might be also caused by the loss of NELi"^ due to attachment to a 

container. 

Figure 4.1. DRIFTS spectra of sand samples added with 50 ppm NH4''; (A) Prepared in a 
polyethylene scintillation vial; (B) Prepared in a sampling cup. 

To determine the amount of losses caused by attachment to a container 

surface, two different materials of disposable containers were tested. The NH4CI solution 

was put into both a 20-mL scintillation glass vial (G) and a 15-mL polypropylene 

centrifuge tube (P). These samples were closed with screw caps and left for 24 hours (G1 

and PI) and 48 hours (G2). For sample PG, the NH4CI solution was kept in a centrifuge 

tube for 24 hours, then transferred to a glass vial and kept for another 24 hours. The 

contents of the NH/ in sample solutions were measured with the NH3 electrode. 

Table 4.3 indicates that there is a significant loss of Nllt^ in the glass vial (about 

7% within 24 hours). The polypropylene vial, however, indicated no loss of NH/ within 

0.09 

0.04 

5000 4800 4600 4400 4200 4000 
I Wavenumber (cm ) 
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the time period of 24 hours. Therefore, a disposable 20-mL scintillation polyethylene vial 

was used to investigate the quantitative effect of sample homogeneity using sand 

samples. Twenty one-sand samples with the particle range of 212-300 pm were weighed 

and put into the polyethylene vials (Table 4.1, Group No. 8). The known volumes of 

NH4CI and NaNOa solutions were added into sand samples with the same concentration 

ranges as previous experiments (0-50 ppm NH4"^ and 0-200 ppm NO3'). These samples 

were then air-dried in a desiccator for 24 hours before being transferred to a sampling cup 

for scanning with triplicate spectra for each. Results acquired from this experiment 

(Group No. 8) as well as the comparison to those of Group No. 3 where samples were 

prepared in the sampling cups are present in section 5.3 (Results and Discussion). 

Table 4.3. Determination of NEU"^ losses due to attaching to a glass and a polypropylene 
vial. 

Sample Expected 
Concentration 

(ppm) 

^Measured Concentration 
(ppm) 

24 hours 48 hours 

Difference 
(= Expected - Measured) 

(ppm) 
G1 10 9.30 - 0.70 

G2 10 - 8.93 1.07 

PI 10 10.08 - -0.08 

PG 10 - 8.74 1.26 

® The average concentration of duplicate samples. 
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4.1.4. Equipment and Statistical Software 

Spectra were collected on a Nicolet Magna 560 Fourier Transform Infrared 

(FTIR) spectrometer (Thermo Nicolet Corporation, Madison, WI) equipped with the 

Wilmad 148-1-Diffuse Reflectance Accessory (Wilmad Glass Company, Inc., Buena, 

NJ), a SOW Tungsten source, CaFi beamsplitter, and liquid nitrogen-cooled InSb detector 

(Fig. 4.2A). The sample compartment was not purged by dry air. Sample cups (stainless 

steel with 10 mm in diameter and 2.3 mm in depth) were inserted into the sample holder 

and placed into the DRIFTS accessory (Fig. 4.2B). 

Figure 4.2. Spectroscopic equipment: (A) FTIR spectrometer equipped with DRIFTS 
accessor)'; (B) A sampling cup, a preparation base, a sample holder, and a 
razor blade. 

The log (1/Roo) format was used to produce DRIFTS absorbance spectra by 

ratioing the single beam spectrum of the sample to the background spectrum of the 

powdered IR grade KBr or a blank sample. Powdered KBr was oven-dried at 110"C 

overnight and kept in a desiccator until used as a background or a diluted material. Each 

A B 
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spectram consisted of 256 co-added triangularly apodized scans collected from 10,000-

2,100 cm"' (1,000-4,760 nm) at 2-cm'' resolution. Triplicate spectra were collected 

successively for each sample. A background spectrum of KBr was collected after every 

fifth sample. Fig, 4.3 shows the single beam spectrum of KBr powder. 

50 -

10 -

10000 8000 6000 4000 2000 
Wavenumber (cm'') 

Figure 4.3. A single beam spectrum of powdered KBr. 

Two NIR spectral regions and one high-wavenumber region of MIR were isolated 

and analyzed for both NH/ and NO3' prediction. These regions were 5,000-4,000 cm"' 

(2,000-2,500 nm), 6,500-5,500 cm"' (1,540-1,820 nm), and 3,400-2,400 cm"' (2,940-4,170 

nm), respectively. These spectral regions are located between the strong water 

absorbance features located around 7,100 cm"' (1,330 nm), 5,380 cm"' (1,860 nm), 3,750 

cm"' (2,670 nm), and 1,630 cm"' (6,140 nm) (Smith, 1999). Note that the water 

absorbances appear as complex absorption spikes in Fig. 4.3. 



Partial least squares (PLS-1) regression analysis software, operated on a Silicon 

Graphics O2 workstation, was employed to correlate N concentrations to spectral 

features. This software was developed and provided by Professor Gary Small from the 

Center for Intelligent Chemical Instrumentation in the Department of Chemistry at Ohio 

University. Spectral data were mean-centered and no other mathematical pretreatments 

(e.g., first or second derivatives, multiplicative scatter correction, baseline correction, 

etc.) were performed. The optimal spectral ranges and the number of PLS factors used in 

the calibration model were determined based on cross-validation procedures. 

Approximately two-thirds of spectra were randomly placed into calibration data sets and 

the rest of the spectra were included in prediction sets. The samples with the highest and 

lowest concentration were always placed in the caHbration set and replicate spectra were 

always placed into the same sample set. This analysis was performed in triplicate as to 

minimize sample dependent effects. 

A C-shell computer script was operated on a Silicon Graphics O2 workstation to 

investigate a variety of possible combinations of model parameters for each spectral 

range. The script builds calibration models with varying numbers of PLS factors from 1 

to 15 and with varying spectral ranges within each isolated spectral range. This follows a 

modified grid search that permits the unbiased evaluation of many calibration data sets. 

For each model, the script searches for spectral ranges which contain significant analyte 

information. Standard errors of prediction (SEP) values initially are computed for 100 

cm"' wide regions at 100 cm"' intervals. The region with the lowest SEP is assumed to 

contain significant analyte information and becomes the focus of further evaluation. The 
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upper and lower values of this range are increased and subsequently decreased by a 

predetermined amount and the corresponding SEP values calculated. The process of 

modifying the maximum and minimum frequencies and evaluating ranges is repeated 

four times; each ensuing iteration has a narrower step change in the spectral range. The 

number of PLS factors is incremented and another spectral range search is implemented. 

The conditions found to be optimal for each PLS factor are then determined. Outliers in 

both calibration and prediction sets were detected by the leverage and residuals methods 

(see section 2.5.3.5 for more information in the outlier detection methods). The detected 

outliers that are common in most triplicate sets were removed before final analysis of 

data. 

4.1.5. Traditional Analyses 

To verify NH4'*' and NO3" concentrations in samples, several traditional chemical 

methods were employed. An ammonia electrode (Mode! 95-12, Orion Research, Inc., 

Beverly, MA) was used to measure NH/ in some samples while a colorimetric analysis 

with chromotropic acid (CTA) was utilized to determine NO3" contents (Sims and 

Jackson, 1971). Calibration curves for both methods were prepared each day of analysis. 

NBLt"^ and NO3" coated with sand particles were extracted by mixing with distilled water 

for 10-15 minutes before measuring with the wet chemistry methods. The concentrations 

of NH4'* in sample solutions were measured immediately after sample spectra were 

collected. For sand samples containing NO3", the sample solutions were kept in the 

refrigerator for a few days before being measured. 



The ammonia (NH3) electrode is based upon the potentiometric analysis - the 

measurement of electric potentials in electrochemical cells (Bauer et al., 1978). This 

electrode uses a hydrophobic gas-permeable membrane to separate the sample solution 

from the electrode internal solution. Dissolved NH3 in the sample solution diffuses 

through the membrane until the partial pressure of NH3 is the same on both sides of the 

membrane. The partial pressure of dissolved NH3 gas is proportional to its concentration 

(by Henry's Law). The ammonia electrode responds logarithmically to the effective 

concentration of NH3, which can be expressed according to the Nemst equation as: 

E=E.,-S log[NH3] (4.1) 

where E is a measured electrode potential, Eq is a reference electrode potential, S is an 

electrode slope (-59.2 mV/decade at 25°C). The reaction of NHU'^ when dissolved in 

water is described as; 

NH; +H,0<(^NH3 +H30^ (4.2) 

The relative amount of NH4^ and NH3 is determined by the solution pH. An ionic 

strength adjuster (ISA) is used to adjust the sample solution pH to which the NH4" is in 

the form of NH3 (above pH 11.0). 

The time response of the ammonia electrode is primarily dependent upon the NH3 

concentration in solution. In general, the time response of six minutes is appropriate for 

the concentration of 5 ppm as NH/ or higher. When the concentration is below 0.5 ppm 

NH4', the time response of this electrode can be over 20 minutes and the canyover 

problem may become a sever source of error (i.e., relatively high measured NH4"*' content 

in sample solution when measured sample with low NH4''' concentration immediately 



after a considerably high NH4'^ content). The limit of detection of this electrode estimated 

based on three times of the standard deviation is ±0.3 ppm within the concentration range 

of 0-5.0 ppm. 

Colorimetric analysis is based on the measurement of the degree of absorption of 

visible radiation by an interested compound in solution. The relationship between the 

absorption of a substance and its concentration is described by the Beer-Lambert Law or 

Beer's Law (Eq. 2.8). A sample solution is contained in a cell called a cuvette where its 

pathlength (b) is known. 

For color development, a NO3" sample solution is added to a 0.01% chromotropic 

acid disodium salt (CTA) solution to develop the yellow CTA-NO3 complex, which 

absorbs visible light at a wavelength of 430 nm. The CTA solution is prepared by 

dissolving CTA in concentrated H2SO4. The CTA-NO3 solutions were allowed to cool to 

room temperature (about 10-15 minutes), then the light absorption was determined with a 

UV/VIS spectrophotometer (Model DU640, Beckman Instruments, Inc., Fullerton, CA). 

Three absorbance values were taken for each sample and the average of these three 

values reported. Experimentally, the limit of detection of this method is ±0.6 ppm within 

the concentration range of 0-5.0 ppm. 

4.2. Clay Minerals 

Three types of clay minerals were used: a Ca-rich montmorillonite (Apache 

Count, AZ), a kaolinite (Georgia), and an illite (Fithian, IL). The first two samples were 

obtained from the Source Clay Minerals Repository, University of Missouri, Columbia, 



MO while the last sample was obtained from Ward's Natural Science Establishment, Inc., 

Rochester, NY. Kaolinite and illite were kindly provided by Dr. David Hendricks, 

Department of Soil, Water and Environmental Science, The University of Arizona. The 

particle sizes of montmorillonite and kaolinite originally obtained from the manufacture 

were less than 2 p,m. Illite was ground with the mixer and mill machine until the fine 

powdered illite was obtained. Clay samples were prepared in a polyethylene vial then 

added with either NH4CI or NaNOa solutions at fairly high concentrations of NH4' or 

NO3'. Samples were air-dried for 24 hours before being transferred to a sampling cup for 

scanning. The spectral features of NH4"' and NO3' in sample spectra were qualitatively 

compared with the spectra of NH4CI and NaNOa powders. Samples were scanned "as is" 

or neat sample and diluted to 5 wt % in KBr. See Appendix B for the results obtained 

from this experiment. 

4.3. Mixtures of Sand and Other Components 

Humic acid (sodium salt) (Aldrich Chemical Co., Inc., Milwaukee, Wl) was 

ground in a stainless steel vial and a ball pestle with a Wig-L-Bug grinder (Crescent 

Dental Manufacturing Co., Chicago, IL) for approximately 20 seconds. A 1 wt % humic 

acid mixture was mixed with 25-gram sand (a particle range of 212-300 |im) along with 

10-mL of water. While mixing with a magnetic stirrer, the pH of the sample solution was 

measured and adjusted to approximately 6.0. The sample was oven-dried overnight at 

50"C. The dried sample (about 350 rag) of sand mixed with humic acid was put into a 

polyethylene vial and added with the known amount of NH4CI solution and water to yield 
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the total volume of 150 iiL. The sample spectrum was scanned after the sample was air-

dried for 24 hours. The humic acid in a dried sample was not evenly distributed; thus, the 

sample was manually mixed again before being transferred to a sampling cup. 

A 60 wt % silt (particle sizes less than 53 fim) was manually mixed with 40 wt % 

kaolinite. Then 1 wt % humic acid was added into this mixture. Water was added and the 

pH of the solution was adjusted to approximately 6.0. This sample was oven-dried 

overnight at 50°C. Because of the uneven distribution of humic acid in a dried mixture 

sample, a 1-mL polystyrene vial was used instead of a 20-mL polyethylene vial. A 1-mL 

polystyrene vial was compatible with a Wig-L-Bug grinder that could provide a 

consistent mixture of sample. Fig. 4.4 shows the Wig-L-Bug grinder and the 1-niL 

polystyrene vial together with a 9.53-mm plexiglas ball pestle. 

Figure 4.4. The grinder equipment: (A) Wig-L-Bug grinder; (B) 1-mL polystyrene vial 
together with a 9.53-mm plexiglas ball pestle. 
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The sample was put into a 1-mL polystyrene vial and then added with either NH4CI or 

NaNOs solution. After air-drying, the sample was ground using a 9.53-mm plexiglas ball 

pestle in a Wig-L-Bug grinder for about 30 seconds. Both neat sample and 10 wt % 

dilution in KBr were studied. Results obtained from this experiment are present in 

Appendix C. 

4.4. Soil 

The agricultural soil sample (SMA-1), kindly provided by Dr. Janick Artiola, 

Department of Soil, Water and Environmental Science, The University of Arizona, was 

the Pima Clay Loam (Typic Torrifluvent) collected at the depth of 0-150 mm from 

Marana Agricultural Center, The University of Arizona, Tucson, AZ. This soil sample 

was air-dried and sieved to obtain a particle size of less than 2 mm. Table 4.4 indicates 

the characteristics of the SMA-1 soil. The soil sample originally contains approximately 

180 ppm NO3" and presumably does not contain NH4*' since it has been kept in an open 

container for an extended period of time. 

Table 4.4. Soil characteristics. 
Texture Clay 

(%) 
Silt 
(%) 

Sand 
(%) 

"TOC 
(%) 

"TIC 
(%) 

'CEC '^EC pH Fe203 
(%) 

Pima Clay-

Loam 23 40 37 0.8 4.7 31 00
 

1.5 

^ Total organic carbon. 
''Total inorganic carbon, expressed as CaCOs. 
*•" Cation Exchange Capacity (nieq/100 g soil). 
^ Electrical Conductivity from a saturated paste (mmhos/cm). 
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4.4.1. Sample Dilution with KBr 

Previous experiments indicated that the NH/ and NO3" features were overlapped 

by other components in soil samples when using a neat soil sample. Thus relatively high 

contents of NH/ and NO3' in soil samples were investigated. These same soil samples 

were diluted with KBr since the diluted samples showed more distinct features of N 

compounds than did neat samples. Fig. 4.5 illustrates the DRIFTS spectra of a neat soil 

sample (Fig. 4.5A), a neat soil mixed with 1,000 ppm NO3' (Fig. 4.5B), and a 5 wt % soil 

added with 1,000 ppm NO3' diluted in KBr matrix (Fig. 4.5C). Fig. 4.5C indicates a small 

NO3" feature around 2,425 cm"' whereas the NO3 feature was masked in the other two 

spectra. 

C 

2475 2450 2425 2400 

Wavenumber (cm"') 

Figure 4.5. DRIFTS spectra soil samples in the region of 2,475-2,400 cm"': (A) Soil 
sample; (B) A neat soil added with 1,000 ppm NO3'; (C) A soil sample added 
with 1,000 ppm NO3" scanned as 5 wt % in KBr. 



Soil samples were added with known but random amount of NH4CI and NaNOs 

solutions producing 100 total samples. The levels of N components in soil samples 

ranged from 0 to 200 ppm NBU"^ (0-156 ppm NH4-N) and from 180 to 1,000 ppm NO3" 

(41-226 ppm NO3-N), respectively. Twenty samples were randomly added with either 

NH4^ or NO3". Soil samples were mixed with N solutions in a 1-mL polystyrene vial and 

kept in the closed vials at room temperature for 24 hours to allow the distribution of N 

compounds to the whole soil. Samples were then air-dried in a desiccator for another 24 

hours. The powdered KBr was oven-dried overnight at 110°C and kept in a closed 

container before being used as a background or mixed with the soil sample. The 1 wt % 

soil sample was mixed with KBr using a Wig-L-Bug grinder for approximately 30 

seconds before mixing again with a spatula and transferring to a sampling cup. Triplicate 

spectra were scanned for each sample, yielding a total spectrum of 300. A KBr spectrum 

was collected after every fifth sample. 
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V. RESULTS AND DISCUSSION 

5.1. Quantitative Analysis of Added Mineral Nitrogen Compounds in Sand 

Initial studies used sand samples with particle sizes within 212-300 fim as a 

sample matrix with simple and consistent physical properties. Only the mineral N (NBU"^ 

and NO3") content was varied in these samples with known concentrations of mineral N. 

The NKU'*" concentrations in sand samples varied from 0 to 50 ppm. The NO3' 

concentrations varied from 0 to 200 ppm. A liquid solution of each N component (NH4CI, 

NaNOa, and NH4NO3) was prepared and pipetted onto the sand in a sampling cup along 

with the same total amount of water. Sand samples were divided into four groups based 

upon the differences of N compounds added. For the analysis of one N compound, 

volumes of either NH4CI solution (Group No. 1) or NaNOs solution (Group No. 2) were 

added onto sand samples. Both NH4CI and NaNOs solutions were added onto samples in 

Group No. 3 while NH4NO3 solution was used in Group No. 4 to analyze the presence of 

both NH/ and NO3' in sand samples. Triplicate spectra were collected for each sample. 

Powdered KBr was used as a background throughout this study unless specified 

otherwise. 

The spectral data were analyzed using the partial least squares (PLS) regression to 

develop the calibration model for the measurements of mineral N in sand samples. Two 

NIR spectral regions (6,500-5,500 cm"^ and 5,000-4,000 cm"^) and one high-wavenumber 

region of MIR (3,400-2,400 cm"') were employed. The model parameters were 

determined through a cross-validation method. About two-thirds of the sample spectra 

were randomly placed into the calibration set and the rest of the spectra were included in 
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the prediction set. Triplicate calibration and prediction sets were evaluated for each 

region. The calibration model that obtains the model parameters close to the average 

parameters of the triplicate sets is selected as the representative calibration model for 

each experimental group within the specific spectral region and is used for the 

concentration correlation plot. The spectral range of this calibration model is referred as 

the optimal spectral range for each region. 

The neat (undiluted) samples of powdered NH4CI, NaNOa, NH4NO3, and of sand 

were scanned with DRIFTS equipment. The particle ranges of the powdered NH4CI, 

NaNOa and NH4NO3 are 53-90 [im while the particle ranges of sand are 212-300 jj,m. 

DRIFTS spectra of these samples are presented below. Fig. 5.1 shows the NIR region of 

6,500-5,500 cm"^; Fig. 5.2 presents another NIR region of 5,000-4,000 cm"^; and Fig. 5.3 

displays the high-wavenumber of MIR region of 3,400-2,400 cm"'. The NH4CI spectrum 

(A) exhibits many distinct features in all three regions; for example, around 2,810 cm"^ 

(3,560 nm), 4,820 cm"^ (2,070 nm), and 6,250 cm'^ (1,600 nm). The spectral intensities of 

NH4CI are quite high relative to sand in all three regions; thus, high PLS efficiency in 

predicting concentrations in sand would be expected within these three regions. As 

one would anticipate for this range, the NH4CI features in the 6,500-5,500 cm"' region 

(Fig. 5.1 A) are somewhat more broad and less intense than those features in other two 

regions (Fig. 5.2A and 5.3A). The absorbance intensities of sand (C) and NaNOa (D) 

features are considerably lower than those of NH4CI and NH4NO3 features (A and B) in 

Fig. 5.1 and 5.2. Since all spectra are displayed in the common scale of absorbance 

intensity, the spectra of sand and NaNOs look flat in these figures. The large 
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displacement of NaNOa spectram (D) from other spectra in Fig. 5.1 might be due to 

variations in a background spectrum. 

I 
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Figure 5.1. DRIFTS spectra of four powdered samples in the region of 6,500-5,500 cm'^ 
(A) NH4CI (53-90 |im); (B) NH4NO3 (53-90 ^m); (C) Sand (212-300 |im); 
(D)NaN03 (53-90 lam). 

-e 
a 

5000 4800 4600 

Wavenumber (cm'^) 

4400 4200 4000 

Figure 5.2. DRIFTS spectra of four powdered samples in the region of 5,000-4,000 cm'^ 
(A) NH4CI (53-90 nm); (B) NH4NO3 (53-90 fim); (C) Sand (212-300 fim); 
(D) NaNOa (53-90 ^m). 
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Figure 5.3. DRIFTS spectra of four powdered samples in the region of 3,400-2,400 cm"^: 
(A) NH4CI (53-90 urn); (B) NH4NO3 (53-90 ^m); (C) Sand (212-300 ^m); 
(D)NaN03 (53-90 M-m). 

NaNOs has many features in both NIR regions but the signal intensities are very 

low compared with those of sand and are likely to be masked by the more intense signal 

of sand (Fig. 5.1 and 5.2). However, in the MIR region the absorbance intensities of 

NaNOs features are visually more intense than those of sand (Fig. 5.3). The NaNOs 

features around 2,770 cm"^ (3,610 nm) and 2,440 cm'^ (4,100 nm) are clearly apparent 

within the 3,400-2,400 cm'^ region. 

The spectral features of NH4NO3 due to in all three regions resemble the 

spectral features of NH4CI, but are shifted to high frequencies (Fig. 5.1-5.3). The NO3" 

features of NH4NO3 are most apparent in the 3,400-2,400 cm'^ region. The absence of 

NO3" features in the NH4NO3 spectrum within the NIR regions might be because they are 

masked by the higher absorption intensities of NHU"^ features (Fig. 5.1 and 5.2). The shift 
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of NHU"^ features to high ifrequencies in the NEItNOs spectram relative to those of the 

NH4CI spectrum might be due to the differences in molecular structures of these 

compounds. 

5.1.1. Single Nitrogen Component 

Fig. 5.4 shows the DRIFTS spectra of sand with added NH4CI. The sand spectrum 

alone exhibits a strong and narrow feature at 4,530 cm"^ (2,210 nm) (Fig. 5.4B), which is 

very close to one of the strong features of NH4CI (4,540 cm"' (2,200 nm)) (Fig. 5.2A). 

The strong features of the NH4CI spectrum around 4,820 cm"' (2,070 nm) and 4,450 cm"' 

(2,250 nm) are not present in sand. The sample spectrum (Fig. 5.4A) resembles a 

confirmation of the spectral features of sand (Fig. 5.4B) and NH4CI (Fig. 5.2 A). 

4000 4600 

Wavenumber (cm" ) 

4400 4200 5000 4800 

Figure 5.4. DRIFTS spectra of samples (Group No. 1) in the region of 5,000-4,000 cm"' : 
(A) Sand sample added with the highest NHj^ concentration (43 ppm); (B) 
Neat sand (212-300 pm). The dashed bar indicates the spectral region 
employed for the optimal calibration model. 
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Table 5.1 presents the model parameters and outputs for the prediction ofNBU'^in 

sand samples (Group No. 1) for three sets of calibration and prediction, after removal of 

one outlier. These measurements utilize the 5,000-4,000 cm"' region. The model 

parameters refer to the number of PLS factors and the selected spectral ranges. The 

coefficient of determination (R^) and the measurement errors (the standard error of 

calibration (SEC), the standard error of prediction (SEP), and the coefficient of variation 

(CV)) are the outputs of the model. The outputs for the three different calibration models 

are excellent and consistent for all sets (R^ > 94% and CV < 5%). The number of PLS 

factors are the same for all calibration sets but there are some differences between the 

selected spectral ranges. 

Table 5.1. Model parameters and outputs for all three calibration sets in Group No. 1 
within the region of 5,000-4,000 cm"' using KBr as a background, after 
removal of one outlier. 

Spectral 
Region 
(cm"') 

#Factors 
(%) 

''SEC 
(ppm) 

'SEP 
(ppm) 

^Max. 
Concentration 

(ppm) 

Spectral 
Range 
(cm-') 

'CV 
(%) 

5,000-4,000 2 96 2.26 1.64 43 4,830-4,470 3.8 

5,000-4,000 2 95 2.46 1.59 43 5,000-4,200 3.7 

5,000-4,000 2 96 2.11 1.94 43 4,740-4,600 4.5 

Average 2 96 2.28 1.73 43 4 

^ Coefficient of determination of the calibration set. 
** Standard error of calibration. 
" Standard error of prediction. 
^ Maximum concentration of analyte in the study. 
® Coefficient of variation. 
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The reason for differences in the ranges selected is that the automated grid search 

algorithm looks for the lowest SEP; thus, small variations in the calibration sets could 

affect the selected spectral range for each set. Since NH4CI has many distinct features in 

this region (Fig. 5.2) and the intensities of these features are relatively higher than sand 

features, it is not surprising that multiple spectral ranges might possibly have similar 

performances. The first model (indicated in bold in Table 5.1) represents the optimal 

calibration model for this region since its results are close to the average results of three 

sets (as underlined and bold in Table 5.1). And the spectral range of 4,830-4,470 cm"^ is 

the optimal spectral range for Group No. 1 in the 5,000-4,000 cm"^ region. Only the 

average results of three independent calibration models for each interested region are 

shown in the remaining tables. 

Table 5.2 presents the optimal model parameters and outputs for NH^^ 

measurement (Group No. 1) and for NOs" measurement (Group No. 2) using the NIR and 

MIR regions. One and six outliers were removed from data sets in Groups No. 1 and 2, 

respectively. The effective model parameters for the determination of NH4^ are excellent 

for all spectral regions (R^ > 94% and CV < 6%). The 3,400-2,400 cm ' region provides 

the best performance for NBU^ determination in this group (indicated in bold in Table 

5.2). The relatively high SEP obtained in the 6,500-5,500 cm"' region might be due to the 

broad and low intensity features of NH4CI in this region relative to other two regions. 

There are only small differences in the number of PLS factors required for these 

three regions in Group No. 1 (Table 5.2). The automated grid search includes some 

distinct features of NH4CI in all three spectral regions (e.g., 2,650 cm"'; 4,670 cm"'; 4,820 
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cm'^; 5,970 cm'^; and 6,250 cm"^). The optimal spectral range for measurement 

within the 5,000-4,000 cm"^ region includes two distinct features of NH4CI (4,670 cm"'' 

and 4,820 cm''), as shown with the dashed bar in Fig. 5.4. The optimal spectral range of 

the 6,500-5,500 cm"' region is wider than other two regions because of the broad features 

of NH4CI in this region. Note that other optimal models with narrow spectral ranges 

could be possible for NR^^ measurement since NH4CI has many intense and distinct 

features. 

Table 5.2. Optimal model parameters and outputs for PLS calibrations of data in Groups 
No. 1 and 2 using KBr as a background, after removal of one and six outliers 
respectively. 

Spectral 
Region 
(cm-^) 

#Factors ^R^ 
(%) 

''SEC 
(ppm) 

''Max. 
"SEP Concentration 
(ppm) (ppm) 

Optimal 
Range 
(cm"') 

"CV 
(%) 

Group No. 1: NH4CI 

3,400-2,400 3 95 2.32 1.68 43 2,800-2,520 3.9 

5,000-4,000 2 96 2.28 1.73 43 4,830-4,470 4 

6,500-5,500 3 94 2.62 2.54 43 6,330-5,850 5.9 

Group No. 2: NaNOa 

3,400-2,400 3 95 13.14 12.53 207 2,510-2,400 6.1 

5,000-4,000 3 37 48.03 41 207 4,310-4,100 19.8 

6,500-5,500 3 49 42.88 44.8 207 6,380-6,000 21.6 

" Coefficient of determination of the calibration set. 
'' Standard error of calibration. 
® Standard error of prediction. 
^ Maximum concentration of analyte in the study. 
® Coefficient of variation. 
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The optimal results for NO3' prediction (Group No. 2) are also shown in Table 

5.2. The 3,400-2,400 cm"^ region indicates more effective measurements than either the 

5,000-4,000 cm"^ or the 6,500-5,500 cm"^ regions. This trend was supported by further 

attempts at NO3' measurement and thus the 3,400-2,400 cm"^ region alone was used in 

NO3' measurements for the remainder of the experiments. High correlation between 

DRIFTS spectral data and NO3" concentration are achieved (R^ = 95%) within the 3,400-

2,400 cm"^ region. The SEC and SEP values are similar, roughly 13 ppm, and the CV 

value is about 6%. 

The number of PLS factors required for NO3" determination (Group No. 2) in the 

region of 3,400-2,400 cm"^ are the same as required for NBU^ determination (Group No. 

1). The optimal spectral range (2,510-2,400 cm"^) includes the distinct features of NaN03 

that are not masked by sand within the interested concentration range (e.g., 2,440 cm"' 

and 2,480 cm"'). The grid search also selects other spectral ranges in which the distinct 

NaN03 features are present in sample spectra (e.g., the feature around 2,770 cm"' within 

the spectral range of 2,900-2,700 cm"'). 

Representative concentration correlation plots for NH4^ measurement (Group No. 

1) in the 3,400-2,400 cm"' region and the 6,500-5,500 cm"' region are presented in Fig. 

5.5 and 5.6, respectively. The fitted lines in both provide good agreement with the ideal 

one-to-one line of perfect correlation between actual and predicted NHj^. The slopes of 

the fitted equations are almost equal to 1.0 for both a calibration set (top) and a prediction 

set (bottom). The fitted calibration lines nearly resemble the prediction lines for both 

regions. The scatter of data within each sample and around the fitted lines is larger for 
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measurement using the region of 6,500-5,500 cm"^ compared with the region of 3,400-

2,400 cm"\ reflected in the somewhat higher SEP in the 6,500-5,500 cm"' region. 

Fig. 5.7 illustrates a representative concentration correlation plot for NO3' 

measurement of Group No. 2. Similarity to the perfect correlation is achieved for both 

fitted lines. The slope of the fitted prediction line is slightly less than that of the 

calibration line but no apparent bias occurs in either set. 

50 
o Calibration y = 0.97x+0.47 

R^=0.97 X Prediction 

-5 I I I I I I I I I I 

0 5 10 15 20 25 30 35 40 45 50 
Actual concentration (ppm) 

Figure 5.5. Concentration correlation plot for prediction in sand (Group No. 1) in 
the 3,400-2,400 cm"^ region using KBr as a background. The solid and 
dashed lines indicate the fitted line based on a calibration set (solid) and a 
prediction set (dashed), respectively. 
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Figure 5.6. Concentration correlation plot for NH4^ prediction in sand (Group No. 1) in 
the 6,500-5,500 cm"' region using KBr as a background. The solid and 
dashed lines indicate the fitted line based on a calibration set (solid) and a 
prediction set (dashed), respectively. 
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Figure 5.7. Concentration correlation plot for NO3" prediction in sand (Group No. 2) in 
the 3,400-2,400 cm"' region using KBr as a background. The solid and dashed 
lines indicate the fitted line based on a calibration set (solid) and a prediction 
set (dashed), respectively. 
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It is beneficial to demonstrate the influence of outliers on the prediction ability of 

the calibration model. Outliers could be caused by miscalculation or mistyping data, 

instrumental noise spikes, temperature variations, or packing variations. Outliers would 

bias the calibration model and reduce the prediction ability of the model. Thus some 

outliers have been removed from all data sets before reporting the prediction results. This 

is common practice in spectroscopic analyses using PLS-1. Outliers were identified by 

the residual and leverage methods. Residuals refer to the difference between the 

estimated and predicted concentration of analyte while leverage concerns the distance 

(Mahalanobis distance) of the individual point relative to others. The value of 

Mahalanobis distance varies from 0 to 1. An individual point with low leverage 

(Mahalanobis distance near zero) would have less influence for the estimation of model 

parameters than the ones with high leverage (Mahalanobis distance close to 1). However, 

a high-leverage object might indicate either an error or an informative point. The 

appropriate warning values of residual and leverage are automatically set by the PLS-1 

regression software. 

The individual data in the calibration sets that have residual and leverage above 

the cutoff values are detected as outliers. The outlier detection in the PLS-1 software can 

apply only for the calibration sets; however, outliers could also occur in the prediction 

sets. Since the residual method can be calculated more easily than that of the leverage, 

outliers in the prediction sets are detected by the residual method alone. Data in the 

prediction sets having residuals more than roughly three times of the SEP are identified 



as outliers. Outliers that are common in most triplicate sets of the calibration and the 

predictions sets were removed. 

Fig. 5.8 and 5.9 demonstrate how removing six outliers from the data sets 

improve the entire measurement. The plots of the residuals against the actual NO3" 

concentrations in sand samples (Group No. 2) are depicted in Fig. 5.8 when using all 

spectral data and in Fig. 5.9 when removing six outliers. The residuals of some data (such 

as the ones pointed by the solid arrows in Fig. 5.8) are obviously more than three times of 

the SEP (more than ±40 ppm); thus, these samples are detected as outliers. After removal 

of six outliers, the residuals of most data are considerably decreased. For example, the 

residual of one sample in the calibration set (as indicated by the dashed arrow in Fig. 5.8 

and 5.9) is significantly reduced (about 20 ppm) after outliers were removed. The 

scattering of residual data around zero is also significantly reduced (Fig. 5.9). Thus the 

value of removing outliers is not only to eliminate misleading data, but also to improve 

the calibration applied to the remaining points. 
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Figure 5.8. The plot of prediction error versus the actual concentration of NO3" in sand 
(Group No. 2) in the region of 3,400-2,400 cm"^ for both calibration and 
prediction sets using all spectral data. 
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Figure 5.9. The plot of prediction error versus the actual concentration of NO3' in sand 
(Group No. 2) in the region of 3,400-2,400 cm'^ for both calibration and 
prediction sets without 6 outliers (18 spectra). 
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5.1.2. Binary Nitrogen Mixture 

Fig. 5.10 illustrates the DRIFTS spectra in the 3,400-2,400 cm'^ region of a sand 

sample and sand with both NH4CI and NaNOs. Features of sand, NH4^ and NO3" are 

apparent (Fig. 5.1 OA), but some are masked by the other components. For example, two 

spectral features of NaNOs around 3,150 cm'^ (3,170 nm) and 3,030 cm"' (3,300 nm) are 

completely masked by the intense features of NH4CI within the spectral window of 

3,400-3,000 cm"\ The intensity of the NaNOs feature around 2,770 cm'^ (3,610 nm) is 

significantly reduced when the NUt^ concentration is relatively high. The NEtjCl feature 

around 2,810 cm"' is also apparent in the sample spectrum (Fig. 5.10A). The spectral 

features within the vicinity of the 2,700-2,600 cm"^ region quite resemble sand and 

NH4CI features since NaNOs shows no feature in this region. At the concentration of 194 

ppm NO3', the strong features of NaNOs located around 2,770 cm"^ and 2,440 cm"' are 

still apparent in the sample spectrum. 
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Figure 5.10. DRIFTS spectra of samples (Group No. 3) in the region of 3,400-2,400 cm'V 
(A) Sand sample added with 30 ppm and 194 ppm NO3'; (B) Neat sand 
(212-300 |im). The dashed bar indicates the spectral region employed for the 
optimal calibration model for (lejft) and NOs" (right) predictions. 

Table 5.3 shows the optimal PLS parameters for NH4^ and NO3" measurements of 

Groups No. 3 and 4 using KBr as a background. Four outliers were removed from each 

group. For NHU^ determination, the R^ values are high for both groups in all regions 

(more than 95%). In Group No. 3, the SEC, SEP, and CV values are lowest in the 5,000-

4,000 cm'^ region (indicated in bold). The number of PLS factors required is less for the 

MIR region compared with both NIR regions, requiring 3 and 5 factors, respectively. The 

spectral intensities of NH4CI features in the MIR region are stronger than those in NIR 

regions and thus fewer PLS factors would be required to remove variations such as noise 

and spectral interferences. 
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Table 5.3. Optimal model parameters and outputs for PLS calibrations of data in Groups 
No. 3 and 4 using KBr as a background, after removal of four outliers. 

Spectral ^Max. Optimal 
Region #Factors ''SEC "SEP Concentration Range ®CV 
(cm"^) (%) (ppm) (ppm) (ppm) (cm"') (%) 

Group No. 3; NH4CI + NaNOs 

Nitrate measurement 

3,400-2,400 5 96 13.61 12.01 194 2,560-2,400 6.2 

Ammonium measurement 

3,400-2,400 3 97 2.92 3.16 49 3,300-3,000 6.4 

5,000-4,000 5 98 2.32 2.57 49 4,520-4,350 5.2 

6,500-5,500 5 98 2.42 3.35 49 6,500-5890 6.8 

Group No. 4; NH4NO3 

Nitrate measurement 

3,400-2,400 5 96 10.62 13.53 215 2,900-2,800 6.3 

Ammonium measurement 

5,000-4,000 5 98 2.56 2.83 63 4,970-4,900 4.4 

6,500-5,500 5 98 2.24 3.05 63 6,400-6,100 4.8 

^ Coefficient of determination of the calibration set. 
Standard error of calibration. 
Standard error of prediction. 

^ Maximum concentration of analyte in the study. 
® Coefficient of variation. 



The optimal range for the prediction of in Group No. 3 is distinct from the 

one used for NOs" measurement in the 3,400-2,400 cm"' region. This is divided 

approximately at 2,900 cm"'; the higher wavenumber region for NH4^ whereas the lower 

wavenumber is for NO3" prediction. This is presented as the dashed bars in Fig. 5.10 for 

NH4^ (left) and for NO3" (right). All triplicate calibration sets confirmed the separation of 

the optimal spectral range for NHU^ and NO3" measurements in Group No. 3 within the 

3,400-2,400 cm"' region. 

Since the concentrations of NBU"^ and NO3" are perfectly correlated for sand 

samples mixed with NH4NO3 (Group No. 4), the automated grid search undoubtedly 

selected the same spectral ranges for both NHLt^ and NO3" determination. Therefore, for 

Group No. 4, the 3,400-2,400 cm"' region was used only for NO3' prediction while both 

5,000-4,000 cm"' and 6,500-5,500 cm"' regions were used for NKU^ prediction. Note that 

the 3,400-2,400 cm"' region could still be used for NHj^ measurement for Group No. 4 

but both spectral ranges in the NIR regions would be more appropriate for NH4' 

predictions that are somewhat free from NO3" interferences. 

Despite the differences between Groups No. 3 and 4, the values of R^, SEC, SEP, 

and CV are quite similar for NKU^ measurement, approximately 97%, 2.5 ppm, 3 ppm, 

and 5.5%, respectively. The number of PLS factors is similar for the measurement of 

NHLj"^ in both NIR regions in Group No. 4 (Table 5.3). Due to the shift of NKU"^ peaks in 

the NH4NO3 compound, the optimal spectral range in the 5,000-4,000 cm"' region is 

obviously shifted to higher frequencies compared with those ranges in Group No. 3 (i.e., 

4,520-4,350 cm"' in Group No. 3 compared with 4,970-4,900 cm"' in Group No. 4). 
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For NO3' determination in Groups No. 3 and 4 (Table 5.3), the values of SEC, 

SEP, and CV are quite similar, yielding 96%, 12 ppm, 13 ppm, and 6%, respectively. 

Five PLS factors are required for both groups within the 3,400-2,400 cm'^ region. This 

value is higher than the number of factors required for NO3' determination in Group No. 

2. When additional components are added to the sample matrix, more PLS factors might 

be required to account for larger variations in spectra due to interference among spectral 

features. The optimal spectral range of 2,560-2,400 cm"^ for NO3" measurement in Group 

No. 3 includes only the distinct NO3" features (2,440 cm"^ and 2,480 cm"'). However, the 

optimal spectral range in Group No. 4 includes both NHU^ and NO3" features around 

2,800 cm"'. This might be due to the perfect correlation between NH4^ and NO3" in 

NH4NO3 and the strong intensities of both NH4CI and NaNOs features in the 3,400-2,400 

cm"' region. 

Fig. 5.11 and 5.12 illustrate representative correlation plots of NHU^ and NO3' 

measurements in sand samples (Group No. 3) using KBr as a background, respectively. 

The slopes of the fitted lines for the calibration and the prediction sets for NHi^ 

measurement (Fig. 5.11) are slightly different. The scatter of data within each sample and 

around the fitted lines is larger in Group No. 3 (Fig. 5.11 and 5.12) compared with 

Groups No. 1 and 2 (Fig. 5.5, 5.6, and 5.7). 
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Figure 5.11. Concentration correlation plot for NHU"*" prediction when added with NHU^ 
and NO3" onto sand (Group No. 3) in the 5,000-4,000 cm"' region using KBr 
as a background. The solid and dashed lines indicate the fitted line based on 
a calibration set (solid) and a prediction set (dashed), respectively. 
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Figure 5.12. Concentration correlation plot for NO3' prediction when added with NH/ 
and NO3" onto sand (Group No. 3) in the 3,400-2,400 cm"' region using KBr 
as a background. The solid and dashed lines indicate the fitted line based on 
a calibration set (solid) and a prediction set (dashed), respectively. 
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A representative correlation plot for NOs" measurement in sand samples (Group 

No. 4) within the 3,400-2,400 cm"^ region is illustrated in Fig. 5.13. The slopes of both 

data sets are also very close to 1.0, indicating the perfect correlation of the actual 

concentration and the spectral prediction of NO3' in the sand sample. The scatter of data 

within the triplicate spectra of each sample for NO3' measurement is less in Group No. 4 

(Fig. 5.13) relative to that of Group No. 3 (Fig. 5.12) even though the SEP is higher in 

Group No. 3 (as indicated in Table 5.3). There is less scatter in Fig. 5.13 because the 

specific data set plotted has a lower error compared with the one chosen for Fig. 5.12. 

220 
 ̂200 

o, 180 

f 160 
• B  140 
I 120 
8 100 
8 80 

60 
.a 40 
1 20 
^ 0 

-20 

0 20 40 60 80 100 120 140 160 180200 220 

Actual concentration (ppm) 

o Calibration 

X Prediction 

Figure 5.13. Concentration correlation plot for NO3" prediction when added with 
NH4NO3 onto sand (Group No. 4) in the 3,400-2,400 cm"^ region using KBr 
as a background. The solid and dashed lines indicate the fitted line based on 
a calibration set (solid) and a prediction set (dashed), respectively. 
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Background spectra are used to mathematically subtract the vibrational features of 

other components in the sample matrix from the analyte in sample spectra. To evaluate 

the effects of diflferences in background, a neat sand sample was also used as a 

background as well as a powdered KBr. Since sand served as the sample matrk, 

subtracting sand features out of the analyte features should clearly reveal the distinct 

features of analytes in sample. And it would be possible that the measurement errors 

using sand as a background would be lower than that obtained using KBr. 

Table 5.4 shows the results for and NO3' measurements in Group No. 3 

using a neat sand sample as a background. The number of PLS factors, R^, SEC, SEP, 

and CV values for measurement are very similar to those results present in Table 

5.3 when KBr is used as a background. The optimal spectral ranges in both MR regions 

are somewhat wider than the optimal ranges for prediction in Table 5.3; 

nevertheless, they include the same spectral features of NH4CI. The optimal range in the 

MIR region, on the other hand, includes entirely different NH4CI features (i.e., 3,300-

3,000 cm"' in Table 5.3 compared with 3,000-2,700 cm"' in Table 5.4). However, this 

spectral range was also selected by the grid search for another calibration model and 

contains distinct features ofNHUCl, as described in section 5.1.1. 

The R^ value for the determination of NO3" in Group No. 3 using sand as a 

background (Table 5.4) is the same as that of KBr (Table 5.3). The SEC, SEP, and CV 

values are slightly lower than those using KBr as a background. The number of PLS 

factors and the optimal spectral ranges are basically the same for both backgrounds. The 

similarity of the model parameters when using different background spectra indicates the 
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robustness of the optimal calibration model for the determination of and NO3" in 

sand samples. 

Table 5.4. Optimal model parameters and outputs for PLS calibrations of data in Group 
No. 3 using silica sand as a background, after removal of four outliers. 

Spectral 
Region 
(cm"') 

#Factors 
(%) 

''SEC 
(ppm) 

'SEP 
(ppm) 

''Max. 
Concentration 

(ppm) 

Optimal 
Range 
(cm"') 

X Y  
(%) 

Group No. 3; NH4CI + NaNOa 

Nitrate measurement 

3,400-2,400 6 96 13.02 11.49 194 2,560-2,400 5.9 

Ammonium measurement 

3,400-2,400 3 96 3.14 3.32 49 3,000-2,700 6.8 

5,000-4,000 5 98 2.36 2.74 49 4,520-4,280 5.6 

6,500-5,500 5 98 2.55 3.26 49 6,500-5,700 6.7 

^ Coefficient of determination of the calibration set. 
Standard error of calibration. 
Standard error of prediction. 

^ Maximum concentration of analyte in the study. 
® Coefficient of variation. 

Fig. 5.14 depicts the optimal spectral ranges for NELi"^ measurement in Groups 

No. 1, 3, and 4 within the 6,500-5,500 cm"^ region. Recall that spectral ranges are 

selected by an automated grid search process. In spite of the differences in confounding 

N compounds present, all three experimental groups clearly focus on the same distinct 

NH4CI features. These features are located around 6,250 cm'^ (1,600 nm) and 5,970 cm'^ 
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(1,680 nm). The optimal spectral range in Group No. 4 is smaller in width than other 

groups and shifts toward higher wavenumbers. This is due to the shift of features 

for the NH4NO3 compound as compared with the ones in NH4CI within this region. 

Group No. 4 

Group No. 3 

Group No. 1 

6300 6100 5900 

Wavenumber (cm'^) 

5700 5500 6500 

Figure 5.14. Comparison of optimal spectral ranges for prediction in sand (212-300 
nm) placed on top of an NH4CI spectrum in the region of 6,500-5,500 cm'\ 

The optimal spectral range within the 3,400-2,400 cm'^ region for 

prediction in Group No. 1 is entirely different from Group No. 3 (as displayed in Fig. 

5.15). These ranges still include some distinct features of NH4CI. The differences in the 

selection of optimal ranges between these groups might be partly due to application of the 

automated grid search or partly due to small variations among data sets. It would be 

possible that some part of the optimal ranges in Group No. 1 could be used successfully 

for NBU"^ determination in Group No. 3 within this region, as shown in Table 5.4 when 

neat sand sample was used as a background (e.g., the optimal spectral range of 3,000-
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2,700 cm"^). A more likely explanation is that the presence of NO3', which has features 

around 2,800 cm'\ precludes the use of this range for measurement of NHU"^ in samples 

that also have variations in NH4'^. 

3400 3200 3000 2800 2600 2400 

Wavenumber (cm"') 

Figure 5.15. Comparison of optimal spectral ranges for and NO3' predictions in 
sand (212-300 ^m) placed on top of an NH4CI and a NaNOa spectrum in the 
region of 3,400-2,400 cm"'. 

The spectral ranges selected for NOa" measurement in Groups No. 2 and 3 are 

similar and include the same distinct NO3" features around 2,440 cm ' and 2,480 cm'\ 

The optimal spectral range for Group No. 4 is quite far from the previous groups (Fig. 

5.15). The reason for selection of this range likely is due to the definite correlation 

between NO3" and NHt"*" concentrations in Group No. 4 (as described previously). 

mit 

Group No. 1 

Group No. 2  

Group No. 3 
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5.1.3. Measurements with Wet Chemistry Methods 

In addition to the spectral measurements, the concentrations of N species added to 

the sand samples were also evaluated using traditional wet chemistry methods. These 

measurements were employed to verify the levels of these species present in samples. 

Table 5.5 shows the measurement errors for the determination of NH4' and NO3' 

concentrations in solutions of sand using wet chemistry methods. The actual measured 

values of NBU"^ and NO3" concentrations for each sample are shown in Appendix A (Table 

A. I and A.2). The standard error of calibration (SEC) is also calculated with Eq. 2.28 

where C; is the measured concentration using wet chemistry methods. The expected and 

measured concentrations of and NO3" in sample solutions are the same within the 

detection limit of each assay, ±0.3 ppm and ±0.6 ppm for the ammonia electrode and the 

visible light (VIS) spectroscopy, respectively. On the average, the CV values are 

approximately 2% for and 8% for NO3". The measurement errors in Group No. 4 

are fairly large compared with other two groups for both and NO3' measurements. 

This large error might be caused partly by the relatively smaller sample sizes measured 

and partly by the error in preparing calibration curves since the standard solution has 

either or NO3" but the sample solutions have both compounds with definite 

correlation concentrations between compounds. These wet chemistry results confirm the 

actual concentrations of N compounds in sand samples. 



108 

Table 5.5. Measurement of ammonium and nitrate concentrations in solution of sand 
samples using wet chemistry methods. 

Sample Total Number 
of Measured 

Samples 

Concentration 
Range 
(ppm) 

Average of 
Expected 

Concentration 
(ppm) 

'SEC 
(ppm) 

'cv 
(%) 

Ammonium measurement using ammonia electrode 

Group No. 1 19 0.16-5 1.86 0.06 1.2 

Group No. 3 12 0.35-5.92 2.85 0.06 1.1 

Group No. 4 6 0.38-7.08 3.2 0.22 3.3 

Nitrate measurement using VIS spectrophotometer 

Group No. 2 15 0.86-5 2.75 0.23 5.6 

Group No. 3 16 0.33-5.09 2.12 0.29 6.1 

Group No. 4 8 0.38-4.8 2.33 0.53 12 

^ Standard error of calibration. 
^ Coefficient of variation which is equal to the ratio of SEC to the concentration range. 

5.2. Quantitative Analysis of Particle Size Differences 

Based on the Kubelka-Munk (K-M) function (Eq. 2.10), the shape and intensity of 

DRIFTS spectra are dependent on the absorptivity and scattering coefficients and the 

analyte concentration. The scattering coefficient is assumed to be constant in the K-M 

function, but it actually is a function of particle size and wavenumber where the 

absorption band occurs. The scattering coefficient typically increases with decreasing 

particle sizes (see Eq. 2.6) but decreases with decreasing wavenumber. The scattering 

coefficient of a small sized particle is high, thus reducing the penetration depth of 
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radiation into the sample. The low-wavennmber radiation 0ong wavelength) can 

penetrate deeper than the high-wavenumber radiation (short wavelength) in a highly 

scattering matrix. 

The changes in the spectral band intensities when reducing the sample particle 

sizes (increasing the scattering coefficient) can be categorized into three types (I, II, and 

III), depending upon the contribution of the absorption coefficient (a), the specular 

reflectance (Rs), and the diffuse reflectance (Rv), as explained in section 2.5.1. Rs and Rv 

have opposite dependencies on a and the particle size (d): decreasing d implies 

decreasing Rs but increasing Ry. Sand (quartz) generally exhibits type I behavior where 

Rs dominates the total reflectance (Hunt and Vincent, 1968). Decreasing the particle size 

of sand will diminish the specular reflectance (Rs) and thus increase the absorbance (log 

1/Roo) of sand. When the analyte is surrounded by a sand matrix, reducing the particle size 

of sand will increase the scattering coefficient and the absorbance intensity of sand 

features, resulting in reducing the absorption intensity of analyte even at the same analyte 

concentration. In a neat sand sample, the diminished penetration depth of the radiation 

due to increasing in the scattering coefficient with reduction in sand particle size would 

have a major contribution to the reduction of the analyte absorption intensity as compared 

with the increase in the sand feature intensity. Variations in particle sizes could also 

cause a shift of spectral baseline and a change in spectral bandwidth. The scattering 

coefficient would be partially reduced by increasing the sample packing density with 

application of appropriate pressure. 
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Sand with the original particle sizes within 212-300 fim was ground to obtain 

sand with the particle range of 63-106 |j,m (Group No. 5) and silt (particles less than 53 

{im (Group No. 6)). Two particle sizes of sands (212-300 }im and 63-106 |j.m) and silt 

(particles less than 53 nm) were also manually mixed with equal weights (Group No. 7). 

Samples were prepared in the same manner as Group No. 3 by which both NH4CI and 

NaNOs solutions were directly added onto the ground sand and silt samples in a cup. Due 

to the increased scattering coefficient when reducing particle sizes, it would be expected 

that the intensities of mineral N features would be reduced. Since Group No. 6 contains 

the lowest particle size, one would expect the lower ability for mineral N determination 

in Group No. 6 compared with others. 

5.2.1. Analysis of Reduced Size Sand Particles 

The sample spectrum for high NBU^ and low NO3' concentrations within the 

region of 5,000-4,000 cm"^ in Group No. 5 (63-106 nm) is very similar to the one in 

Group No. 3 (212-300 |Lim) (shown in Fig 5.4A), except for the slight decrease in spectral 

intensity of NH4CI features (spectrum not shown). In Group No. 6 (less than 53 fim), the 

NH4CI features are still apparent in the sample spectrum (Fig. 5.16A) but their intensities 

are considerably less than those of Groups No. 3 and 5 in the same region. Decreasing the 

sand particle size appears to decrease the intensities of the NHU^ features, which would be 

expected. Additionally, smaller particles tend to be packed more tightly when the sample 

was completely dried and this may enhance the glossy sample surface which in turn 

increases specular reflectance, thus decreasing analyte absorption intensity. 
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Figure 5.16. DRIFTS spectra of samples (Group No. 6: less than 53 |im) in the region of 
5,000-4,000 cm"'; (A) Silt sample added with 52 ppm NH/ and 114 ppm 
NO3' concentrations (B) Neat silt. The dashed bar indicates the spectral 
region employed for the optimal calibration model to quantify NH4 . 

The sample spectra in Fig. 5.17 present a depiction of the significant reduction in 

band intensity of NH4CI feature in samples with a smaller particle size. Scattering might 

affect the absorption intensity of this feature more than other NH4CI features in this 

region such as around 2,810 cm"', which are also reduced but not as pronounced as the 

one at 3,070 cm"'. The NaNOs feature around 2,440 cm"' is apparent in Group No. 6 (Fig. 

5.17A). The very deep troughs around 2,950 cm"' (3,390 nm) and 2,850 cm"' (3,510 nm) 

shown in both a sample spectrum (Fig. 5.17A) and a silt spectrum (Fig 5.17B) might be 

due to the contamination of KBr background, which may not have been completely 

subtracted away. These troughs tended to become more pronounced when KBr absorbed 

more water at the time it was scanned. 
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Figure 5.17. DRIFTS spectra of samples (Group No. 6: less than 53 (im) in the region of 
3,400-2,400 cm"': (A) Silt sample added with 44 ppm NH^'^ and 209 ppm 
NO3"; (B) Neat silt. The dashed bar indicates the spectral regions employed 
for the optimal calibration model for (top) and NO3" (bottom) 
predictions. 

The model parameters and outputs for NHU"^ and NO3" measurements in sand and 

silt samples (Groups No. 5 and 6) are presented in Table 5.6. In Group No. 5, the results 

for NHt^ measurement are excellent for all three regions, yielding the R^, SEC, SEP, and 

CV values of approximately 95%, 3 ppm, 2.5 ppm, and 4.5% respectively. Both NIR 

regions obtain more effective model results than does the MIR region. The 5,000-4,000 

cm"' region obtains the most effective model among the NIR regions (indicated in bold in 

Table 5.6). 
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Table 5.6. Optimal model parameters and outputs for PLS calibrations of data in Groups 
No. 5 and 6 using KBr as a background, after removal of four outliers. 

Spectral "^ax. Optimal 
Range #Factors ''SEC °SEP Concentration Range ®CV 
(cm"'^) (%) (ppm) (ppm) (ppm) (cm"^) (%) 

Group No. 5; 63-106 pm 

Nitrate measurement 

3,400-2,400 5 98 9.71 10.03 189 2,800-2,650 5.3 

Ammonium measurement 

3,400-2,400 4 94 4.47 2.75 53 2,950-2,590 5.2 

5,000-4,000 4 98 2.74 1.69 53 5,000-4,400 3.2 

6,500-5,500 5 99 1.98 2.46 53 6,470-5,800 4.6 

Group No. 6: less than 53 pm 

Nitrate measurement 

3,400-2,400 6 95 18.75 15.89 209 2,970-2,400 7.6 

Ammonium measurement 

3,400-2,400 5 96 3.94 4.4 52 2,850-2,500 8.5 

5,000-4,000 5 94 4.85 6.79 52 4,780-4,400 13.1 

6,500-5,500 5 93 4.85 13.67 52 6,490-6,000 26.3 

® Coefficient of determination of the calibration set. 
'' Standard error of calibration. 
" Standard error of prediction. 
'' Maximum concentration of analyte in the study. 
® Coefficient of variation. 
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The measurement errors for MHU'*' determination are approximately 2-4 times 

lower in Group No. 5 than those of Group No. 6 in all three regions (Table 5.6). In fact, 

the measurement errors in Group No. 5 are similar to the ones obtained in Group No. 3 

(Table 5.3) where the particle range of sand is 212-300 ^m. Since the absorption 

intensities of NH4CI features in sand samples of both Groups No. 3 and 5 are somewhat 

equivalent, the similar errors would be expected. Note that the slightly lower 

measurement errors in Group No. 5 compared with Group No. 3 might be merely due to 

the larger sample sizes, approximately two times larger, which leads to more sample 

variations in Group No. 3 than Group No. 5. 

The less effective measurements in Group No. 6 for NBU^ determination are likely 

due to the significantly lower band intensity caused by greater scattering and packing 

density of silt samples (Fig 5.16 and 5.17). The most effective region for NH4* 

measurement is changed fi-om the 5,000-4,000 cm"^ region in Groups No. 3 and 5 to the 

region of 3,400-2,400 cm"' in Group No. 6. Generally, the scattering coefficient is less at 

low wavenumbers (long wavelengths), allowing radiation to penetrate more deeply into a 

sample which in turn increases the absorption intensity. Thus, the NH4CI features would 

be more distinct in the MIR region of 3,400-2,400 cm"' than both NIR regions, resulting 

in lower measurement errors. The number of PLS factors for NHU^ measurement are 

essentially equivalent in both Groups No. 5 and 6 in all regions (Table 5.6). The optimal 

spectral ranges include some NH4CI features in the regions that are less influenced by 

scattering effects, as indicated by the dashed bar in Fig. 5.16 and 5.17. 



For NO3' measurement in the 3,400-2,400 cm"^ region, the results are less 

effective in Group No. 6 relative to Group No. 5, which would be expected for smaller 

particle sizes due to high scattering and over packing density, as described above. Despite 

the differences in sand particles, Group No. 5 (63-106 pm) achieves essentially 

equivalent measurements to Group No. 3 (212-300 p,m), yielding the R^, SEC, SEP, and 

CV values of approximately 98%, 10 ppm, 10 ppm, and 5.3% respectively. The slight 

differences in model parameters between Groups No. 3 and 5 might be due to the 

difference in sample sizes, as explained previously. The number of PLS factors for NO3' 

measurement are basically the same for all groups, as shown in Table 5.3 for Group No. 3 

and Table 5.6 for Groups No. 5 and 6. The optimal spectral range for NOa" measurement 

in Group No. 6 (a dashed bar in Fig. 5.17) is larger in width than that of Group No. 5. 

Representative correlation plots for NH/ measurement using the region of 5,000-

4,000 cm"' are shown in Fig. 5.18 and 5.19 for Groups No. 5 and 6, respectively. Close 

agreement with the one-to-one correlation lines of both calibration and prediction sets are 

achieved in Group No. 5 as for Group No. 3 (Fig. 5.11). The scattering of the data around 

the fitted lines is less in Group No. 5 compared with Group No. 3 since its SEP value is 

lower. The representative correlation plot of Group No. 6 (Fig. 5.19), however, indicates 

a significantly lower value of the slope for the prediction line than for that of the 

calibration line (i.e., the slope is 0.97 for the calibration set compared with 0.74 for the 

prediction set). The scatter of data around the fitted line is also larger in Group No. 6 than 

Group No. 5, which is reflected in the approximately three times higher SEP in the 

former group than the latter group. Less scattering of data would be obtained in the 
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representative correlation plot oflSnHU"^ measurement using the region of 3,400-2,400 cm"^ 

compared with those of the 5,000-4,000 cm'^ region since it obtained the lowest SEP 

(figure not shown). 

o Calibration 

X Prediction 

y =0.98x+0.38 

R =0.98 

y = 1.02X+0.34 

R =0.99 

0 5 10 15 20 25 30 35 40 45 50 55 

Actual concentration (ppm) 

Figure 5.18. Concentration correlation plot for prediction in sand (Group No. 5: 63-
106 nm) in the 5,000-4,000 cm'^ region using KBr as a background. The 
solid and dashed lines indicate the fitted line based on a calibration set 
(solid) and a prediction set (dashed), respectively. 
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Figure 5.19. Concentration correlation plot for prediction in silt (Group No. 6; less 
than 53 nm) in the 5,000-4,000 cm'^ region using KBr as a background. The 
solid and dashed lines indicate the fitted line based on a calibration set 
(solid) and a prediction set (dashed), respectively. 

5.2.2. Mixture of Different Particle Sizes 

Samples in Group No. 7 consist of two-sized sand particles (212-300 |xm and 63-

106 nm) and silt particles (less than 53 pm) with equal ratios by weight. This 

experimental group was established to evaluate the effect of the particle size distribution 

on the measurements of mineral N. DRIFTS spectra of two samples (one with both NH4 *' 

and NO3' (A) and one without any N components (neat sample) (B)) are illustrated in Fig. 

5.20. Some distinct features of NH4CI and NaNOs are apparent in this region (e.g., 

features around 3,070 cm'^ and 2,810 cm"^ for NH4CI and around 2,440 cm'^ for NaNOs). 

The troughs apparent in Fig. 5.17 are barely seen in this figure, suggesting that the KBr 

used was sufficiently dried. The absorption intensities of all apparent features are much 
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higher than the ones in Group No. 6 (Fig. 5.17A) when compared in the same scale. The 

smallest particle size (less than 53 ^m) seems to have a minor effect in reducing 

features in Group No. 7. Even though the three-sized particles were mixed with the same 

ratio, it might be possible that some small particles might migrate with added solution 

from the sample surface, causing the heterogeneous distribution of three sizes on the 

surface of a sampling cup. A low amount of the small particles (less than 53 fim) on the 

sample surface might enhance the penetration depth of radiation into sample, thus 

increasing the absorption intensity of analyte (Fig. 5.20A). 

3400 3200 3000 
I 

Wavenumber (cm" ) 

2800 2600 2400 

Figure 5.20. DRIFTS spectra of samples with three different particle sizes (Group No. 7) 
in the region of 3,400-2,400 cm'^ (A) Sample added with 50 ppm NIHU^ and 
110 ppm NO3"; (B) Neat sample (mixture of three particle sizes). The 
dashed bar indicates the spectral region employed for the optimal calibration 
model for (top) and NO3" (bottom) predictions. 
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Table 5.7 provides the optimal measurements of NILt"^ and NO3' in Group No. 7. 

For measurement, the most effective model is in the 5,000-4,000 cm"' region, 

producing the R^, SEC, SEP, CV values of 96%, 3.36 ppm, 3.68 ppm, and 7.4% 

respectively. The measurement errors in Group No. 7 are greater than Group No. 3 (Table 

5.3) and Group No. 5 but less than Group No. 6 (Table 5.6) with practically equivalent 

number of PLS factors. The 3,400-2,400 cm"^ region has a somewhat lower performance 

than would be expected from the distinct features apparent in Fig 5.20A. The 

heterogeneous distribution of three particles in a sampling cup might increase variations 

in each sample, thus increasing prediction errors in this region. The region of 6,500-5,500 

cm'^ always presents the least effective model among these experimental groups. The 

optimal spectral range in Group No. 7 for NELt"^ measurement within the region of 3,400-

2,400 cm"^ includes the same NH4CI features as in Group No. 6 but with a smaller width 

than Group No. 6 (as indicated by the top dashed lines in Fig. 5.17 and 5.20). 

Since the distribution of three particles experimentally mixed might not be 

uniform due to moving of a small silt particle with solution from the sample surface, 

other methods were used to evaluate the effect of having samples with different particle 

sizes in the calibration data. A calibration set was constructed using samples of varying 

particle sizes from Groups No. 3, 5, and 6. This is called a computationally combined 

sample set. The optimal model parameters and outputs of this combination are also 

presented in Table 5.7. 
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Table 5.7. Optimal model parameters and outputs for PLS calibrations of data in Group 
No. 7 and the combination of data sets in Groups No. 3, 5, and 6 using KBr as 
a background, after removal of four outliers. 

Spectral ^Max. Optimal 
Range #Factors ''SEC "SEP Concentration Range TV 
(cm'^) (%) (ppm) (ppm) (ppm) (cm') (%) 

Group No. 7: Mixture of three particle sizes 

Nitrate measurement 

3,400-2,400 6 93 17.91 16.72 205 2,910-2,700 8.2 

Ammonium measurement 

3,400-2,400 5 92 4.86 4.86 50 2,890-2,700 9.7 

5,000-4,000 5 96 3.36 3.68 50 4,820-4,380 7.4 

6,500-5,500 5 91 5.29 6.9 50 6,500-5,650 13.8 

^Combination of samples from three data sets in Groups No. 3, 5, and 6 

Nitrate measurement 

3,400-2,400 6 80 31.36 29.16 209 2,820-2,400 14 

Ammonium measurement 

3,400-2,400 6 87 6.27 6.34 53 2,900-2,520 12 

5,000-4,000 6 90 5.54 6.37 53 4,570-4,200 12 

6,500-5,500 6 90 5.51 6.64 53 6,480-5,600 12.5 

^ Coefficient of determination of the calibration set. 
^ Standard error of calibration. 

Standard error of prediction. 
^ Maximum concentration of analyte in the study. 
® Coefficient of variation. 
^Three-sized particles were experimentally mixed. 
® Three data sets taking from Groups No. 3, 5, and 6 were mathematically combined. 
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The optimal results for ISIBLi"^ measurement of the combination set are essentially 

the same for all three regions, yielding approximately 89%, 6 ppm, 6.5 ppm, and 12% for 

R^, SEC, SEP and CV respectively. The measurement errors for the combination set are 

higher than those of Group No. 7. The intensities of NRj^ features could be affected not 

only by the changes in NRj^ concentrations but also by the variations of the scattering 

coefficient due to the changes in sizes. Thus, at the equivalent NH^"^ concentration, the 

intensities of the NELj" features in Group No. 3 (Fig. 5.10) are more distinct than those of 

Group No. 6 (Fig. 5.17) where particles are much smaller than the former group. When 

the data sets of samples with various particle sizes are combined, it would be expected 

that the large variations in the band intensity at the same analyte concentrations might 

reduce the ability of the calibration model. The differences in the absorption intensity at 

the equivalent NElt^ concentrations might have a more significant effect on the prediction 

model for NBU^ measurements than the sample heterogeneity in Group No. 7, causing the 

higher measurement errors in the set of combined particle sizes compared with those 

errors in Group No. 7 (Table 5.7). 

The optimal measurements for NO3" in Group No. 7 are similar to those of Group 

No. 6. The set of combined particle sizes has an SEP of roughly two times that of Group 

No. 7 with the same number of PLS factors. The larger SEP in the combined set indicates 

that the differences in band intensities caused by the mixture of data with different 

particle sizes plays a more important role for NO3" measurement than NHU"^ measurement. 

This is likely due to the intensities of NaNOs features being significantly less intense than 

NH4CI features. The optimal spectral range includes different NaNOs features in Group 
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No. 7 compared with the combined set. Group No 7 includes the feature around 2,770 

cm"^ (as indicated by a bottom dashed line in Fig. 5.20) while the combined set focus on 

both distinct NaNOs features located around 2,770 cm'^ and 2,440 cm'\ 

A representative correlation plot for NO3' measurement in the 3,400-2,400 cm'^ 

region of Group No 7 is illustrated in Fig. 5.21. The perfect correlation between actual 

NO3" concentration and the PLS prediction of NO3' is shown in this figure. The slopes of 

both calibration and prediction sets are the same but slightly less than the slope of the 

perfect one-to-one line. The scatter of data within the sample and around the fitted lines 

at higher concentrations seems to be more dispersed. The reason for the spread in the data 

was not clear. It might be caused by the presence of other outliers, which were 

unintentionally included in the model. 
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Figure 5.21. Concentration correlation plot for NO3' prediction in samples with three 
particle sizes (Group No. 7) in the 3,400-2,400 cm'^ region using KBr as a 
background. The solid and dashed lines indicate the fitted line based on a 
calibration set (solid) and a prediction set (dashed), respectively. 
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Fig. 5.22 shows a comparison of the optimal spectral ranges for prediction 

within the 5,000-4,000 cm"'^ region. The common spectral ranges for all groups include 

the NH4CI features located at higher wavenumbers, approximately within the vicinity of 

spectral window of 4,800-4,300 cm"\ Group No. 3 has the smallest spectral width while 

Group No. 5 includes the largest spectral width of the optimal spectral ranges. In general, 

a selected spectral range with narrow width indicates that the calibration data include the 

sharp and distinct features of analyte. Conversely, a wide spectral range indicates the 

spectral data with the broad and less distinct features. In addition to the physical or 

chemical variations in the data, the number of samples can also affect the selected 

optimal ranges due to the algorithm of the automated grid search (as described previously 

in section 5.1). With a few number of samples, small variations in the calibration data can 

significantly affect the selected spectral ranges even though the spectral data include the 

distinct features. The spectral data in both Groups No. 3 and 5 are included the distinct 

NHU^ features with equivalent intensity. Therefore, the significant variation in the 

spectral width between these two groups might be likely due to the difference in the 

number of samples. The spectral ranges for Group No. 5 may be smaller in width than for 

Group No. 3 at the equal number of samples. 
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Figure 5.22. Comparison of optimal spectral ranges for prediction in sand with 
various particle sizes (Group No. 3: 212-300 }j,m and Group No. 5: 63-106 
|xm), silt (Group No. 6), and a mixture of three sizes from previous groups 
(Group No. 7) placed on top of an NH4CI spectrum in the region of 5,000-
4,000 cm"\ 

Fig. 5.23 shows a comparison of the optimal spectral ranges for both NHU^ and 

NO3" predictions in the region of 3,400-2,400 cm"\ The common optimal ranges in all 

groups focus at lower wavenumbers, roughly within the range of 3,000-2,400 cm'^ for 

both NBLt̂  and NO3". The spectral range of 2,500-2,400 cm'̂  is included only for NO3" 

measurement. This range encloses the distinct NaNOa feature around 2,440 cm"\ The 

optimal range in Group No. 3 isolates from the other groups, including the previous 

groups in section 5.1. See section 5.1.2 for the possible reasons for the selection of 

separate optimal ranges for Group No. 3. 
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Figure 5.23. Comparison of optimal spectral ranges for NEi4^ and NO3' predictions in 
sand with various particle sizes (Group No. 3; 212-300 pim and Group No. 
5; 63-106 }xm), silt (Group No. 6), and a mixture of three sizes from 
previous groups (Group No. 7) placed on top of an NH4CI and a NaNOs 
spectrum in the region of 3,400-2,400 cm'^ 

A few samples in Groups No. 5, 6, and 7 were evaluated at the microscopic level 

using the scanning electron microscopy to examine the distribution and the surface 

morphology of sand and silt particles in samples. The scanning electron micrographs 

(SEM) of these samples are shown below. Fig. 5.24 shows the SEM of sand samples with 

the particle sizes within 63-106 fim (Group No. 5); Fig. 5.25 depicts the SEM of silt 

samples with the particle sizes less than 53 p,m (Group No. 6); and Fig. 5.26 presents the 

SEM of a mixture of sand and silt samples in Group No. 7 (212-300 jum, 63-106 |j.m, and 

less than 53 |j,m). 
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Figure 5.24. Scanning electron micrograph of the particles of sand sample with the 
particle range of 63-106 jam (Group No. 5). The unit size bar at the bottom 
left comer indicates the length of particle at 60 [am. 

Figure 5.25. Scanning electron micrograph of the particles of silt sample with the particle 
sizes less than 53 [im (Group No. 6). The unit size bar at the bottom left 
comer indicates the length of particle at 4 p,m. 
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Figure 5.26. Scanning electron micrograph of the particles of the mixture of sand and silt 
samples (212-300 [im, 63-106 p,m, and less than 53 |im) (Group No. 7). The 
unit size bar at the bottom left comer indicates the length of particle at 40 
fira. 

The shapes of sand particles are not spherical but are crystallites. The surfaces are 

rough and broken due to grinding. Generally, a rough surface of small crystallite particle 

would enhance the difiuse scattering of radiation when applied at an appropriate packing 

density. This might account for the surprisingly high absorption intensity of NH4CI 

features surrounded by sand of a particle range of 63-106 |im (Group No. 5). Smaller 

particles, considerably less than 63 |j,m, also exist in Group No. 5 (Fig. 5.24) in some 

degree. Fig. 5.25 clearly shows a number of smaller particles with diameters of 4 urn or 

less in the sample matrix. These small particles might be the cause of the glossy surface 

of samples in Group No. 6 due to packing after air-drying. 
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With the mixture of equal weight ratios of two-sized sand and silt particles, it 

would be expected that the silt particles with sizes less than 53 p,m consist of more than 

one-third of the total number of particles. A micrograph of the mixed size sample (Fig. 

5.26) shows many particles with sizes much less than 40 (xm (approximately one-half of 

the whole sample). The significant amount of smaller particles might cause the increase 

in measurement errors in Group No. 7 since they could enhance scattering and packing 

density; thus decreasing penetration of radiation and blocking the absorption signal of 

analyte to reach the detector. 

5.3. Effects of Sample Homogeneity 

The previous sections illustrated the quantitative analysis of mineral N added to 

sand using samples prepared with the solutions of N compounds pipetted directly onto 

sand in the sampling cups. This approach yielded somewhat higher band intensities than 

the method in which samples were prepared in another material first and transferred to a 

sampling cup later (as shown in Fig. 4.1). The difference in the band intensity at 

equivalent concentration have brought into question the uniformity of the N distribution 

in a sampling cup for the former preparation method. The quantitative analysis of sand 

using the alternative approach in which sand samples were prepared firstly in a 

polyethylene vial is presented in this section. 

Sand samples with the particle sizes within 212-300 pim were prepared in the 

polyethylene vials (Group No. 8). The known volumes of NH4CI and NaNOs solutions 

were added onto sand with the same concentration ranges as the previous experiments (0-
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50 ppm NH4'*' and 0-200 ppm NO3'). These samples were air-dried for 24 hours before 

being transferred to a sampling cup for scanning with triplicate spectra for each, 

producing a total number of spectra of 63. The spectral data were analyzed in the same 

way as the prior experiments. The results obtained in this experimental group (Group No. 

8) were compared with those of Group No. 3 to quantitatively evaluate the effect of 

sample homogeneity on the efficiency of the calibration model. 

Table 5.8 shows the optimal measurements of Group No. 8 for NHj"^ and NO3" in 

sand samples using both KBr and a neat sand as a background. Recall that a DRIFTS 

spectrum produces using a relative reflectance (R®); thus, the application of an 

appropriate background spectrum could qualitatively reveal the distinct features of the 

analyte. Although the features of N are more distinct using a neat sand background, the 

quantitative analysis of NHt^ and NO3" measurements in Group No. 3 revealed that the 

optimal model parameters and outputs using a sand background were similar to those of 

using a KBr background (Table 5.4). The reason for the quantitative comparison of the 

differences in background spectra for Group No. 8 is to evaluate the robustness of the 

calibration model for NHj"^ and NO3" measurements when these N compounds are 

homogeneously distributed in sand samples (as opposed to the uneven distribution of N 

in Group No. 3). 
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Table 5.8. Optimal model parameters and outputs for PLS calibrations of data in Group 
No. 8 using both a KBr and a sand as a background. 

Spectral ''Max. Optimal 
Range #Factors ''SEC °SEP Concentration Range ®CV 
(cm'^) (%) (ppm) (ppm) (ppm) (cm"^) (%) 

KBr background 

Nitrate measurement 

3,400-2,400 5 98 11.35 10.43 200 2,800-2,450 5.2 

Ammonium measurement 

3,400-2,400 2 98 2.42 3.06 50 2,870-2,700 6.1 

5,000-4,000 2 97 2.95 3 50 5,000-4,250 6 

6,500-5,500 4 98 2.35 3.72 50 6,500-6,000 7.4 

Sand background 

Nitrate measurement 

3,400-2,400 5 97 12 10.52 200 2,770-2,600 5.3 

Ammonium measurement 

3,400-2,400 2 98 2.73 2.86 50 2,840-2,670 5.7 

5,000-4,000 2 96 3.52 3.01 50 5,000-4,200 6 

6,500-5,500 4 98 2.61 3.44 50 6,500-6,200 6.9 

^ Coefficient of determination of the calibration set. 
Standard error of calibration. 

° Standard error of prediction. 
Maximum concentration of analyte in the study. 

® Coefficient of variation. 
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For measurement, the results in the regions of 3,400-2,400 cm"'" and 5,000-

4,000 cm'^ are quite similar for both backgrounds, yielding 97%, 2.9 ppm, 3.0 ppm, and 

6% for the values of R^, SEC, SEP, and CV, respectively. The SEP value in the region of 

6,500-5,500 cm"^ is relatively higher than the other two regions with both backgrounds. 

The number of PLS factors are the same for all regions and backgrounds. The optimal 

spectral ranges of both backgrounds in the regions of 3,400-2,400 cm"' and 5,000-4,000 

cm"^ are equivalent with slightly different spectral width, approximately less than 50 cm'V 

The spectral width in the 6,500-5,500 cm"' region is larger when using the KBr 

background compared with sand (e.g., about 200 cm"' wider). The wider optimal range 

might be due to the broad features of NH4CI within this region or could be due to the less 

distinct NH4CI features when using a KBr background compared with using a sand 

background. For NO3" measurement, the model parameters and measurement errors are 

similar for both backgrounds, requiring five PLS factors and yielding an SEP of about 

10.5 ppm. The optimal spectral range for the KBr background is wider but encloses the 

same NaNOs features as for the sand background. 

It is not appropriate to directly compare the optimal measurements obtained from 

Group No. 8 with those of Group No. 3 since samples were prepared with different 

methods. The previous approach where solutions were added into sand in a sampling cup 

was expected to provide samples with a fairly homogeneous distribution of analytes due 

to the addition of water to distribute N compounds. However, in the later stages of this 

study, the intensities of NBU^ features of the sand samples added with the same NH/ 

concentration were found to be higher when samples were prepared in a sampling cup 
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than those prepared in a polyethylene vial (as shown in Fig. 4.1). The higher NELi"^ 

intensities could be due to the unexpected accumulation of N compounds on the sample 

surface after air-drying. The model outputs for Groups No. 8 and 3 are compared to 

quantitatively evaluate the effect of sample homogeneity on the calibration model. 

In spite of the higher band intensities of NH4CI features in Group No. 3 relative to 

Group No. 8, the optimal results for NEU^ measurement in Group No. 3 (Table 5.3) are 

relatively equivalent to Group No. 8 (Table 5.8). The number of PLS factors are 

essentially the same in the 3,400-2,400 cm"^ and the 6,500-5,000 cm"^ regions while only 

two PLS factors are required in Group No. 8 in the 5,000-4,000 cm"' region compared 

with five factors in Group No. 3. The values of are more than 96% for both groups in 

all regions. The measurement errors are somewhat lower in Group No. 8 compared with 

Group No. 3 in the region of 3,400-2,400 cm"' but slightly higher in the 6,500-5,500 cm"^ 

region. For the region of 5,000-4,000 cm'\ the measurement errors between these groups 

could not be directly compared since the models include significantly different number of 

PLS factors. More factors cannot be included in the calibration model of Group No. 8 

because the model would be overfitted due to the small number of samples. The region of 

6,500-5,500 cm"' provides the least effective model for both groups. 

The optimal spectral range for NBU"^ measurement in Group No. 8 within the 

5,000-4,000 cm"' region is much greater in width than Group No. 3 (Fig. 5.27). The 

effective spectral ranges in the other two calibration sets of Group No. 8 also include the 

wide ranges within this region. The broad range selected might be partially caused by the 

less distinct NH4CI features at low absorption intensity (as shown in Fig. 4.1 A). 
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Figure 5.27. Comparison of optimal spectral ranges for measurement in sand 
samples, which were prepared with two different approaches (Group No. 3; 
in a sampling cup; Group No. 8; in a polyethylene vial) placed on top of an 
NH4CI spectrum in the region of 5,000-4,000 cm"\ 

For NH4^ measurement in the region of 3,400-2,400 cm"\ the optimal spectral 

range in Group No. 8 includes the NH4CI features within the region of 2,870-2,700 cm"^ 

and it obviously separates from the optimal range of 3,300-3,000 cm"^ in Group No. 3 

(Fig. 5.28). The other two calibration sets in Group No. 8 also include the spectral range 

within the vicinity of this range. Thus, for the more homogeneous samples, the 

appropriate spectral range for NHU^ measurement in the 3,400-2,400 cm"^ region would 

include the NH4CI features in the spectral range lower than 3,000 cm"'. In fact, all 

previous experimental groups confirm the optimal spectral range less than 3,000 cm"' for 

NHU"^ determination, except for Group No. 3. 

For the prediction of NO3", the measurement errors are slightly lower in Group 

No. 8 than Group No. 3 at the same number of PLS factors. High values of are 
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obtained in both groups. The optimal spectral range for the measurement of NO3" in 

Group No. 8 is larger in width than that of Group No. 3 but it still focuses on the same 

NaNOs features as Group No. 3 (roughly less than 2,900 cm'^), as shown in Fig. 5.28. 

Group No. 8 

Group No. 3 

Group No. 8 

Group No. 3 

3400 3200 3000 2800 2600 2400 

Wavenumber (cm"^) 

Figure 5.28. Comparison of optimal spectral ranges for NEU"^ and NO3" measurements in 
sand samples, which were prepared with two different approaches (Group 
No. 3: in a sampling cup; Group No. 8: in a polyethylene vial) placed on top 
of an NH4CI and a NaNOs spectrum in the region of 3,400-2,400 cm"' . 

The correlation plots for both NHU^ and NO3' predictions in Group No. 8 are 

equivalent to those of Group No. 3 (see Fig. 5.11 and 5.12). The scatter of data around 

the fitted lines is either larger or smaller in Group No. 8 than Group No. 3 depending 

upon its SEP for each measurement. 

The significant differences in the band intensities at the equivalent N 

concentration of samples prepared directly in a sampling cup and in a polyethylene vial 

NO3 
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have brought a question regarding the homogeneity of mineral N in sand samples and the 

validation of results obtained from the prior experiments. The quantitative analysis of 

NH4^ and NO3" measurements in sand samples when samples were prepared in a 

polyethylene vial before being transferred to a sampling cup were established and 

compared with those results gained from a previous experiment (Group No. 3). Results 

show that there are no substantial differences in the model parameters and the 

measurement errors between two preparation methods. Representative correlation plots 

are also similar for both methods. These similarities show that the sample homogeneity 

has a little effect on the prediction ability of the model using sand samples. They also 

validate the results obtained from the previous experiments where samples were prepared 

using a sampling cup. Since the homogeneity of analyte in samples is required for the 

calibration process, the preparation methods for the later experiments were changed to 

provide the more homogeneous samples even though the informative data could be 

obtained from the former preparation using a sampling cup. 

5.4. Quantitative Analysis of Added Mineral Nitrogen Compounds in Soil 

The Pima Clay loam soil was used in this study. It consists of 37% sand, 40% silt, 

and 23% clay. The portions of silt and clay show that 63% of the soil sample is composed 

of particles with diameters of 50 |im or less. This large amount of small particles leads to 

a high degree of scattering and thus reduces the prediction ability of the model, as shown 

previously using sand with particle sizes less than 53 fim (Group No. 6). The previous 

experiments of soil with added NH4CI and NaNOs solutions revealed that the NH4 * and 
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NOs" features were not apparent in the soil spectra using a neat (undiluted) soil sample. 

The high scattering of the soil matrix might diminish the intensities of these N features 

and so they would be overlapped by other components in soil. Thus, relatively high 

concentrations of and NO3" in soil samples were studied here. Soil samples were 

diluted using a KBr matrix instead of using neat soil sample. 

The soil sample used as a base for generating samples initially contains roughly 

180 ppm NO3" and 0 ppm NH4CI and NaNOs solutions were added to the soil 

samples to final concentrations of 0-200 ppm ISIBLi^ (0-156 ppm NH4-N) and 180-1,000 

ppm NO3' (41-226 ppm NO3-N). Samples were prepared in 1-mL polystyrene vials and 

kept for 24 hours before air-drying for another 24 hours. These soil samples were 

scanned as 1 wt % sample in a KBr matrix. Triplicate spectra were collected for each 

sample, yielding a total of 300 spectra. A KBr spectrum was used as a background. The 

calibration models were developed to measure the concentrations of added NH/, NO3", 

and total mineral N (NKj^ + NO3") in soil samples. 

DRIFTS spectra in the region of 3,300-2,600 cm'^ for soils mixed with are 

illustrated in Fig. 5.29. The NKLt"^ features can barely be seen in this figure. The very 

broad and small features around 3,100 cm"' and 2,800 cm'^ (pointed by the arrows in Fig. 

5.29A) might be the features since they are not present in a neat soil sample (Fig. 

5.29B). Since the features are not distinct in the soil spectra, the efficiency of the 

calibration model must rely on the ability of the PLS regression method to extract the 

usefiil information fi-om the soil spectra. One would expect fairly high measurement 
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errors for deterrninatioti in the concentration ranges of 0-200 ppm using the 

MIR region. 

Figure 5.29. Comparison of the baseline corrected DRIFTS spectra of soil samples with 
added NO3' and NH4^ in the optimal spectral range of 3,300-2,600 cm"^ 
scanned as 1 wt % in KBr: (A) Sample contained 192 ppm NHU^ and 345 
ppm NO3'; (B) Neat sample contained 0 ppm and 180 ppm NO3'. The 
dashed line indicates the spectral range employed for the optimal calibration 
model for NH4^ measurement. 

The small but distinct NO3' feature around 2,440 cm"^ is apparent in the soil 

spectrum within the region of 2,900-2,400 cm"' (as pointed by the arrow in Fig. 5.30A). 

The spectral region of 2,900-2,400 cm"' is shown to identify NO3" features in soil samples 

since the previous experiments with sand suggested that NO3" features were clearly 

visible in this region. The NO3" feature is small, but present in the high NO3" content (Fig. 

5.3OA), but not apparent in the low content (Fig. 5.3OB). Thus it would be expected that 

3300 3200 3100 3000 2900 2800 2700 2600 
-1 Wavenumber (cm" ) 
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the region of 3,400-2,400 cm"^ could be used successfully for NO3" measurement in soil 

but likely would not be able to yield accurate measurement down to 180 ppm (the initial 

concentration of NO3' in soil sample). 

Figure 5.30. Comparison of the baseline corrected DRIFTS spectra of soil samples with 
added NO3" and in the optimal spectral range of 2,900-2,400 cm"^ 
scanned as 1 wt % in KBr; (A) Sample contained 980 ppm NOa" and 9 ppm 

(B) Sample contained 180 ppm NO3" and 17 ppm The dashed 
line indicates the spectral range employed for the optimal calibration model 
for NO3" measurement. 

Table 5.9 presents the results for the measurements of NELj^, NO3' and total 

mineral N (NELt"^ and NO3 ) in real soil samples. For NHt"^ measurement, the MIR region 

of 3,400-2,400 cm'^ provides the most effective model with an R^ of 79%. The SEC, 

SEP, and CV values in the MIR region are roughly 28 ppm, 34 ppm and 17%, 

2900 2800 2700 2600 2500 2400 

Wavenumber (cm"') 
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respectively. The optimal model requires twelve PLS factors, which is relatively high but 

is feasible for the complex soil matrix. 

Table 5.9. Optimal mode! parameters and outputs for PLS calibrations of soil data using 
KBr as a background, after removal of thirteen outliers. 

Spectral 
Range 
(cm"^) 

#Factors 
(%) 

''SEC 
(ppm) 

"SEP 
(ppm) 

•^ax. 
Concentration 

(ppm) 

Optimal 
Range 
(cm-^) 

w 
(%) 

Nitrate measurement 

3,400-2,400 10 91 79.41 111.02 990 2,720-2,400 13.7 

Ammonium measurement 

3,400-2,400 12 79 27.54 33.71 200 3,300-2,670 16.9 

5,000-4,000 8 52 41.76 61.29 200 4,910-4,800 30.6 

6,500-5,500 7 57 39.34 61.44 200 5,790-5,650 30.7 

Total mineral nitrogen 

3,400-2,400 11 89 87.29 117.38 1,116 2,890-2,400 12.5 

5,000-4,000 6 44 197.03 230.69 1,116 4,690-4,260 24.6 

6,500-5,500 5 47 192.48 231.95 1,116 6,420-5,850 24.8 

^ Coefficient of determination of the calibration set. 
*' Standard error of calibration. 
" Standard error of prediction. 
^ Maximum concentration of analyte in the study. 
® Coefficient of variation. 
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The linear relationship between the concentrations and DRIFTS spectra was 

not successfully established in either MR region (R^ < 60%). The measurement errors in 

the MR regions are approximately two times greater than those of the MIR region. These 

are unexpected since the MR regions performed as well as the MIR region for 

measurement in sand samples, particularly in the 5,000-4,000 cm"^ region, even thougli 

the absorption intensity of NH4CI features in the MIR region is higher than the MR 

regions. The optimal spectral range for Mlt^ measurement is quite wide (the dashed line 

in Fig. 5.29) due to the less distinct Mlt* features in the MIR region. The vibrational 

features of other components (including NO3" features) in soil sample could partly mask 

the MliCl features, reducing the intensity of the distinct Ml^Cl features. The influence 

of NO3" features for the prediction ofMit' in soil is described later in this section. 

A strong relationship between the actual NO3" concentrations in soil and the 

DRIFTS spectra in the 3,400-2,400 cm"' region is obtained, yielding an R^ of 91%. The 

measurement errors are roughly 80 ppm, 110 ppm and 14% for SEC, SEP, and CV, 

respectively. Note that the concentration range of NO3' is larger than previously 

evaluated. A plot of the number of PLS factors against the SEP values (Fig. 5.31) shows 

that ten PLS factors is required in the calibration model for NO3' measurement since it 

provides the first minimum SEP; increasing PLS factors beyond this point does not 

provide a sizeable decrease in SEP (the solid line in Fig. 5.31). The optimal spectral 

range of 2,720-2,400 cm"^ obviously includes the distinct feature of NaNOs as illustrated 

in Fig. 5.30. Other calibration sets enclose somewhat larger spectral ranges but still 

include the region of 2,900-2,400 cm'^ for NO3" measurement. 



141 

170 

160 -

150 -

a 140 -

m 
120 -

110 -

100 T T 

3 4 5 6 7 8 9 10 11 12 13 14 

Number ofPLS factors 

Figure 5.31. A plot of the number of PLS factors versus the SEP values of soil data for 
NO3" measurement within the region of 3,400-2,400 cm"' using KBr as a 
background. The dashed and solid lines indicate the calibration model based 
on all 100 samples (dashed) and without 13 outliers (solid). 

A more detailed analysis of spectral range selection for the measurements of NH4^ 

and NO3" in soil samples in the 3,400-2,400 cm"' region is presented in Appendix A 

(Table A.3 and A.4). The results of using three optimal ranges for all calibration sets are 

shown and compared. To summarize the result of that analysis, the SEP values are 

relatively different among each calibration set and each region (difference by 

approximately 20-30% for both NHU"^ and NO3' measurements). 

The optimal model parameters and outputs for the prediction of total mineral N in 

soil are quite similar to those for NOs" measurement in the 3,400-2,400 cm"' region 

(Table 5.9). Calibration models for total mineral N would not be adequately established 

for either NIR region. The similarity of the model parameters between NO3' and total 

mineral N predictions indicates that NO3" features have more influence on the estimation 
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of the model for the prediction of total mineral N than features have. The higher 

concentration of NO3' relative to NHU'*' in soil samples could also be a major factor for the 

measurement of total mineral N. 

Representative correlation plots for and NO3' measurements in soil samples 

using the region of 3,400-2,400 cm"^ are illustrated in Fig. 5.32 and 5.33, respectively. 

Trend lines between actual and predicted concentration of ISIHU^ are very similar for 

calibration and prediction sets. The negative concentrations of some measurements 

at low concentrations are also shown in Fig. 5.32 (e.g., the predicted value of-15 ppm at 

the actual content of 15 ppm, as pointed at by the arrow). The negative predicted NH4''' 

content might occur partly due to the high SEP value or partly due to other outliers 

remaining in the calibration model. 

A good correlation is obtained for NO3' measurement (Fig. 5.33). The slope of the 

fitted calibration line is slightly greater than that of the prediction line, yielding 0.92 and 

0.82 respectively. The intercept of 101 ppm in the prediction line (the lower equation) is 

due to the high NO3' concentration initially presented in soil. The scatter of data around 

the fitted lines is greater for than NO3' measurement, which is reflected in higher 

SEP of NH4^ measurement. Some of the NO3" measurements do display a sizable amount 

of error, particularly at the low and high ends of the concentration range. The errors are 

more easily understood by examining an error plot (errors versus actual concentrations). 
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Figure 5.32. Concentration correlation plot for measurement in soil within the 
3,400-2,400 cm'' region using KBr as a background. The solid and dashed 
lines indicate the fitted line based on a calibration set (solid) and a 
prediction set (dashed), respectively. 
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Figure 5.33. Concentration correlation plot for NO3" measurement in soil within the 
3,400-2,400 cm"' region using KBr as a background. The solid and dashed 
lines indicate the fitted line based on a calibration set (solid) and a 
prediction set (dashed), respectively. 
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The error plots for NO3" measurement illustrate the distribution of prediction 

residuals around the zero line at different concentrations. Fig. 5.34 shows the error plot 

when 100 soil samples are included in the data set. The errors close to or beyond the 

boundary of ±250 ppm (as pointed by the arrows in Fig. 5.34) would be suspected as 

outliers since they deviate from the majority of other residuals. The scattering of errors 

around the zero line appears to get larger toward both low and high concentrations. This 

increasing trend suggests that some outliers might be present at both ends of NO3" 

concentrations. 
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Figure 5.34. The plot of prediction error versus the actual concentration of NO3" in soil 
for both calibration and prediction sets using all 100 samples in the region 
of 3,400-2,400 cm"V 

Fig. 5.35 depicts the error plot when 13 outliers are removed from the data set. 

After removal of 13 outliers from either the calibration or the prediction set, the 

spreading of errors is more closely and randomly distributed around the zero line. This 
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indicates that the outliers that were removed did not provide useful information for the 

calibration model. 
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Figure 5.35. The plot of prediction error versus the actual concentration of NO3" in soil 
for both calibration and prediction sets without 13 outliers (39 spectra) in 
the region of 3,400-2,400 cm"\ These outliers were removed from either a 
calibration set or a prediction set. 

The optimal spectral range of 2,900-2,400 cm"' for total mineral N includes both 

spectral ranges for and NO3" (Fig. 5.36). However, it includes more parts of NO3' 

than NH4^, which explains the similarity of PLS measurements between total mineral N 

and NO3" predictions. The optimal range for prediction is larger in width and 

encloses higher wavenumber regions than the other two components. The separation 

between the optimal ranges for NH4^ and NO3" predictions is apparent (approximately 

divided at 2,700 cm"'). 
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Figure 5.36. Comparison of optimal spectral ranges for NHU^ and NO3" measurements in 
soil placed on top of an NH4CI and a NaNOs spectrum in the 3,400-2,400 
cm'^ region. 

A leave-one-out cross validation was employed to estimate the optimal results for 

ten soil samples with only NH4CI added so as to fiirther investigate the effect of the NO3" 

interference on the measurement of in soil. Note that these soil samples contain the 

same initial NO3" content of 180 ppm. A leave-one-out cross validation method is done 

by placing one sample in the prediction set at a time and keeping the remainder of data 

(nine samples) in the calibration set. Each sample is at same time placed in the prediction 

set so that there are ten total sets. An SEP value is calculated using a single sample in the 

prediction set and this is averaged with the values obtained with the other prediction sets. 

A leave-one-out cross validation is more appropriate for the small number of samples 

than the cross validation method employed previously. 
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Table 5.10 shows the most effective calibration models for NHLj^ measurement in 

three regions. The measurement errors in the MIR region are the same as the ones shown 

in Table 5.9 but in the NIR regions they are significantly reduced, decreasing by roughly 

30%. 

Table 5.10. Optimal model parameters and outputs for PLS calibrations of soil with only 
added NH4CI solution for the determination of ammonium concentration 
estimated by a leave-one-out cross validation using KBr as a background. 

Optimal Range 
(cm-^) #Factors »n2 

(%) 
"SEC 
(ppm) 

"SEP 
(ppm) 

\fax. 
Concentration 

(ppm) 
'CV 
(%) 

3,400-2,400 cm"' 

2,700-2,600 3 76 30.51 33.45 178 18.8 

5,000-4,000 cm"' 

4,520-4,300 4 97 11.56 39.12 178 22 

6,500-5,500 cm"^ 

6,400-6,240 3 94 14.74 35.7 178 20.1 

^ Coefficient of determination of the calibration set. 
'' Standard error of calibration. 
" Standard error of prediction. 
^ Maximum concentration of analyte in the study. 
® Coefficient of variation. 

The number of PLS factors also decrease considerably in all regions. These results 

suggest that the presence of high NO3" concentration in soil sample did reduce the 

prediction ability of the model for determination, especially in the NIR regions. 
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The similar results obtained using the MIR region with added NO3' (Table 5.9) and 

without added NO3' (Table 5.10) might be due to the high intensity of NH/ features in 

this region. See Appendix A (Table A. 5) for other optimal calibration models for 

measurement in each spectral region. 

To investigate the outliers in the soil data with only added NH4^, the distribution 

of the optimal results selected in the leave-one-out analysis for measurement in ten 

calibration sets using the MIR region of 2,700-2,600 cm'^ is presented in Table 5.11. The 

calibration #3 (indicated in bold in Table 5.11) is likely an outlier since its SEP is 

substantially larger than that of the rest of the data sets. The same outlier was also 

included in the calibration for both NIR regions (data not shown). If this outlier had been 

removed from the calibration models, the SEP value would be reduced approximately 

20% for all regions (as shown by the average results in Table 5.11). Since the sample size 

used in this investigation is very small, substantial weight cannot be placed on the 

measurement errors reported in Table 5.10. This analysis does suggest, however, that the 

less effective models obtained in both NIR regions for measurement (Table 5.9) are 

due to the presence of high level of NO3" content in soil sample. 
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Table 5.11. Comparison of model parameters and outputs often calibration sets of soil 
with only added NH4CI solution for ammonium measurement within the 
region of 2,700-2,600 cm"^ estimated by a leave-one-out cross validation 
using KBr as a background. 

Calibration 
Set 

Actual NH4^ 
concentration (ppm) 

#Factors 
(%) 

"SEC 
(ppm) 

'SEP 
(ppm) 

•"cv 
(%) 

#1 93 3 73 34.85 6.39 3.6 

#2 123 3 89 21.46 40.19 22.6 

#3 42 3 93 17.12 99.93 56.1 

#4 16.8 3 72 32.72 4.15 2.3 

#5 151 3 71 33.95 20.2 11.4 

#6 23.6 3 71 33.93 16.4 9.2 

#7 104 3 79 30.56 56.27 31.6 

#8 134 3 73 33.79 29.45 16.5 

#9 0 3 67 33.83 38.15 21.4 

#10 178 3 67 32.92 23.33 13.1 

Average (10 data sets) 

Average (9 data sets, without #3) 

26 

24 

30.51 

M 

33.45 

26.06 

18.8 

14.6 

" Coefficient of determination of the calibration set. 
'' Standard error of calibration. 
" Standard error of prediction. 
^ Coefficient of variation. 

5.5. Summary and Discussion 

In this study, the ability of the DRIFTS technique to quantitatively analyze 

mineral N (NHU^ and NO3") was investigated. Sand was initially used as a sample matrix 

not only because it is the primary component in soil but also because it can be used to 
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maintain similar physical properties permitting analysis of only variations in chemical 

components. The particle sizes of samples were reduced from sand to silt particles to 

investigate the effect of physical variations while keeping similar chemical components. 

Two preparation methods (in a sampling cup and in a polyethylene vial) were compared 

to study the effect of sample homogeneity on sand. The losses of mineral N due to 

binding with the surface of the polyethylene vial or during transfer to a sampling cup 

were insignificant and would not be taken into account for the estimation of model 

efficiency. 

After studying sand and silt samples, soil was employed as the sample matrix for 

the quantitative analysis of mineral N. The concentrations of NBU^ and NO3' added into 

soil samples are much higher than those of sand since no N features were apparent at the 

concentrations of 200 ppm NO3" and 50 ppm due to the complexity of soil matrix. 

The concentration ranges of 180-1,000 ppm NO3" and 0-200 ppm NH4were employed to 

estimate the detection limit of the DRIFTS technique. Soil samples were diluted with 1 

wt % in KBr matrix to yield a total number of samples of 100. Since is similar in 

size to K^, the substitution of in soil with K* from KBr would be possible, causing 

the shift of NH4^ features. However, this exchange was not taken into consideration in 

this study. Rapid grinding of soil samples and KBr might minimize this reaction. 

The values of SEP and CV for the measurements of NHU^ and NO3" in sand, silt, 

and soil samples within the MIR region (3,400-2,400 cm"') are summarized in Table 

5.12. 
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Table 5.12. Summary of optimal PLS results for the measurement of ammonium and 
nitrate concentrations in sand, silt, and soil samples within the 3,400-2,400 
cm"' region using KBr as a background. 

Sample Preparation method; Particle size 
^SEP 
(ppm) 

"CV 
(%) 

Ammonium measurement 

Group No. 1: 
Sand+NH4C1 

A sampling cup: 
212-300 p,m 1.68 3.9 

Group No. 3; 
Sand+NH4Cl+NaN03 

A sampling cup: 
212-300 |im 3.16 6.4 

Group No. 5: 
Sand+NRjCl+NaNOs 

A sampling cup: 
63-106 pm 2.75 5.2 

Group No. 6: 
Silt+NHiCl+NaNOs 

A sampling cup: 
Less than 53 |im 4.4 8.5 

Group No. 7: 
Sand+Silt+NttiCl+NaNOs 

A sampling cup: Mixture of 212-
300, 63-106, and less than 53 (im 4.86 9.7 

Group No. 8; 
Sand+NajCl+NaNOa 

A 20-mL polyethylene vial: 
212-300 |Lim 3.06 6.1 

SoU+NH4Cl+NaN03 A 1-mL polystyrene vial: 
Less than 2 mm 33.71 16.9 

Nitrate measurement 

Group No. 2; 
Sand+NaNOa 

A sampling cup: 
212-300 |Lim 12.53 6.1 

Group No. 3; 
Sand+NH4Cl+NaN03 

A sampling cup: 
212-300 fim 12.01 6.2 

Group No. 4; 
Sand+NH4N03 

A sampling cup: 
212-300 fim 13.53 6.3 

Group No. 5: 
Sand+NH4CI+NaN03 

A sampling cup: 
63-106 nm 10.03 5.3 

Group No. 6; 
Silt+NH4Cl+NaN03 

A sampling cup: 
Less than 53 pm 15.89 7.6 

Group No. 7: 
Sand+Silt+NH4Cl+NaN03 

A sampling cup: Mixture of 212-
300, 63-106, and less than 53pm 16.72 8.2 

Group No. 8: 
Sand+NH4Cl+NaN03 

A 20-mL polyethylene vial: 
212-300 nm 10.43 5.2 

Soil+NH4Cl+NaN03 A 1-mL polystyrene vial: 
Less than 2 mm 111.02 13.7 

^ Standard error of prediction. 
'' Coefficient of variation. 
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The MIR region provides good performance for measurement in sand (Group No. 

1), yielding a CV value of 3.9%. When comparing the CV values between Groups No. 1 

and 3 in which only chemical components were varied in sand samples, the CV values 

increase to 6.4%. By maintaining consistent chemical components and varying the 

physical property of samples by reducing their particle sizes (Groups No. 3, 5, 6, and 7), 

the CV values increase from 6.4% for the largest particles (Group No. 3) to 8.5% for the 

smallest particles (Group No. 6) and to 9.7% for the mixture of three particles (Group No. 

7). The slightly lower CV value in Group No. 5 (intermediate particle sizes) might be due 

to the broken edge of sand particles that could enhance diffuse scattering of radiation or 

may be merely due to the small sample sizes employed in this group. The CV value in 

Group No. 3 is equivalent to that of Group No. 8; thus, sample homogeneity seems to 

have little influence on the measurement errors of sand samples. When the soil was used 

as the sample matrix, the CV value increases to 16.9%. The increase in measurement 

error is expected for the complex soil sample. With 16.9% in CV, the optimal model for 

the measurement of NBU"^ in soil within the 3,400-2,400 cm ' region is somewhat 

effective. 

The MIR region of 3,400-2,400 cm"^ was the most effective region for NO3" 

measurement in sand due to the relatively high band intensities of NaNOs compared with 

sand features in the 3,400-2,400 cm"  ̂ region. The CV values for the measurement of NO3" 

are increased when increasing the complexity of the sample matrices (Table 5.12). The 

similarity of CV values in Groups No. 2, 3, and 4 indicates that varying only the chemical 

property in sand sample has a minor effect on the model efficiency. Nevertheless, 
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reducing particle sizes of samples from sand to silt increases the CV values from 6.2% 

for the largest sand particles (Group No. 3) to 7.6% for the silt particles (Group No. 6) 

and to 8.2% for the multiple particles (Group No. 7). Since the CV value in Group No. 8 

is slightly lower than Group No. 3, sample homogeneity also has little influence on the 

measurement errors of sand. Changing the sample matrix from the mixture of sand and 

silt particles (Group No. 7) to soil increases the CV value from 8.2% to 13.7%. The 

detection limits, calculated based on three times of the SEP, for the prediction of NH4^' 

and NO3' in soil within the MIR region are roughly 100 ppm NH4^ (78 ppm NH4-N) and 

330 ppm NO3" (75 ppm NO3-N). 

Both NIR regions (5,000-4,000 cm"^ and 6,500-5,500 cm'^) provide good 

measurements for NHLj^ in sand samples (Group No. 1) (Table 5.13). The reasons for 

good measurements are partly due to the consistent physical properties of sand matrix 

and partly due to the more intense features of NH4CI compared with sand in the NIR 

regions. Adding more chemical components in sand slightly increases the measurement 

errors of the optimal model for NBU"^ measurement in these regions, approximately 1-2% 

differences in CV values among Groups No. 1, 3, and 4. The difference in CV value of 

less than 1% between Groups No. 3 and 8 indicates that sample homogeneity also has 

little influence on the measurement errors of sand in both regions. Varying the particle 

sizes of sample matrices, on the other hand, significantly increase the differences in CV 

values among Groups No. 3, 5, 6, and 7 (roughly more than 5%) in both NIR regions. 
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Table 5.13. Summary of optima! PLS results for the measurement of ammonium 
concentrations in sand, silt, and soil samples within the 5,000-4,000 cm"^ 
region and the 6,500-5,500 cm"^ region using KBr as a background. 

Sample 

, — 

Preparation method; Particle size 
"SEP 
(ppm) 

"CV 
(%) 

5,000-4,000 cm"' 

Group No. 1: 
Sand+NHUCl 

A sampling cup; 
212-300 [im 1.73 4 

Group No. 3; 
Sand+NHfCl+NaNOa 

A sampling cup; 
212-300 (j,m 2.57 5.2 

Group No. 4; 
Sand+NttJSrOa 

A sampling cup; 
212-300 |im 2.83 4.4 

Group No. 5: 
Sand+NH4CH-NaN03 

A sampling cup; 
63-106 jj,m 1.69 3.2 

Group No. 6: 
Silt+NH4Cl+NaN03 

A sampling cup; 
Less than 53 nm 6.79 13.1 

Group No. 7: 
Sand+Silt+NH4Cl+NaN03 

A sampling cup: Mixture of 212-
300, 63-106, and less than 53|im 3.68 7.4 

Group No. 8; 
Sand+NH4Cl+NaN03 

A 20-mL polyethylene vial; 
212-300 |im 3 6 

Soil+NH4Cl+NaN03 A 1-mL polystyrene vial; 
Less than 2 mm 61.29 30.6 

6,500-5,500 cm"' 

Group No. 1; 
Sand+NH4C1 

A sampling cup; 
212-300 p,m 2.54 5.9 

Group No. 3; 
Sand+NH4Cl+NaN03 

A sampling cup; 
212-300 fxm 3.35 6.8 

Group No. 4: 
Sand+NH4N03 

A sampling cup; 
212-300 |j,m 3.05 4.8 

Group No. 5: 
Sand+NtttCl+NaNOs 

A sampling cup; 
63-106 nm 2.46 4.6 

Group No. 6: 
Silt+NH4Cl+NaN03 

A sampling cup; 
Less than 53 }xm 13.67 26.3 

Group No. 7: 
Sand+Silt+NKiCl+NaNOa 

A sampling cup; Mixture of 212-
300, 63-106, and less than 53p,m 6.9 13.8 

Group No. 8; 
Sand+NH^Cl+NaNOa 

A 20-mL polyethylene vial; 
212-300 |im 3.72 7.4 

Soil+NH4Cl+NaN03 A 1-mL polystyrene vial; 
Less than 2 mm 61.44 30.7 

^ Standard error of prediction. 
^ Coefficient of variation. 
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Due to the more intense NH4CI features in the region of 5,000-4,000 cm'^ relative to the 

6,500-5,500 cm'^ region, the optimal model for NHU"^ measurement in the former region 

is more effective than the latter for all experiments. Both NIR regions, however, failed to 

provide good calibrations for soil samples. A possible explanation for the low 

performance in these regions might be due to the stronger features of other components in 

soil or the high NO3' content. Humic substances in soil are likely to also play a role in 

masking the measurements. 

The optimal spectral ranges selected in the calibration models of three calibration 

data sets for NHU^ and NO3" determinations in sand, silt, and soil samples were quite 

different across groups even though the measurement errors were similar. Variations such 

as noise, light source intensity, and temperature might account for the differences among 

samples in each calibration set. The use of an automated grid search in the PLS-1 

software (as opposed to manual selection of ranges) might also cause the difference in the 

selection of spectral range for each calibration set. 

The spectral ranges of the most effective models of all experimental groups for 

sand, silt, and soil samples in the 3,400-2,400 cm"' region are shown in Fig. 5.37 and 5.38 

for NH4^ and NOs" measurements, respectively. The common optimal spectral range of 

all experiments for NElt^ measurement in sand and silt samples contains the spectral 

region of roughly 3,000-2,500 cm"' (Fig. 5.37). The spectral range of 3,300-3,000 cm"' 

can be employed for NUt'*" measurement in sand (Group No. 3). In fact, for the 

complicated soil system where NEU^ features are less intense than other components, the 

broad optimal range includes both spectral regions. 
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GrouD No. 8 

Gtoud NO. 7 

Group No. 6 

GTOUD NO. 5 

Group No. 3 

Group NO. 1 

Soil Total mineral N 

Soil Ammonium 

3400 3200 3000 2800 2600 2400 

Wavenumber (cm' ) 

Figure 5.37. Summary of optimal spectral ranges for NH/ measurement in sand and silt 
samples (Groups No. 1, 3, 5, 6, 7, and 8) and soil samples placed on top of 
an NH4CI spectrum within the 3,400-2,400 cm"^ region. 

Group No. 8 

Group No. 7 

Group No. 6 

Group No. 5 

Grroup No. 4 

Group No. 3 

Group No. 2 

Soil Total mineral N 

Soil Nitrate 

3400 3200 3000 2800 2600 2400 

Wavenumber (cm" ) 

Figure 5.38. Summary of optimal spectral ranges for NO3" measurement in sand and silt 
samples (Groups No. 2, 3, 4, 5, 6, 1, and 8) and soil samples placed on top 
of a NaNOa spectrum within the 3,400-2,400 cm"^ region. 
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The common spectral range of all experiments for NO3' measurement in sand, silt, 

and soil samples includes the spectral window of roughly 2,900-2,400 cm"^ (Fig. 5.38). 

This range is also used for the measurement of total mineral N (NBU"^ and NO3") in soil. 

The spectral window of 2,500-2,400 cm'^ that separates the optimal range of 

measurement from NO3' is the region for the distinct NO3' feature located around 2,440 

cm"'. 

A few studies have reported the ability of the DRIFTS method for the 

determination of mineral N in soil; thus, it would be beneficial to compare results 

obtained in this study with those reported by previous studies. As shown earlier in this 

study, the determination of mineral N in soil was not successful using both NIR regions 

(5,000-4,000 cm'^ and 6,500-5,500 cm"') due to the masking of other components. These 

results quite correspond to those reported by Krischenko et al. (1992) but are contrary to 

those of Ehsani et al. (1999). Ehsani et al. (1999) reported somewhat successful 

measurement of spiked NO3" in soil samples with the concentration range of 0-100 ppm 

NO3-N in the NIR region of 5,560-4,350 cm"' (1,800-2,300 nm). The possible reasons for 

good results obtained from Ehsani et al. (1999) might be the small sample sizes used 

(only 10 samples with 10 different concentrations and 10 replicates per each sample). 

Also it might be possible that the calibration model includes the features of other 

components that might vary with NO3" concentration in soil sample. Although Ehsani et 

al. (1999) evaluated the presence of NO3" features, they did not incorporate varying 

particle sizes. As previously shown in this study, the particle size effect could 

significantly increase the measurement errors of the optimal model for NO3" measurement 
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in the NIR regions. If the level of NO3" was present at very high concentrations 

(approximately more than 1,000 ppm NO3"), the effect of chemical and physical 

variations in soil samples might be minimized and the measurement of NO3' within the 

NIR regions would be possible. However, it is not applicable for the actual levels of NO3' 

in agricultural soils. 

In a subsequent study, Ehsani et al. (2001) used a 1 wt % diluted sample in KBr 

for NO3" measurement in soil. The CV value of 14% in the MIR region of 3,400-2,400 

cm"^ obtained in this study was slightly higher than that of reported by Ehsani et al. 

(2001) when the MIR region of 4,000-500 cm"^ was employed. But their NOs" 

concentration range (400-3,000 ppm NO3-N) was about 10 times higher than the 

concentration range used in this study (41-226 ppm NO3-N). In addition, a considerably 

high pressure was applied on the sample to reduce the scattering effect. They also applied 

other data pretreatments while only mean centering was used in this study. 

To summarize the comparison of the present study and other previous studies, the 

MIR region provides a more effective model for mineral N measurement in soil than the 

NIR region. The MIR region of 3,400-2,400 cm"  ̂ could be used successfully for NO3' 

measurement with diluted soil samples without the application of pressures or 

complicated data pretreatments. 
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VL CONCLUSIONS 

The feasibility of using the DRIFTS technique for the determination of added 

mineral N (NH4' and NO3") in sand, silt, clays, and soil was investigated in this study. 

The low concentration ranges of roughly 0-50 ppm NHU^ and 0-200 ppm NO3' were 

employed for sand, silt, and clay samples. Sand and silt samples were studied first since 

this provides simple and consistent physical and chemical properties. Subsequently, the 

more complex matrices of clays and then soil were investigated. Clays and the mixture of 

sand, silt, clay and humic acid (HA) were only analyzed qualitatively. Results based on 

this analysis are presented in Appendix B and C. For the quantitative analysis of sand, 

silt, and soil samples, the efficiencies of the DRIFTS method evaluated in this study are 

the ability to provide a linear relationship between spectra and the concentrations of NH/ 

and NO3' in samples, measurement errors (SEC and SEP), limit of detection, and the 

appropriate spectral range for either or NO3'. The following conclusions were 

attained based on this work; 

1. Both NIR (6,500-5,500 cm"^ and 5,000-4,000 cm"') and MIR (3,400-2,400 cm'') 

regions are very effective for NH4^ determination in sand (particle sizes within 212-

300 [im). 

2. For NO3" determination in sand (212-300 iim), the MIR region is substantially more 

useful than those of NIR regions. 

3. On the average, the detection limits for the measurements of and NO3" when 

changing only chemical components in sand are 9 ppm NEU^ (7 ppm NH4-N) and 39 

ppm NO3' (9 ppm NO3-N), respectively. 
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4. Scattering eiBFects play an important role in reducing absorption intensity of analytes 

particularly for particle sizes of a silt matrix (particle sizes less than 53 jjim). 

5. The MIR region provides the most effective model for both and NO3" 

measurements in the highly scattering silt matrix (less than 53 }im), yielding detection 

limits of 15 ppm NELj'^ (12 ppm NH4-N) and 50 ppm NO3" (11 ppm NO3-N). 

6. Small particles of silt samples decrease model efficiency for NH4^ measurement; 

however, this effect is reduced in the mixture of sand and silt samples. 

7. The two different preparation methods (in a sampling cup and in a vial) provide 

similar optimal results confirming the reliability of results gained from the former 

preparation where sample was prepared in a sampling cup. 

8. DRIFTS spectra of clay samples (montmorillonite, kaolinite, and illite) with added 

NH4" or NO3" indicate no discernible features of or NO3" even when samples 

were diluted with KBr powder (Appendix B). Thus, the quantitative analysis of these 

samples might not be possible at the low concentration ranges of 0-50 ppm NBU^ and 

0-200 ppm NO3. 

9. The substantially smaller particle size of clay compared with sand and silt might 

enhance the scattering effect and thus reduce the ability of DRIFTS technique to 

detect the relatively low mineral N concentrations in clay samples. 

10. The quantitative analysis of mineral N in sand (212-300 fxm) mixed with 1 wt % 

humic acid (HA) might not be possible at the maximum concentrations of 50 ppm 

NH/ and 200 ppm NO3' since no features of mineral N can be observed in visual 

inspection of the sample spectra (Appendix C). 



11. DRIFTS spectra of the mixtures of 60 wt % silt (less than 53 }i,m), 40 wt % kaolinite, 

and 1 wt % humic acid added with either 100 ppm NHU'^ or 400 ppm NO3" shows the 

features of or NO3" within the neighborhood of what were seen in the high 

scattering sand matrix (Appendix C); therefore, the quantitative analysis of mineral N 

in these samples when diluted with KBr would be possible. 

12. The study of clays and the mixtures of sand with humic acid indicates that to obtain 

reasonable results for the determination of mineral N in soil samples with the DRIFTS 

method, the dilution of sample with KBr powder is necessary. The concentrations of 

added NH4^ and NO3" in soil samples should be more than 50 ppm NH4' and 200 ppm 

N03-. 

13. The MIR region performs reasonably well for the prediction of and NO3" 

concentrations in soil samples with the concentration range of 0-200 ppm NH4"*' and 

180-1,000 ppm NO3". 

14. Both NIR regions failed to predict the concentrations of mineral TM in soil. 

15. The detection limits for the measurements of and NO3' in soil samples within 

the MLR region are roughly 100 ppm (78 ppm NH4-N) and 330 ppm NO3" (75 

ppm NO3-N), which are quite higher than the normal levels of mineral N in the desert 

soils. 

16. The high level of NO3" present in soil reduces the ability of DRIFTS technique for 

NH4^ measurement. 

17. The effective spectral ranges for NILt' and NO3' measurements for the highly 

scattering silt samples with particles less than 53 jam and soil samples are within the 
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MIR regions of 3,000-2,500 cm"^ and 2,900-2,400 cm'\ respectively. The spectral 

range of 2,500-2,400 cm"^ includes the distinct feature of NO3" which is visible in 

sample spectra at high concentrations. 

The present study revealed the significance of scattering effects due to different 

particle sizes on the quantitative analysis of mineral N with DRIFTS technique. It also 

showed the limit of detection and the appropriate spectral ranges for each analyte within a 

given sample matrix. The calibration model developed in this study could be utilized as a 

preliminary model for the measurement of mineral N in field soil samples both in a 

laboratory and in a field test. The spectral range of 2,500-2,400 cm"^ could be used for 

NO3' measurement in a portable DRIFTS equipment (if developed) because it includes 

the distinct feature of NO3" that is less influenced by variations of other properties in soil 

sample and also requires narrow spectral width. 
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Vn. RECOMMENDATIONS 

The lack of universal model for the determination of low content mineral N in 

different field soils has brought concern about the ability of the nondestructive DRIFTS 

method to provide measurements in diverse soil matrices. The approach taken here has 

been to begin with the basic components of soil and gradually varying the chemical and 

physical components of sample matrix to mimic the field soil. This could provide better 

knowledge of significant parameters that could affect the efficiency of DRIFTS when 

measuring with field soil samples. The appropriate spectral ranges for the measurement 

of mineral N that are less affected by physical and chemical variations in soil samples 

could be found with this approach. The present study provides only a beginning. 

Suggestions for future research is described below: 

The study of sand, silt and clay samples in this work revealed the important effect 

of particle sizes on the efficiency of DRIFTS technique for the measurements of added 

mineral N. To further verify the cause of the absence of mineral N features in clay matrix 

due to scattering of the extremely small particle sizes of clays (less than 2 |um), a more 

thorough comparison of clay size particles (less than 2 |im) and clay minerals could be 

investigated. However, to get reasonable results when using small particle sizes, the 

scattering effect should be reduced to some degree by applying the appropriate pressure 

on sample, diluting sample in KBr matrix, and using the MIR region since it provides 

higher absorption intensity of analyte and a lower scattering effect. 

Since soil is not composed of merely sand, silt or clays, the quantitative analysis 

of the mixtures of sand, silt, clays, and organic carbon (C) could be investigated to 
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closely imitate the real soil matrix. If humic acid (HA) is used as the representative of 

organic C, a homogeneous mixture might not be obtained since HA tends to stick 

together after dried. Also the losses of some HA due to binding on the surface of the 

container are commonly found (both on glasses and on plastic vials). To somewhat 

reduce the problems with HA, the small particle sizes of sand, silt, and clays should be 

used to increase the surface area of particles when interacting with HA. The amount of 

HA losses also should be determined. Furthermore, the added NKLt"^ might be substituted 

by other ions with the same size in clay minerals or can be fixed within the interlayer of 

clays (especially the expanding 2:1 clay minerals such as montmorillonite). If 

montmorillonite is used, the fixation ofNH/ in clay should be taken into account. 

The variations of the ratio of sand, silt, clays and organic C in the mixture could 

also provide better understanding of the important effect of each on DRIFTS method. The 

portions of these components, however, should reflect the characteristics of the typical 

soil types. Changing the particle sizes of sand, silt, or clays and adding other major 

components such as inorganic C into the mixtures could vary the physical and chemical 

properties of the mixtures. The study of this sample could reveal the possible reasons for 

the poor measurement of mineral N in soil samples within the NIR regions, especially in 

the 5,000-4,000 cm"^ region where good results obtained using sand sample at the 

maximum concentrations of 50 ppm NHt^ and 200 ppm NO3', as shown in this work. It 

might be also possible to use the appropriate mixture sample as a background to eliminate 

other variations except for mineral N concentrations in a given soil characteristic. 

Additionally, the use of the artificial mixtures of major components in soil as the sample 
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matrix might reveal the major factors that cause differences in the calibration models for 

the prediction of mineral N in different soil types. 

An important limitation of using the spiked sample approach is that the results 

achieved could not be directly applied to the field soils since other variations could affect 

DRIFTS spectra such as water content, soil pH, and the chemical reactions of mineral N 

with other components at field conditions. Thus field tests of different soil characteristics 

should be conducted to validate the optimal calibration model and the optimal spectral 

ranges for mineral N predictions obtained fi^om the alternative approach described above. 

When dealing with a field soil, it is necessary to use the most accurate wet chemistry 

method for each analyte since the efficiency of DRIFTS method is dependent upon the 

accuracy of the reference measurements. In addition, the sample sizes should be 

relatively large to account for variations across the field area. The MIR region of 2,900-

2,400 cm'^ could be utilized for the field test since it provided the most effective model 

for the measurement of mineral N in soil sample used in the present study. 

In addition to the use of diluted sample and pressure to reduce scattering, the 

mathematical pretreatments such as the baseline correction, the first or second 

derivatives, the data filtering methods (e.g., FFT filtering or discrete wavelet filtering), 

and the multiple scattering correction (MSG) might be used to improve the performance 

of DRIFTS method. However, if the features of the analyte are somewhat visible at a 

given concentration, data pretreatments might not significantly improve the efficiency of 

DRIFTS method (see section 5.5 for the comparison of results between this work and 

Ehsani et al. (2001)). Improving the configurations of the DRIFTS system to reduce 
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specular reflectance such as the use of a blocker along with the ellipsoidal reflector 

shown in Fig. 2.5B or the use of rotary sampling cup to get the average scan of sample 

with different angles might increase the signal intensity of DRIFTS spectra. It might also 

be helpful to investigate other algorithms for the selection of optimal spectral ranges 

rather than the automated grid search used in this study. See Bangalore et al. (1996), 

Brenchley et al. (1997), and McShane et al. (1998) for more details regarding the use of 

different algorithms for the wavelengths selection using MR spectral data. 
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APPENDICES 

This section contains supplementary data and analysis that would provide more 

understanding in the analytical method utilized in this study (Appendix A). Data and 

information for experimental directions that were initiated, but were not further 

investigated due to a limitation in time and equipment are also present in this section 

(Appendix B, C, and D). 

Appendix A. Additional Results for Sand and Soil Samples 

Appendix B. Analysis of Added Mineral Nitrogen in Clay Minerals 

Appendix C. Analysis of Added Mineral Nitrogen in the Mixtures of Sand, Silt, 

Clay, and Humic Acid 

Appendix D. Quantitative Analysis of Added Mineral Nitrogen in Sand with ATR 
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APPENDIX A; ADDITIONAL BESULTS FOR SAND AND SOIL SAMPLES 

Additional results and analysis referred in section V (Results and Discussion) are 

present in this appendix. These data are illustrated and discussed here because they were 

analyzed differently from the majority of data presented in section V or they showed the 

distribution of the entire data sets that were summarized and shown in section V. 

The expected and measured NH4'' concentrations in the solutions of some sand 

samples in Groups No. 1, 3, and 4 using the NH3 electrode are shown in Table A.I. The 

residuals between the known and measured concentrations for all samples are within the 

detection limit of ±0.3 ppm. About 92% of the residuals are less than ±0.15 ppm. Table 

A.2 shows the measured contents of NO3" in the solutions of some sand samples in 

Groups No. 2, 3, and 4 measured using a spectroscopic method. The residuals of most 

samples lie within the detection limit of ±0.6 ppm. Only two samples in Group No. 4 

obtain higher errors than the detection limit but the differences are very little. About 80% 

of the residuals for NO3' measurements are less than ±0.3 ppm. 

In section V, only the average results of three calibration sets for mineral N 

measurement are present. The optimal spectral ranges shown are the spectral ranges of 

the optimal calibration models that obtained results close to the average results. 

Generally, the spectral ranges of each calibration set are different due to variations in data 

sets. Thus it would be useful to evaluate the differences in the optimal results when 

applying three spectral ranges from each calibration set to other sets. Table A.3 and A.4 

show the optimal results of this analysis for NH/ and NO3' measurements in soil using 

the MIR region of 3,400-2,400 cm"'. The most effective models for the spectral ranges of 
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3,290-2,620 cm"\ 3,300-2,670 cm"\ and 3,090-2,690 cm'^ are the first, the second and the 

third calibration set, respectively (indicated in bold in Table A.3). The region of 3,300-

2,670 cm"^ is the optimal spectral range for measurement in the MIR region since it 

obtains the PLS results close to the average results of the most effective model in each 

set. The automated grid search looks for the lowest SEP; therefore, the difference in an 

SEP of only 1.0 ppm would change the selected spectral range for each calibration set 

and thus changing the optimal spectral range. For example, the SEP of the calibration set 

#2 (Table A.3) varies from 16.7 ppm to 15.5 ppm when the spectral range is changed 

from the 3,290-2,620 cm"' to the 3,300-2,670 cm"^ region. The slight difference in the 

spectral width between these two ranges indicates that they essentially include the same 

NH4^ features. The variation of SEP value for NUt^ measurement within each region is 

roughly 22%. 

For NO3" measurement, the most effective models for the spectral ranges of 

2,870-2,400 cm'\ 2,820-2,400 cm"', and 2,720-2,400 cm"' are the first, the second and the 

third calibration set, respectively (indicated in bold in Table A.4). The region of 2,720-

2,400 cm"' is the optimal spectral range for NO3" measurement in the MIR region. The 

difference among the SEP values of three calibration sets within each region is 

approximately 30%. The variations in the SEP values for NHU^ and NO3' measurements 

in soil are quite high compared with those for sand sample. A possible reason for the 

large differences in SEP values within each calibration set might be due to greater the 

chemically and mineralogically complex soil relative to sand. 
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Table A. 5 presents the additional spectral ranges in both the NDR and the MIR 

regions that could be used reasonably well for the determination of concentration in 

soil sample when added only with The spectral ranges of 2,800-2,520 cm"\ 3,290-

3,120 cm'\ and 6,500-6,180 cm'^ are one of the spectral ranges used for the measurement 

of in sand sample (Group No. 1). The somewhat effective model for the 

measurement of NH/ in soil obtained in the spectral range selected using the simple sand 

matrix would indicate that the optimal calibration models essentially include NH4' 

features. The SEP values of all ranges would be reduced approximately 20% if the outlier 

(as shown in section V, Table 5.11) had been eliminated. 
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Table A.I. Measurement of ammonium concentration in sand solution with the ammonia 
electrode. 

Group Expected conconcentration (ppm) Predicted conconcentration Differences 
NH/ NO3- (ppm) (=Expected-Predicted) 

No. 1:NH4C1 0.16 - 0.18 -0.018 
0.35 - 0.35 -0.003 
0.52 - 0.52 -0.005 
0.56 - 0.67 -0.106 
0.71 - 0.70 0.007 
0.80 - 0.84 -0.045 
0.92 - 0.91 0.006 
1.00 - 0,99 0.010 
1.60 - 1.59 0.006 
1.68 - 1.66 0.021 
1.76 - 1.76 0.002 
1.80 - 1.73 0.074 
2.00 - 1.87 0.132 
2.60 - 2.57 0.033 
3.15 - 3,13 0.020 
3.30 - 3.26 0.043 
3.45 - 3.42 0.026 
3.95 - 3.88 0.070 
5.00 - 5.04 -0.040 

No. 3: Nli^Cl+NaNOj 0.35 - 0.35 -0.003 
0.41 - 0.46 -0.046 
0.79 - 0.80 -0.013 
1.25 - 1.22 0.032 
1.52 - 1.54 -0.015 
2.77 - 2.75 0.024 
3.15 - 3.14 0.015 
3.64 - 3.60 0.038 
4.02 - 4.09 -0.066 
4.46 - 4.37 0.084 
5.87 - 5.96 -0.091 
5.92 - 5.97 -0.042 

No. 4: NH4NO3 0.38 - 0,39 -0.009 

1.77 - 1,86 -0.087 
3.34 - 3,50 -0.157 
3.44 - 3,46 -0.019 
5.31 - 5,62 -0,304 
7.08 - 7,23 -0,149 
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Table A.2. Measurement of nitrate concentration in sand solution with the VIS 
spectrophotometer. 

Group Expected conconcentration (ppm) Predicted conconcentration Differences 

NH/ NOj- (ppm) (=Expected-Predicted) 

No. 2: NaNOj - 0.86 0.639 0.224 
0.90 0.966 -0.066 
0.90 0.659 0.241 
1.20 0.967 0.233 
1.20 1.171 0.029 
1.82 1.536 0.282 
2.40 2.130 0.270 
2.45 2.158 0.297 
2.86 2.713 0.151 
3.36 3.683 -0.320 
4.09 3.834 0.257 
4.55 4.510 0.036 
4.80 4.906 -0.106 
4.91 4.895 0.014 
5.00 4.808 0.192 

No. 3; NH4Cl+NaN03 - 0.33 0.544 -0.217 
0.41 0.487 -0.078 
0.48 0.589 -0.109 
0.48 0.571 -0.091 
0.79 0.625 0.166 
1.27 0.840 0.433 
1.86 1.646 0.218 
1.91 1.402 0.507 
2.05 1.673 0.372 
2.40 2.819 -0.419 
2.40 2.461 -0.061 
2.68 2.874 -0.192 
3.27 3.264 0.009 
3.73 3.792 -0.065 
4.80 4.582 0.218 
5.09 5.357 -0.267 

No. 4: NH4NO3 - 0.38 1.04 -0.656 
0.44 1.02 -0.575 
1.45 1.61 -0.156 
1.92 1.99 -0.069 
2.07 2.22 -0.150 
3.42 3.41 0.005 
4.18 4.31 -0.129 
4.80 4.05 0.745 
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Table A. 3. Comparison of optimal results of three calibration sets of soil data for 
ammonium measurement within the region of 3,400-2,400 cm"^ when 
applying the same spectral range for aE calibration sets using KBr as a 
background. 

^Max. 
Calibration Set #Factors ''SEC "SEP Concentration ®CV 

(%) (ppm) (ppm) (ppm) (%) 
3,290-2,620 cm"' 

#1 

#2 

#3 

3,300-2,670 cm'^ 

#1 

#2 

#3 

3,090-2,690 cm ' 

#1 

#2 

m 

* CoeflScient of determination of the calibration set. 
^ Standard error of calibration. 
" Standard error of prediction. 
^ Maximum concentration of analyte in the study. 
® Coefficient of variation. 

12 76 29.42 33.59 200 16.8 

12 75 30.01 33.40 200 16.7 

12 80 26.94 41.57 200 20.8 

12 77 29.37 33.88 200 16.9 

12 78 27.81 31.01 200 15.5 

12 81 26.42 40.62 200 20.3 

12 77 29.03 40.86 200 20.4 

12 81 26.12 38.02 200 19 

12 82 25.41 36.53 200 18.3 



174 

Table A.4. Comparison of optimal results of three calibration sets of soil data for nitrate 
measurement within the region of 3,400-2,400 cm"^ when applying the same 
spectral range for all calibration sets using KBr as a background. 

"^Max. 
Calibration Set #Factors ^SEC "SEP Concentration ®CV 

(ppm) (ppm) (ppm) (%) 
2,870-2,400 cm'* 

#1 10 89 91.43 107.28 990 13.2 

#2 10 87 95.69 120.93 990 14.9 

#3 10 89 83.36 141.97 990 17.5 

2,820-2,400 cm"^ 

#1 10 93 71.54 148.67 990 18.4 

#2 10 91 77.96 114.08 990 14.1 

#3 10 91 73.22 131.02 990 16.2 

2,720-2,400 cm"' 

#1 10 94 68.78 139.35 990 17.2 

#2 10 93 68.30 121.15 990 15 

#3 10 92 68.83 111.72 990 13.8 

" Coefficient of determination of the calibration set. 
^ Standard error of calibration. 
" Standard error of prediction. 
^ Maximum concentration of analyte in the study. 
® Coefficient of variation. 
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Table A5. Optimal parameters and measurement errors for PLS calibrations of soil with 
only added NH4CI solution for the determination of ammonium concentration 
estimated by a leave-one-out cross validation using KBr as a background. 

Optimal Range ^Max. 
(cm"') #Factors aR2 

(%) 
•'SEC 
(ppm) 

'SEP 
(ppm) 

Concentration 
(ppm) 

'CV 
(%) 

3,400-2,400 cm"' 

2,800-2,520 3 78 29.4 46.52 178 26.1 

3,290-3,120 3 67 35.72 40.46 178 22.7 

2,800-2,540 3 72 32.85 44.33 178 24.9 

5,000-4,000 cm"^ 

4,920-4,790 4 96 13.52 55.44 178 31.1 

4,680-4,160 4 83 25.99 52.24 178 29.3 

4,580-4,140 4 87 23.52 50.42 178 28.3 

6,500-5,500 cm"^ 

6,500-6,180 3 93 16.25 46.15 178 25.9 

6,500-6,190 3 93 16.14 44.96 178 25.3 

6,500-6,160 3 93 17.05 48.8 178 27.4 

® Coefficient of determination of the calibration set. 
^ Standard error of calibration. 

Standard error of prediction. 
^ Maximum concentration of analyte in the study. 
® Coefficient of variation. 
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APPENDIX B: ANALYSIS OF ADDED MINERAL NITROGEN IN CLAY 
MMEMALS 

The results based on the qualitative analysis of added either NHU"^ or NO3' in three 

different types of clays; montmorillonite, kaolinite, and illite, are present in this appendix. 

DRIFTS spectrum of montmorillonite mixed with 50 ppm NH4^ (Fig. B.IC) in the region 

of 5,000-4,000 cm"^ is similar to the spectrum of montmorillonite (Fig. B.IB). No 

features of NH4CI (Fig. B.IA) are apparent in Fig. B.IC even though the sample was 

scanned as 5 wt % KBr. The lower intensity of the broad features around 4700 cm"^ and 

4,100 cm"' and the sharp feature around 4,500 cm"' in Fig. B.IC are reflected in the lower 

content of montmorillonite in diluted sample. The absence of NH4CI features in Fig. 

B.IC might be due to the small particle size of montmorillonite (less than 2 |_im) that 

could enhance the scattering effect, which in turn reduces the difiusely reflected 

information of NHU^. 

The effect of particle size was examined by simply dropping the same amount of 

NH4CI powder on the top of the sampling cups containing three different sample 

matrices; montmorillonite, 5 wt % of montmorillonite diluted with KBr, and sand with 

particle range of 212-300 |im. Fig. B.2 illustrates the DRIFTS spectra of three samples 

based on this experiment. Various distinct NH4CI features are clearly shown in DRIFTS 

spectrum of sand matrix (Fig. B.2C) such as features around 4,820 cm"' (2,070 nni), 

4,450 cm"' (2,250 nm), and 4,270 cm"' (2,340 nm). The intensities of these features are 

less in the matrix of 5 wt % montmorillonite (Fig. B.2B) and they are barely seen in the 

matrix of montmorillonite (Fig. B.2A). Since the intensities of NH4CI features were 

comparatively low in Fig. B.2B, it would not be surprising that they were not apparent in 
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the mixture of montmorillonite and at the concentration of only 50 ppm as 

indicated in Fig. B.IC. 

The NH4CI features are also absent from the DRIFTS spectra of both kaolinite 

and illite (Fig. B.3C and B.4C) added with 50 ppm NHt^. Fig. B.3C and B.4C resemble 

the spectra of kaolinite (Fig. B.3B) and illite (Fig. B.4B), except for the increased 

intensities in the spectra of the neat clays. The comparison of DRIFTS spectra within the 

spectral range of 2,900-2,400 cm"^ in Fig. B.5 indicates that NaNOs features are not 

shown in the spectrum of kaolinite added with 160 ppm NO3" even when diluted with 

KBr (Fig. B.5C). These samples were not further investigated quantitatively. 
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J Wavenumber (cm' ) 

Figure B.l. Comparison of the baseline corrected DRIFTS spectra of samples within the 
5,000-4,000 cm"^ region: (A) NH4CI powder; (B) Montmorillonite clay; (C) 
Montmorillonite clay added with 50 ppm scanned as 5 wt % in KBr. 

-e 
s 

4600 4400 
Wavenumber (cm'^) 

4200 4000 5000 4800 

Figure B.2. Comparison of the baseline corrected DRIFTS spectra of samples within the 
5,000-4,000 cm"' region when added about 0.3 mg of NH4CI powder on the 
top of samples in a sampling cup containing: (A) Montmorillonite clay; (B) 5 
wt % montmorillonite clay in KBr; (C) sand (particle size 212-300 |j,m). 
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Figure B.3. Comparison of the baseline corrected DRIFTS spectra of samples within the 
5,000-4,000 cm"^ region: (A) NH4CI powder; (B) Kaolinite clay; (C) 
Kaolinite clay added with 50 ppm NH/ scanned as 5 wt % in KBr. 

o 
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Figure B.4. Comparison of the baseline corrected DRIFTS spectra of samples within the 
5,000-4,000 cm"' region; (A) NH4CI powder; (B) Illite clay; (C) Illite clay 
added with 50 ppm Nlit^ scanned as 5 wt % in KBr. 
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Figure B.5. Comparison of the baseline corrected DRIFTS spectra of samples within the 
2,900-2,400 cm"^ region: (A) NaNOa powder; (B) Kaolinite clay; (C) 
Kaolinite clay added with 160 ppm NO3' scanned as 5 wt % in KBr. 
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APPENDIX C; ANALYSIS OF ABDED MINEMAJL NITROGEN IN THE 
MIXTURES OF SAND, SILT, CLAY, AND HUMIC ACID 

In this appendix, the qualitative analysis of sand (particle sizes within 212-300 

p,m) mixed with 1 wt % humic acid (HA) as well as 60 wt % silt (particle sizes less than 

53 fim) mixed with both 40 wt % kaolinite and 1 wt % HA are present. Fig. C.l 

illustrates the comparison of the DRIFTS spectra of the mixture of HA and powdered 

NH4CI with the same ratio (Fig. C.l A), the powdered NH4CI (Fig. C.IB), and the 

powdered HA (Fig. C.IC). Several distinct NH4CI features are clearly shown in Fig. 

C.l A. These features confirm that it would be possible to distinguish iSlHj^ from HA 

features. DRIFTS spectra of the mixture of sand (212-300 |j,m) and 1 wt % HA when 

added with 25 and 50 ppm are illustrated in Fig. C.2. DRIFTS spectra of both Fig. 

C.2B and Fig. C.2C somewhat resemble the spectrum in Fig. C.2A, indicating that no 

NH4CI features are apparent in both spectra. The higher absorption intensity of humic 

acid (HA) relative to sand (212-300 jim) and NHj^ features might mask the NH4CI 

features in these samples. The slight difference between Fig. C.2B and Fig. C.2C might 

be due to the heterogeneity of the mixture of sand and HA since HA tends to form small 

clusters with different sizes after dried and distributes unevenly among sand particles. 

The comparison of DRIFTS spectra of the mixture of 60 wt % silt (particles less 

than 53 fxm), 40 wt % kaolinite, and 1 wt % HA as well as NaNOs within the spectral 

range of 2,800-2,400 cm"' are shown in Fig. C.3. DRIFTS spectra of the sample added 

with 200 ppm NO3' (Fig. C.3D) and 400 ppm NO3" (Fig. C.3C) are similar to the 

spectrum of the neat sample (Fig. C.3B) except for small feature around 2,440 cm"' 
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(4,100 nm), which would indicate NaNOs feature (as pointed by the arrows in Fig. C.3). 

The intensity of this feature appears to be increased with increasing NO3" concentration 

jfrom 200 to 400 ppm. The slight diiBferences in the intensities of the broad features 

around 2,600 cm'^ (3,850 nm) and 2,500 cm'^ (4,000 nm) between Fig. C.3C and Fig. 

C.3D would be due to the uneven distribution of HA and kaolinite in samples since no 

broad features of NaNOa located around those frequencies. Fig. C.4 illustrates the same 

mixture of silt, kaolinite and HA but added with NH4CI at the concentrations of 50 and 

100 ppm NFI4* within the spectral range of 3,300-2,600 cm"\ The broad and small feature 

around 3,130 cm'^ (3,190 nm) in Fig. C.4B and Fig. C.4C (as pointed by the solid arrow) 

is not apparent in Fig. C.4A and its intensity appears to be increased with NHi"^ contents. 

This feature would indicate the presence of NH4CI features in these samples. The spectral 

range of 2,800-2,400 cm"^ and 3,300-2,600 cm"' are shown in Fig. C.3 and Fig. C.4 rather 

than the region of 3,400-2,400 cm"^ since they are the ranges where NO3" and 

features are obviously shown for sand, silt, and soil samples. The quantitative analysis of 

the mixture of silt, kaolinite and HA at the concentration range of 0-100 ppm (0-78 

ppm 1SIH4-N) and 0-400 ppm NO3" (0-90 ppm NO3-N) might be possible since the 

somewhat distinct and NO3" features were apparent in the MIR region of 3,400-

2,400 cm"'. This system was not further investigated. 
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Figure C.l. Comparison of the baseline corrected DRIFTS spectra of samples within the 
5,000-4,000 cm"^ region: (A) Humic acid mixed with NH4CI powder with 
equal ratio; (B) NH4CI powder; (C) Humic acid. 

^ /A / 

. A  

5000 4800 4600 4400 4200 4000 
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Figure C.2. Comparison of the baseline corrected DRIFTS spectra of sand (212-300 |im) 
mixed with 1 wt % humic acid within the 5,000-4,000 cm"^ region: (A) Neat 
sample; (B) Sample added with 50 ppm (C) Sample added with 25 
ppm NH4 
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Figure C.3. Comparison of the baseline corrected DRIFTS spectra of 60 wt % silt (less 
than 53 |j,m) mixed with 40 wt % kaolinite clay and 1 wt % humic acid within 
the 2,800-2,400 cm"^ region: (A) NaNOs powder; (B) Neat sample; (C) 
Sample added with 400 ppm NO3" scanned as 10 wt % in KBr; (D) Sample 
added with 200 ppm NO3" scanned as 10 wt % in KBr. 
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Figure C.4. Comparison of the baseline corrected DRIFTS spectra of 60 wt % silt (less 
than 53 fim) mixed with 40 wt % Kaolinite clay and 1 wt % humic acid 
within the 3,300-2,600 cm"' region; (A) Neat sample; (B) Sample added with 
100 ppm NHLj"^ scanned as 10 wt % in KBr; (C) Sample added with 50 ppm 

scanned as 10 wt% in KBr. 
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APPENDIX D; QUANTITATIVE ANALYSIS OF ADDED AMMONIUM M 
SAND Wma ATR 

The internal reflectance or attenuated total reflectance (ATR) is based upon the 

transmission of light through an optically dense element with a high refractive index at a 

specific angle, which is set up to generate internal reflectance. The geometry of the 

element, known as an internal reflection element (IRE), is normally designed to provide 

multiple reflections on the internal faces. When an infrared absorbing sample is placed on 

the IRE, the internally reflected light creates an evanescent wave that extends beyond the 

surface of the IRE into the sample, resulting in attenuation of the internally reflected light 

as a function of absorption by the sample (Coates, 1998). If the incident angle of the light 

introduced is greater than the critical angle, the totally attenuated internal reflection is 

recorded by the detector. The ATR spectrum is similar to a transmission spectrum, except 

for intensity variations as a function of wavelength. The depth of penetration, the distance 

required for the amplitude of evanescent wave to fall to the fraction 1/e of its value at the 

surface, is dependent on wavelength, angle of incidence, and the refractive indices of 

sample and IRE (Harrick, 1967). When a powdered sample is used, pressure must be 

applied to ensure intimate contact between the sample and the IRE surface (Coates, 

1998). Figure D.l illustrates the horizontal ATR accessory (HATR). 

The early uses of ATR technique in soil studies have emphasized adsorption or 

molecular orientation of organic cations at clay surfaces (Piccolo, 1994). Thus far, no 

studies have reported the use of ATR for quantitative analysis of soil mineral N using 

powder samples. This may be due to the difficulty in measuring spectra of uncompressed 

powders and in the inherent challenges, which result form collecting reproducible 
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spectra. Powder samples are usually pressed against the ERE to ensure good physical 

contact or dissolved with a volatile solvent, but it is extremely difficult to obtain 

reproducible results and very easy to damage the brittle IRE crystal (Griffiths and Fuller, 

1982). However, the ATR technique has an advantage in reducing sample preparation 

time and can be used to observe adsorption reactions on soil surface. 

Acid washed 30/40 Accusand (Unimin Corp., Le Sueur, MN) with particle range 

of 420-595 fj.m was added with random but known amounts of NH4CI solution to yield 40 

samples. The concentrations of NKU^ in sand varied from 0 to 20 ppm w w"\ Volumes of 

NH4CI solution (pH 8.0) were pipetted onto 2-gram sand prepared in the scintillation 

glass vial. Each sample received the same total amount of water to consistently distribute 

NH4^ to the whole sand sample. Samples were then oven-dried at 110°C for 24 hours. 

Experimentally, about 3% by weight of NH4^ was lost due to oven-drying. These 

amounts were accounted for when calculating the actual NBU^ concentrations left in sand 

after dried. 

Spectra were collected on the same FTIR spectrometer as described in section 

4.1.4 but the horizontal ATR accessory (Wilmad Glass Company, Inc., Buena, NJ) was 

Sample 

Light source: I© Detector: IR 

Figure D.l. Horizontal ATR accessory (HATR). 
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used instead of the DRIFTS accessory. The ATR crystal or IRE is of a trapezoid shape 

with 80 mm long, 10 mm wide and 4 mm thick. The eflfective angle of incidence of the 

ATR is 45 degrees. The ATR absorbance spectrum was produced by ratioing a sample 

spectrum to a background spectrum collected when there was no sample on the ATR 

crystal. Each spectrum consisted of 128 co-added triangularly apodized scans collected 

from 10,000-2,100 cm"' (1,000-4,760 nm) at 2-cm"' resolution. To get better signal-to-

noise ratio (SNR) at larger aperture sizes, the neutral density screen B was used. A 

background spectrum was collected every two hours. Due to increased intensity obtained 

when using the filter to experimentally limit the scan within the region of 6,500-5,500 

cm"^ (1,540-1,820 nm), the use of the filter was also investigated. Each sand sample was 

divided into two parts (about 1 gram per part) and each part was scanned once, producing 

a total of 80 spectra. Triplicate spectra were collected successively for each sample when 

the filter was employed. The spectral region of 6,500-5,500 cm"^ was isolated from the 

full spectral range of 10,000-2,100 cm"^ and analyzed for NH/ concentrations using the 

PLS-1 software (as described in section 4.1.4). Note that no isolation was required when 

the filter was used. 

The optimal results of three calibration sets for measurement using ATR 

and the neutral density screen B are shown in Table D.l. The correlations between the 

actual NH4^ concentrations and the ATR spectra are quite high for all calibration sets 

(R^> 60%). However, the SEP values are approximately three times more than the SEC 

values, which indicates the poor prediction ability of all calibration models. The optimal 

number of PLS factors required in the calibration models are five, which are considerably 



188 

higher than what would be expected for the simple matrix contained only sand and Ntit"*" 

component. The prediction abilities of these calibration models were not improved even 

when the filter was used, yielding an SEP value of roughly 6.0 ppm with five number of 

PLS factors. Since previous experiments indicated that the signal intensity was 

significantly increased when using the filter, the poor SEP value obtained with the filter 

might be due to the slight variation of the size of aperture that was changed during 

experiment (i.e., changing fi^om 54 to 58%). 

Table D.l. Comparison of optimal PLS parameters of three calibration sets of sand data 
for ammonium measurement with ATR accessory together with the energy 
screen B in the region of 6,500-5,500 cm'\ 

Spectral Range #Factors 
(cm-^) 

au2 

(%) 
•'SEC 
(ppm) 

"^SEP 
(ppm) 

Concentration 
(ppm) 

"CV 
(%) 

5,900-5,600 5 64 3.29 5.82 20 29.1 

6,300-5,700 5 81 2.38 7.05 20 35.2 

5,900-5,650 5 81 2.36 6.69 20 33.4 

* Coefficient of determination of the calibration set. 
Standard error of calibration. 

" Standard error of prediction. 
^ Maximum concentration of analyte in the study. 
® Coefficient of variation. 

To investigate the effect of the variations of aperture and time, data were divided 

based on the size of aperture used and the date when spectra were collected. The optimal 

PLS parameters based on this study are indicated in Table D.2. Although the SEP values 

in most calibration models in Table D.2 are less than 6.0 ppm after dividing data, the 
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overall prediction abilities of these models are pretty poor (CV > 10%). The somewhat 

good results obtained from some models (indicated in bold in Table D.2) might be simply 

due to smaller sample size used. Removal of some outliers did not significantly improve 

the measurement errors of these calibration models (data not shown). Additionally the 

common spectral range was not found with these data sets. 

Table D.2. Comparison of the optimal model parameters and measurement errors of sand 
data for ammonium measurement within the concentration range of 0-20 
ppm using the ATR accessory together with the filter for the spectral 
window of 6,500-5,500 cm"\ 

Spectral Range #Factors 
(cm"^) 

ap2 

(%) 
"SEC 
(ppm) 

"SEP 
(ppm) 

•^cv 
(%) 

'Calibration : 
Prediction 

'bate or % 
aperture 

6,350-6,300 5 88 2.7 4.14 20.7 18:6 54 

6,210-6,100 5 11 6.34 3.44 17.2 48:24 57 

5,790-5,690 5 85 3.24 4.4 22 15:9 58 

6,110-5,970 5 80 3.64 7.2 36 21:12 8/17/00 

6,270-5,600 5 72 4.54 5.32 26.6 15:9 8/18/00 

6,250-6,100 5 89 2.74 4.11 20.6 18:6 8/19/00 

5,720-5,600 5 29 5.48 2.67 13.4 27:12 8/20/00 

* Coefficient of determination of the calibration set. 
^ Standard error of calibration. 
° Standard error of prediction. 
^Coefficient of variation. 
® Number of spectra in the calibration and the prediction sets. 
^ Experimental date (m/d/y) or the size of aperture used (%). 
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Possible reasons for the poor prediction ability of ATR accessory for the 

determination of in sand samples might be; (1) the targe particle size of sand used 

does not permit close physical contact between sand particle and ATR crystal and the 

appropriate pressure cannot be applied on the ATR crystal since the crystal material (Zinc 

Selenide) is very fragile; (2) The amount of NH4^ losses due to oven-drying might be 

much more than 3% by weight since the NH4^ concentration in sand samples tested was a 

lot higher than 20 ppm and this percentage might not be directly proportional at low 

concentration. 

The use of ATR for the measurement of NHU"^ in sand sample is significantly less 

effective than the DRIFTS method (as shown in section V). However, the ATR method 

might be used for sand samples if the appropriate particle size and pressure are employed. 

Other spectral regions such as the 5,000-4,000 cm"^ and the 3,400-2,400 cm'^ might 

provide better results since NHLt^ features in these regions are more distinct than the 

6,500-5,500 cm"^ region. Furthermore, air-dried sample should be more appropriate than 

oven-drying, especially at low contents. This system was not further investigated. 



191 

REFERENCES 

ASTM. 1995. Standard Practices for Infrared, Multivariate, Quantitative Analysis. 
Annual Book of ASTMStandards, Doc. E1655-94. 03.06; 755-779. 

Bangalore, A. S., R. E. Shaffer, G. W. Small, and M. A. Arnold. 1996. Genetic 
Algorithm-Based Method for Selecting Wavelengths and Model Size for Use with 
Partial Least-Squares Regression: Application to Near-Infrared Spectroscopy. Anal 
Chem. 68(23): 4200-4212. 

Barber, S. A. 1995. Soil Nutrient Bioavailability: A Mechanistic Approach, 2  ̂ed., Ch. 2 
and 8, pp. 9-48 and 180-201, New York, NY: John Wiley & Sons, Inc. 

Bauer, H. H., G. D. Christian, and J. E. O'Reilly. 1978. Instrumental Analysis, Ch. 2, pp. 
12- 48, Boston, MA: Allyan and Bacon, Inc. 

Black, J. T. 1974. The Scanning Electron Microscope: Operating Principles. In Principles 
and Techniques of Scanning Electron Microscopy (Volume 1), Ch. 1, pp. 1-43, ed. M. 
A. Hayat. New York, NY: Van Nostrand Reinhold Company. 

Brenchley, J. M., U. Horchner, and J. H. Kalivas. 1997. Wavelength Selection 
Characterization for NIR Spectra. Appl. Spectrosc. 51(5): 689-699. 

Brimmer, P. J. and J. W. Hall. 1993. Determination of Nutrient Levels in a Bioprocess 
Using Near-Infrared Spectroscopy. Can. J. Appl Spectrosc. 38(6): 155-162. 

Brimmer, P. J., P. R. Griffiths, and N. J. Harrick. 1986. Angular-Dependence of Diffuse 
Reflectance Infrared-Spectra 1. FT-IR Spectrogoniophotometer. Appl Spectrosc. 
40(2): 258-265. 

Burger, T., J. Kuhn, R. Caps, and J. Fricke. 1997. Quantitative Determination of the 
Scattering and Absorption Coefficients from Diffiise Reflectance and Transmittance 
Measurements: Application to Pharmaceutical Powders. Appl Spectrosc. 51(3): 309-
317. 

Coates, J. 1998. A Review of Sampling Methods for Infrared Spectroscopy. In Applied 
Spectroscopy: A Compact Reference for Practitioners, Ch. 3, pp. 49-91, ed. J. 
Workman and A. W. Springsteen. San Diego, CA: Academic Press. 

Coleman, P. B. 1993. Theoretical Considerations. In Practical Sampling Techniques for 
Infrared Analysis, Ch. 1, pp. 1-10, ed. P. B. Coleman. Boca Raton, FL: CRC Press, 
Inc. 



192 

REFERENCES — Continued 

Confalonieri, M., F. Foraasier, A. Ursino, F. Boccardi, B. Pintus, and M. Odoardi. 2001. 
The Potential of Near Injfrared Reflectance Spectroscopy as a Tool for the Chemical 
Characterization of Agricultural Soils. J. Near Infrared Spectrosc. 9(2); 123-131. 

Culler, S. R. 1993. Diffiise Reflectance Infrared Spectroscopy: Sampling Techniques for 
Qualitative/Quantitative Analysis of Solids. In Practical Sampling Techniques for 
Infrared Analysis, Ch. 4, pp. 93-105, ed. P. B. Coleman. Boca Raton, FL: CRC Press, 
Inc. 

Dalai, R. C. and R.J. Henry. 1986. Simultaneous Determination of Moisture, Organic 
Carbon, and Total Nitrogen by Near Infrared Reflectance Spectrophotometry. Soil 
Sci. Soc. Am. J. 50(1): 120-123. 

Doerge, T. A., R. L. Roth, and B. R. Gardner. 1991. Nitrogen Fertilizer Management in 
Arizona, Tucson, AZ: College of Agriculture, The University of Arizona. 

Ehsani, M. R., S. K. Upadhyaya, D. Slaughter, S. Shafii, and M. Pelletier. 1999. A NIR 
Technique for Rapid Determination of Soil Mineral Nitrogen. Precision Agriculture 
1(2); 217-234. 

Ehsani, M. R., S. K. Upadhyaya, W. R. Fawcett, L. V. Protsailo, and D. Slaughter. 2001. 
Feasibility of Detection Soil Nitrate Content Using a MID-Infrared Technique. Trans. 
ASAE 44(6); 1931-1940. 

Fuller, M. P. 1980. Applications of Diffuse Reflectance Infrared Fourier Transform 
Spectroscopy, Ph. D dissertation, Athens, OH: Ohio University. 

Griffiths, P. R. and M. P. Fuller. 1982. Mid-infrared Spectrometry of Powdered Samples. 
In Advances in Infrared and Raman Spectroscopy: Volume 9, Ch. 2, pp. 63-129, ed. 
R. J. H. Clark and R. E. Hester. London, UK; Heyden & Son Ltd. 

Harrick, N. J. 1967. Internal Reflection Spectroscopy, Ch. 2, pp. 13-65, New York, NY; 
John Wiley & Sons, Inc. 

Harris, D. C. 1999. Quantitative Chemical Analysis, 5^ ed., Ch. 21, pp. 576-613, New 
York, NY; W.H. Freeman and Company. 

Hillel, D. 1998. Environmental Soil Physics, Ch. 3 and 4, pp. 59-100, San Diego, CA; 
Academic Press. 



193 

REFERENCES - Continued 

Hunt, G. R. and R. K. Vincent. 1968. The Behavior of Spectral Features in the Infrared 
Emission from Particulate Surfaces of Various Grain Sizes. J. Geophys. Res. 73(18): 
6039-6046. 

Jackson, M. L. 1964. Chemical Composition of Soils. In Chemistry of the Soil, 2  ̂ ed., 
Ch. 2, pp. 71-141, ed. F. E. Bear. New York, NY: Reinhold Publishing Corp. 

Janik, L. J. and J.O. Skjemstad. 1995. Characterization and Analysis of Soils Using Mid-
infrared Partial Least Squares; II. Correlations with Some Laboratory Data. Aust J. 
Soil Res. 33(4): 637-650. 

Janik, L. I, R. H. Merry, and J. O. Skjemstad. 1998. Can Mid Infrared Diffuse 
Reflectance Analysis Replace Soil Extractions?. Aust. J. Exp. Agric. 38(7): 681-696. 

Keeney, D. R. and D. W. Nelson. 1982. Methods of Soil Analysis (Part 2): Chemical and 
Microbiological Properties, 2"^ ed., Ch. 33, pp. 643-698, Madison, WI: American 
Society of Agronomy, Inc. and Soil Science Society of America, Inc. 

Kortum, G. 1969. Reflectance Spectroscopy: Principles, Methods, Applications, Ch. 2 
and 5, pp. 5-71 and 170-216, New York, NY: Springer-Verlag Berlin-Heidelberg. 

Krischenko, V. P., S. G. Samokhvalov, L. G. Fomina, and G. A. Novikova. 1992. Use of 
Infrared Spectroscopy for the Determination of Some Properties of Soil. In Making 
Light Work: Advances in Near Infrared Spectroscopy, pp. 239-249, ed. I. Murray and 
I. A. Cowe. West Sussex, UK: Ian Michael Publications. 

Krohn, M. D. and S. P. Altaner. 1987. Near-Infrared Detection of Ammonium Minerals. 
Geophysics 52(7): 924-930. 

Malinowski, E. R. 1991. Factor Analysis in Chemistry, 2**" ed., Ch. 6, pp. 166-207, New 
York, NY: John Wiley & Sons, Inc. 

Mark, H. 1992. Data Analysis: Multilinear Regression and Principal Component 
Analysis. In Handbook of Near-Infrared Analysis, Ch. 6, pp. 107-158, ed. D. A. Bums 
and E. W. Ciurczak. New York, NY: Marcle Dekker, Inc. 

Martens, H. and T. Naes. 1989. Multivariate Calibration, Ch. 3 and 5, pp. 73-236 and 
267-296, New York, NY: John Wiley & Sons, Inc. 

McShane, M. J., G. L. Cote, and C. H. Spiegelman. 1998. Assessment of Partial Least-
Squares Calibration and Wavelength Selection for Complex Near-Infrared Spectra. 
Appl. Spectrosc. 52(6): 878-884. 



194 

REFERENCES - Continued 

Meyer, J. H. 1989. Rapid Simultaneous Rating of Soil Texture, Organic Matter, Total 
Nitrogen and Nitrogen Mineralization Potential by Near Infra-red Reflectance. S. Afr. 
J. Plant Soil. 6(1); 59-63. 

Morra, M. J., M. H. Hall, and L. L. Freeborn. 1991. Carbon and Nitrogen Analysis of 
Soil Fractions Using Near-Infrared Reflectance Spectroscopy. Soil Sci. Soc. Am. J. 
55(1): 288-291. 

Olinger, J. M. and P. R. Griffiths. 1988. Quantitative Effects of an Absorbing Matrix on 
Near-Infrared Diffuse Reflectance Spectra, Chem. 60(21); 2427-2435. 

Olinger, J. M. and P. R. Griffiths. 1992. Theory of Diffuse Reflectance in the NIR 
Region. In Handbook of Near-Infrared Analysis, Ch. 3, pp. 13-35, ed. D. A. Bums 
and E. W. Ciurczak. New York, NY; Marcle Dekker, Inc. 

Olinger, J. M. and P. R. Griffiths. 1993a. Effects of Sample Dilution and Particle 
Size/Morphology on Diffiise Reflection Spectra of Carbohydrate Systems in the Near-
and Mid-Infrared (Part I; Single Analytes). Appl. Spectrosc. 47(6); 687-694. 

Olinger, J. M. and P. R. Griffiths. 1993b. Effects of Sample Dilution and Particle 
Size/Morphology on Diffiise Reflection Spectra of Carbohydrate Systems in the Near-
and Mid-Infrared (Part U; Durum Wheat). Appl Spectrosc. 47(6); 695-701. 

Petit, S., D. Righi, J. Madejova, and A. Decarreau. 1999. Interpretation of the Infrared 
NBU^ spectrum of the NBU^-Clays; Application to the Evaluation of the Layer Charge. 
Clay Miner. 34(4); 543-549. 

Piccolo, A. 1994. Advanced Infrared Techniques (FT-IR, DRIFT, and ATR) Applied to 
Organic and Inorganic Soil Materials. Transactions of the 15'̂  World Congress of Soil 
Science, Acapulco, Mexico 3a; 3-22. 

Reeves, J. B., Ill, G. W. McCarty, and J. J. Meisinger. 1999. Near Infrared Reflectance 
Spectroscopy for the Analysis of Agricultural Soils. J. Near Infrared Spectrosc. 7(3); 
179-193. 

Reeves, J. B., Ill, G. W. McCarty, and V. B. Reeves. 2001. Mid-infrared Diffiise 
Reflectance Spectroscopy for the Quantitative Analysis of Agricultural Soils. J. Agric. 
Food Chem. 49(2); 766-772. 

Salgo, A., J. Nagy, J. Tamoy, P. Marth, O. Palmai, and G. Szabo-Kele. 1998. 
Characterization of Soils by the Near Infrared Technique. J. Near Infrared Spectrosc. 
6(3); 199-203. 



195 

REFERENCES - Continued 

Simmons, E. L. 1975. Dififuse Reflectance Spectroscopy: A Comparison of the Theories. 
Appl Opt. 14(6): 1380-1386. 

Sims, J. R. and G. D. Jackson. 1971. Rapid Analysis of Soil Nitrate with Chromotropic 
Acid. Soil Set Soc. Amer. Proc. 35(4): 603-606. 

Skoog, D. A., F. J. Holier, and T. A. Nieman. 1998. Principles of Instrumental Analysis, 
5 ed., Ch. 6-7 and 16, pp. 116-191 and 380-403, Orlando, FL: Harcourt Brace & 
Company. 

Smith, B. C. 1996. Fundamentals of Fourier Transform Infrared Spectroscopy, Ch. 1-2, 
pp. 1-53, Boca Raton, FL: CRC Press, Inc. 

Smith, B. C. 1999. Infrared Spectral Interpretation: A Systematic Approach, Ch. 1, pp. 1-
29, Boca Raton, FL: CRC Press, Inc. 

Springsteen, A. W. 1998. Reflectance Spectroscopy: An Overview of Classification and 
Techniques. In Applied Spectroscopy: A Compact Reference for Practitioners, Ch. 6, 
pp. 193-224, ed. J. Workman and A. W. Springsteen. San Diego, CA: Academic 
Press. 

Suzuki, E. M. and W. R. Gresham. 1986. Forensic Science Applications of Diffuse 
Reflectance Infi-ared Fourier Transform Spectroscopy (DRIFTS): I. Principles, 
Sampling Methods, and Advantages. J. Forensic Sci. 31(3): 931-952. 

Tan, K. H. 1996. Soil Sampling, Preparation, and Analysis, Ch.lO, pp. 135-153, New 
York, NY: Marcle Dekker, Inc. 

Van Cleve, K. and R. F. Powers. 1995. Soil Carbon, Soil Formation, and Ecosystem 
Development. In Carbon Forms and Functions in Forest Soils, pp. 155-200, ed. W. 
W. McFee and J. M. Kelly. Madison, WI: Soil Science Society of America, Inc. 

Vincent, R. K. and G. R. Hunt. 1968. Infi-ared Reflectance from Mat Surfaces. Appl Opt. 
7(1): 53-59. 

Vogt, R. and B. J. Finlayson-Pitts. 1994. A Dif&se Reflectance Infi-ared Fourier 
Transform Spectroscopic (DRIFTS) Study of the Surface Reaction of NaCl with 
Gaseous NOj and HNO3. J. Phys. Chem. 98(14): 3747-3755. 

Wise, B. M. and N. B. Gallagher. 1998. PLS Toolbox 2.0 for Use withMATLAB, pp. 31-
100, Manson, WA: Eigenvector Research, Inc. 



196 

MEFERENCES - Continued 

Workman, J. J., Jr. 1992. MR Spectroscopy Calibration Basics. In Handbook of Near-
Infrared Analysis, Ch. 10, pp. 247-280, ed. D. A. Bums and E. W. Ciurczak. New 
York, NY: Marcle Dekker, Inc. 

Yeboah, S. A., S. Wang, and P. R. Griffiths. 1984. Eflfect of Pressure on DiiSuse 
Reflectance Infrared Spectra of Compressed Powders. Appl Spectrosc. 38(2); 259-
264. 


