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ABSTRACT 

 

 This research attempted to quantify the relative advantages and disadvantages of competing 

methods for extraction and characterization of mineral colloid material (effective spherical 

diameter 100 – 1000 nm) in soils. Quantification of colloid constituents in soils allows for greater 

precision in nutrient and contaminant transport modeling in the shallow subsurface. Mineral 

colloids increase transport rates for certain immobile solids by serving as a semi-mobile phase to 

which those solids can readily sorb and desorb. This study provides a comparison of mineral 

colloid yield and composition from synthetic rainwater and sodium diphosphate (TSPP) extraction. 

Compositional differences are expected to arise from pH increase, solution strength increase, and 

interlayer sodium infiltration in silicate clays from the addition of TSPP. 

The compositional effects of TSPP were quantified using two methods of quantitative X-

ray diffraction (QXRD) to compare the identities and weight fractions of extracted mineral species. 

Colloid characterization with QXRD is complicated by errors associated with peak broadening, 

micro-absorption effects, and non-uniform background noise arising from small crystallite size. 

Results from internal-standard quantification were compared to results from direct-estimation 

quantification to determine the accuracy and precision of direct estimation. Direct estimation was 

proposed in the 1960s but did not displace the internal standard method in common practice. The 

method directly calculates weight percentages using a linear system of explicit equations for each 

mineral species. By quantifying the increase in yield and change in composition from using TSPP 

as a peptizing agent and by evaluating the validity of direct estimation in QXRD, mineral colloid 

characterization may be made cheaper and quicker, increasing its utility for stakeholders in 

agriculture and environmental remediation. 
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CHAPTER 1 

BACKGROUND AND MOTIVATION 

 

Soil colloids are particles with an effective diameter from 1-1000 nm formed by physical, 

chemical, and biological processes and generally comprise silica, silicates, metal (hydr-)oxides, 

carbonates, and organics (Bakshi et al., 2014). Coarse colloids are the subset of colloids with 

diameters between 100-1000 nm, in contrast with nanoparticles which have diameters from 1-100 

nm. Colloidal particles play a major role in subsurface solute transport. Solute that readily sorbs 

to immobile colloids will propagate less quickly than a solute that preferentially sorbs to highly 

mobile colloids (McCarthy and Zachara, 1989). The effect is most pronounced for solutes that are 

only sparingly water-soluble, as such solutes must rely on colloidal mobility to facilitate their 

transport. Because of a large proportion of the atoms in a colloid are at the surface, colloids are 

highly reactive. Physical properties (e.g. conductivity) and chemical properties (e.g. solubility) of 

colloids can also vary significantly from their macroscale values. The high reactivity of colloidal 

materials allows them to mediate transport and transformation of nutrients, organic pollutants, and 

trace metals (Lead et al., 1999). The mobility of a colloid species affects the mobility of solutes 

that sorb to it, so the ability to characterize the composition of the mobile colloid fraction quickly 

and accurately is of interest for environmental investigations.  

Unfortunately, soil-derived colloids are diverse and are difficult to isolate because of their 

size and tendency to aggregate, meaning single-species extractions are difficult and provide low 

yields (Theng and Yuan, 2008). While simple distilled-water extractions have been used (Regelink 

et al., 2014), low yields make the process time-consuming and expensive. The addition of various 

salts such as calcium carbonate, sodium bicarbonate, sodium chloride, or tetrasodium 
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pyrophosphate (TSPP) has been investigated as a means to improve yields by desorbing colloids 

and preventing them from flocculating (Greenwood and Kendall, 1999; Gururaj et al., 1983; 

Schofield and Samson, 1954). TSPP is particularly effective at dispersing iron (hydr-)oxides 

(Jeanroy and Guillet, 1981) and organo-mineral aggregates (Regelink et al., 2014). TSPP is a 

stronger extractant overall compared to NaHCO3 or NaCl (Regelink et al., 2014) and has a lower 

ionic strength than CaCO3, causing more of the extracted colloids to stay in suspension rather than 

flocculating and consequently settling. 

1.1 Colloids as Transport Mediators 

Colloid mobility and aggregation are affected by the net electrical charge of the individual 

grains (McCarthy & Zachara, 1989) and the ionic strength of the suspension (Li et al., 2012). 

Factors influencing net charge in typical soils can be roughly grouped into two categories: 

permanent charge and pH-dependent charge. Permanent charge arises primarily from isomorphous 

cation substitution in silicate clays (Stubican & Roy, 1961). For example, in 2:1 clays such as 

montmorillonite, an Mg2+ ion can substitute for an Al3+ ion due to their similar ionic radii (Stubican 

& Roy, 1961; Stul & Mortier, 1974). Because the magnesium contributes a smaller positive charge, 

the substitution contributes a permanent, net negative charge to the mineral grain. In contrast, pH-

dependent charge is a function of the concentrations of protons or hydroxide ions in solution 

(Sumner, 1963). At a mineral’s point of zero charge (pzc), the ratio of H+ to OH- in solution is 

exactly enough to balance the charge on each grain (Sumner, 1963; Kosmulski, 2002). Below the 

pzc, a relative proton surplus causes the adsorbent surface to take on a positive charge, and the 

reverse happens above the pzc (Kosmulski, 2002). The sign and magnitude of the net charge from 

combined permanent and pH-dependent charges determine the type of ions that will sorb to the 

mineral grain: a net positive charge attracts anions, while a net negative charge attracts cations. 
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Thus, if the pH for an extraction method is above the pzc for every mineral species in the 

suspension each particle will have a negative charge, resulting in increased mobility as the like 

charges repel each other. An extraction medium with a pH significantly different from the medium 

to be encountered in nature may therefore skew the composition of yielded colloids by 

overrepresenting less-mobile species. 

The effect of solution ionic strength on colloid mobility and aggregation is linked to the 

electrical double layer (Levine & Dube, 1939), in which ions attach to the surface of an oppositely 

charged particle in a compact layer and induce formation of a diffuse boundary layer whose ionic 

composition approaches that of the bulk solution as distance from the charged particle increases 

(Grahame, 1947). Increasing the ionic strength of a solution compresses the EDL and increases 

the electrical potential gradient (Li & Xu, 2008). [Figure 1.1.] The compressed EDL allows 

suspended colloids to flocculate more easily by allowing van der Waals attraction to overcome the 

electrostatic repulsion of the EDL (Derjaguin & Landau, 1941); yield and composition of 

chemically aided colloid extractions may therefore be sensitive to ionic strength of the peptizing 

solution. Ionic strength also directly influences the size and geometry of aggregates by changing 

the conditions under which suspended material flocculates (Wilkinson et al., 2017; Konduri & 

Fatehi, 2017). 

1.2 Colloid Chemistry and Extraction 

The stability of a colloid dispersion is sensitive to chemical parameters influenced by the 

composition of the peptizing agent (if any) used in colloid extraction, as established above. 

Specifically, the dispersant affects the ionic strength and pH of the suspension, thus affecting EDL 

thickness and surface charge of the suspended material.  
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Figure 1.1: Diagram of electric double layer, from Park & Seo (2011). The charges become more 

diffuse and more balanced, decreasing local electrical potential, as distance from the charged 

surface increases. The Stern layer is the highly ordered region in which dissociated ions adhere 

to the surface of the suspended colloid. 

 

To minimize behavioral deviation from natural systems, a dispersant should function at low 

concentration to minimize changes in ionic strength, and it should have a pH close to that of the 

natural system that the extraction is intended to characterize. Additionally, the dispersant(s) should 
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form predictable salts when evaporated. Qualitative preliminary research was conducted in 

Summer 2014 examining the prevalence of salt artifacts for potential peptizing agents including 

TSPP, TSPP + HCl, sodium bicarbonate, sodium chloride, calcium chloride, calcium carbonate, 

and sodium hexametaphosphate, each at .01 molar concentration. One significant discovery was 

that for all dispersants and especially for smaller grain sizes (1000-2000 nm, 100-1000 nm, 0-100 

nm), silica was by far the dominant signature in the XRD pattern. However, the TSPP + HCl 

extraction mitigated this effect. One possible explanation is that the low ionic strength and near-

neutral pH of the TSPP + HCl minimized flocculation and premature settling of oxides and silicate 

clays. This inference is indirectly corroborated by existing literature on the topic as discussed 

above. 

1.3 X-ray Diffraction in Mineralogy 

The spaces between atoms in crystalline solids allow them to act as 3-D diffraction gratings 

for light with wavelengths similar to the atomic spacings. Different crystalline structures and 

compositions result in different interatomic geometry. When a crystalline sample is bombarded by 

a monochromatic X-ray beam, the electrons in the sample oscillate with the same frequency as the 

beam. The affected electrons will change energy as they oscillate, absorbing and releasing X-rays 

in all directions. In all but a few directions, these X-rays will interfere destructively with the beam; 

however, in some directions the two sources satisfy Bragg’s law. For diffraction of order n, 

generated by a beam of wavelength λ, for interatomic spacing d, at an angle of incidence θ, Bragg’s 

law is expressed as   

 𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 (1.1) 

When Bragg’s law is satisfied, the diffracted X-rays interfere constructively with the 

incident beam, allowing the scattered rays to leave the sample as a coherent signal. The unique 
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crystalline geometry of a given mineral species therefore has a distinct pattern of associated 

diffraction angles and intensities. By powdering a sample of one or more minerals and recording 

the X-ray diffraction pattern of the sample, the identities and quantities of the minerals in the 

sample may be determined. 

X-ray powder diffraction analysis (XRD), especially quantitative XRD (QXRD) can be 

confounded by several sources of error, however. XRD relies on the assumption that the X-ray 

beam has an equal chance of diffracting off any given lattice face of the minerals in the sample. If 

the mineral grains exhibit a preferred orientation, the randomness assumption is violated, and 

certain lattice faces have a disproportionate chance of reflecting the beam. The thickness of the 

specimen affects precision of peak positions, accuracy of intensity measurements, and 

susceptibility to orientation effects. Sample heterogeneity can skew intensity measurements in 

samples containing materials with different mass attenuation coefficients: one phase in the sample 

can be more effectively penetrated by the X-ray beam, causing the measured intensities not to be 

directly proportional to the amount of the phase in the sample. In QXRD, the assumption of 

proportionality between phase quantity and peak intensity also relies on a sufficient number of 

particles for randomness in the sample. However, as crystallite size decreases (accommodating a 

greater number of particles), the diffraction peaks widen according to the Scherrer equation: 

 𝛽 =
𝐾𝜆

𝜏𝑐𝑜𝑠𝜃
 (1.2) 

where β is the full width at half maximum intensity (FWHM); τ is the mean crystallite size; K is a 

dimensionless constant; θ is the diffraction angle; and λ is the X-ray wavelength (Patterson, 1939). 

This can cause certain peaks to overlap, making them unsuitable for analysis and thus complicating 

the process by reducing the number of options available for analysis. Similarly, as 1/cos θ expands 

at wider angles, the peaks associated with angles greater than 70 degrees widen substantially 
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regardless of crystallite geometry. Effective QXRD analysis requires all these complicating factors 

to be accounted for – and, where possible, corrected for. 

1.4 Quantitative Methods for X-ray Diffraction 

Three categories of QXRD methods are of interest to this research: external standard, 

internal standard, and direct estimation methods. In the external standard method, the weight 

proportion of a phase α in a mixture β is calculated from an intensity comparison of the pure phase 

(the standard, denoted s) and the phase as part of the mixture (Von Rahden & Von Rahden, 1984). 

Letting w be the weight of each phase and I be its intensity, the intensity ratio is given as 

 
𝐼𝛼

𝐼𝑠
= 𝑤𝛼 ∗

(
𝜇

𝜌
)

𝛼

[𝑤𝛼((
𝜇

𝜌
)

𝛼
−(

𝜇

𝜌
)

𝛽
)+(

𝜇

𝜌
)

𝛽
]

  (1.3) 

where µ/ρ is the mass attenuation coefficient of the phase or mixture (adapted from Kahle et al., 

2002). Key advantages of the external standard method include linearly scaling computational 

intensity for multi-phase mixtures (Al-Rawas et al., 2001) and the reduction of the above equation 

to a linear relationship (
𝐼𝛼

𝐼𝑠
∝ 𝑤𝛼) when all mass attenuation ratios are equal (Burnett, 1995). 

However, the method is ineffective in the presence of amorphous, poorly crystalline, or highly 

variable phases because it relies on the assumption that all phases are crystalline and have suitable 

peaks to be measured precisely (Fix & Steffens, 2004). Additionally, for complex mixtures, the 

use of a separate external standard for each phase of interest can amount to substantial time spent 

on sample preparation. 

 In the internal standard method, diffraction lines from the phase in question are compared 

between the unknown sample and a mixture of the unknown sample and the standard in known 

proportions (Al-Rawas et al., 2001). The weight fraction of the phase being determined, wα, is 

linearly related to the intensity ratio of the measured diffraction lines (Kahle et al., 2002): 
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 𝐾𝑤𝛼 =
𝐼𝛼

𝐼𝑠
 (1.4) 

A calibration curve can be created from a set of mixtures containing varying proportions of the 

standard and the unknown. Once the curve is established, wα may be determined graphically 

(Kahle et al., 2002). 

 Direct estimation is similar to use of an internal standard, with the exception that calibration 

curves are not used. In direct estimation, the intensity of an XRD pattern is taken as directly 

proportional to the concentration of the phase generating that pattern, provided that the mass 

absorption effect is corrected (Snellings et al., 2010). Rather than a calibration curve, an explicit 

equation is used (Klug & Alexander, 1974): 

 𝑤𝛼 =
(

𝜇

𝜌
)

𝛼
𝐼𝛼𝑆

(
𝜇

𝜌
)

𝑠
𝐼𝑠

 (1.5) 

where S is the concentration (typically 1) of the relevant phase in the standard (Klug & Alexander, 

1974). This equation relies on the assumption that crystallite size is less than 5 microns for clay 

separates, as larger crystals may attenuate the incident and refracted beams differently between the 

estimated phase and the matrix (Norrish & Taylor, 1962). 

1.5 Clay Analysis Using X-ray Diffraction 

 The clay minerals are partly composed of a family of phyllosilicates that can be roughly 

divided into four groups: the kaolin group, the illite group, the smectite group, and the chlorite 

group (Poppe et al., 2001).  The kaolin group minerals are defined by a 1:1 structure of one sheet 

of vertex-sharing tetrahedra and one sheet of edge-sharing octahedra (Moore & Reynolds, 1997). 

[Figure 1.2.] The kaolin group can be divided into dioctahedral minerals (kaolinite, dickite, nacrite, 

and halloysite) and trioctahedral minerals (antigorite, chamosite, chrysotile, and cronstedite) 
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(Moore & Reynolds, 1997). The illite group contains non-expanding minerals composed of a layer 

of alumina octahedra enveloped by two layers of silica tetrahedra, or a 2:1 structure (Bailey, 1980).  

 
Figure 1.2: Structural diagram of kaolinite depicting silicate tetrahedra and aluminous octahedra 

in one-to-one ratio. Modified from Grim (1962) by Poppe and others (2001). 

 

[Figure 1.3.] Illite group minerals contain fewer interlayer cations, resulting in weaker interlayer 

forces that permit significant variability in stacking (Grim, 1962). Smectite group clays also have 

a 2:1 structure, and they include dioctahedral members (montmorillonite, beidellite, and 

nontronite) and trioctahedral members (hectorite, saponite, and sauconite) (Grim, 1962). Interlayer 

bonds in smectites are weak and readily cleave, allowing water and other materials to enter 

between layers; this causes the smectite group to expand and contract with changes in hydration 

(Grim, 1962). The chlorite group comprises nearly a dozen members and is defined by a three-
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layer structure consisting of negatively charged mica-like 2:1 layers alternating with sheets of 

positively charged octahedra of composition and structure similar to brucite (Grim, 1962). [Figure 

1.4.] 

 
Figure 1.3: General structural diagram of illite and mica minerals. Aluminous octahedral sheets 

are bound on either side by sheets of silicate tetrahedra, lending the name of two-to-one clays. 

Modified from Grim (1962) by Poppe and others (2001). 
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Figure 1.4: Structural diagram of chlorite minerals. Two-to-one clay structure alternates with 

layers of trigonal metal hydroxides (referred to as “brucite-like” layers). Modified from Grim 

(1962) by Poppe and others (2001). 

 

The clay minerals also include the hydrous-magnesian palygorskite and sepiolite mineral 

groups (Moore & Reynolds, 1997). Both exhibit chain-like structure [Figure 1.5; Figure 1.6] and 

a fibrous or slat-like morphology, but palygorskite is characterized by greater structural diversity 

and a lower ratio of Mg to Al compared to sepiolite (Singer, 1989). Finally, vermiculites are a clay 

mineral group containing a magnesium-bearing octahedral layer between two tetrahedral silicate 
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layers separated by sheets of interlayer water molecules (Walker, 1975). Vermiculites expand 

substantially when hydrated, with the base lattice ranging from 9.02 angstroms when fully 

dehydrated to 14.36 angstroms when fully hydrated (Walker, 1975). Mixed-layer clays also exist, 

and they can be stacked regularly, segregated, or randomly (Moore & Reynolds, 1997). Commonly 

encountered mixed-layer clays include illite-vermiculite, illite-smectite, chlorite-vermiculite, 

chlorite-smectite, and kaolinite-smectite (Moore & Reynolds, 1997).  

 
Figure 1.5: Structural diagram of sepiolite. Two-to-one layers are arranged in a lath structure 

extending along crystallographic a-axis. Modified from Bailey (1980) by Poppe and others 

(2001). 

 

 While quantitative analysis is relatively straightforward for silicates and for metal oxides 

and hydroxides, clays present unique challenges in both qualitative and quantitative analysis. 

Isomorphous substitution increases crystallographic variability (Stubican & Roy, 1961), as does 

variable stacking (Srodon, 1980). Small crystallite sizes result in peak broadening as discussed 

above, and the broadened peaks may obfuscate small peaks that would otherwise be diagnostic. 

Key peaks for different clays can also overlap with each other and with non-clay minerals (Moore 
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& Reynolds, 1997) or may depend on fluid saturation (Greene-Kelly, 1952). Several specialized 

methods have been developed to differentiate the clay minerals in XRD. 

 
Figure 1.6: Structural diagram of palygorskite. Similar to sepiolite but more variable structurally 

and compositionally. Modified from Bailey (1980) by Poppe and others (2001) 

 

 

 Clay minerals’ diffraction patterns for randomly oriented slides are too chaotic to be 

effective for identification, much less for quantification, so accurate clay analysis requires the 

sample to be oriented to maximize basal diffractions (Pollastro, 1982). The basal diffractions are 

the most diagnostic in general, and they are the diffractions that reflect changes induced by various 

chemical treatments (Pollastro, 1982). Common treatments include air drying, ethylene glycol 

solvation, heating to 400 C, and heating to 550 C (Prandel et al., 2014). Air drying is employed to 

create a baseline for lattice spacings. Ethylene glycol solvation is employed to expand the lattices 

of expanding clays. The extent (if any) to which a mineral expands allows differentiation between 

otherwise similar clays (Walker, 1958). Heat treatments can collapse the lattice by dehydration or 
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even destroy the structure altogether, depending on the temperature used and the clay in question 

(Poppe et al., 2001). The effectiveness of heat treatment partly depends on ambient humidity, 

however: the sample may rehydrate partly or fully by absorbing water from the air (Poppe et al., 

2001). Specialized techniques include lithium chloride treatment of smectites to distinguish 

montmorillonite from beidellite (Bystrom-Brusewitz, 1975) and the use of formamide to 

distinguish kaolinite from halloysite (Churchman et al., 1984).
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CHAPTER 2 

PROBLEM STATEMENT 

 

 The literature has discussed, in depth, procedures to improve speed and yield of colloid 

extractions (Li et al., 2012; Kaiser et al., 2011; Bakshi et al., 2014; Murdock et al., 2008; Regelink 

et al., 2014). The focus of this research is to characterize the rainwater-mobile subset of the colloid 

fraction, as those are the species that assist in transport of immobile nutrients and contaminants as 

discussed above (Lead et al., 1999). The methods used in the literature, such as the TSPP-HCl 

extraction described in Regelink et al. (2014), rely heavily on dispersing agents and pH moderators 

not present in natural rainwater. That difference in the extraction medium has the potential to affect 

the overall composition of the yielded colloid fraction, even as it attempts to increase total yield. 

 On the analytical side, direct estimation QXRD has time-saving potential as well due to 

the ability to avoid creation of calibration curves required for internal-standard QXRD as well as 

analysis of multiple standards required for external-standard QXRD. However, direct estimation 

methods are largely absent from the current literature, potentially suggesting a limitation not 

mentioned in Norrish & Taylor (1962). While early publications on the topic argued that the 

limitations of direct estimation – orientation, size, micro-absorption, background, and 

concentration effects – are similarly present in other QXRD methods (Norrish & Taylor, 1962; 

Klug & Alexander, 1974; Leroux et al., 1953), the associated errors are not numerically compared 

between methods. 
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2.1 Hypotheses 

 The hypotheses tested include: 1) whether the total mass and relative proportions of any 

identified colloid species vary significantly between extractions using distilled water or dispersant 

solution; 2) whether any colloid species are present in one type of extraction and absent from the 

other; and 3) whether the estimates of colloid composition vary significantly between direct 

estimation and internal standard QXRD methods. This project investigated these hypotheses by 

way of a case study of a shallow soil sample collected from Ninnescah Field Station near Viola, 

Kansas. The results of this case study are used to determine the validity of dispersant-based 

extraction, the viability of distilled-water extraction, and the necessity of internal standards in 

QXRD. Because of its effectiveness as a dispersant at low concentration (and thus low ionic 

strength) and its minimal effect on solution pH, the combination of TSPP and HCl discussed above 

is an attractive choice of dispersant for colloid extractions.
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CHAPTER 3 

METHODOLOGY 

 

 The only independent variables intended for this research are the composition of the 

medium used for colloid extraction and the method for quantification. Therefore, samples from 

identical soils were used, and the total colloid-fraction mass and the mass of each identified 

constituent have been recorded as both a fraction of original sample mass and sieved sample mass. 

The same procedures were used for rinsing, concentrating, and centrifuging each sample at each 

stage. The solution in the dispersant-aided extraction was a solution of 10 mM tetrasodium 

pyrophosphate (TSPP) and 5 mM HCl as described in Regelink et al. (2014) to provide extractive 

power while also preventing alteration or digestion of iron (hydr-)oxides. To improve the precision 

of the analysis and facilitate error analysis, data for five powder samples from the distilled water 

extraction were used to establish the 95% confidence interval for the full diffraction profile as a 

function of both diffraction angle and diffracted intensity. 

3.1 Collection and Extraction Methods 

 Samples were collected via hand-auger from the A-horizon (depth 2 – 8 in.) of a mollisol 

located near GPS coordinates 37.533 N – 97.677 W. Under USDA soil classification system, the 

sampled soil is a silt loam. For both extraction media, the extraction procedure was identical at all 

stages except for the liquid used. First, increments of 25 g of soil were mechanically disaggregated 

and measured into aliquots of 5 g with 100 mL of liquid. Each aliquot was then ultrasonically 

dispersed at 50 W for 6 minutes as adapted from Moore & Reynolds (1997), Ch. 6. Fines were 

then decanted and passed through a No. 200 sieve. The fines were centrifuged sequentially as 

denoted in Table 3.1 (based on equivalent spherical diameter, ESD, of suspended material) to 
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remove silt, clay, and coarse colloids by decanting the fraction that remained in suspension, 

concentrating the suspension to 25% volume, then repeating. The colloid fraction was allowed to 

evaporate entirely and then collected for analysis. 

TABLE 3.1 

CENTRIFUGATION PARAMETERS FOR SEPARATION OF COLLOIDS 

Parameter First Run Second Run 

Max ESD Suspended (nm) 1000 100 

RCF (times g) 3180 18028 

Distance (cm) 10.32 10.32 

Settling Velocity (cm/hr) 11.22 0.636 

Residence Time (hr) 0.877 15.47 

 

3.2 Analytical Methods 

 Yield analysis was performed by drying and weighing the yielded colloids and comparing 

the mass of the colloid fraction and the soil used to extract it. Compositional analysis was 

performed using X-ray diffraction. For colloid compositions substantially different between the 

distilled water and TSPP + HCl extractions, a qualitative graphical determination may be possible. 

To inspect such a case, the mean intensity and sample standard deviation of each diffraction 

measurement were plotted for each extraction medium. An overlay containing the peaks for key 

phases of interest (quartz, silicate clays, iron and aluminum oxides and hydroxides, etc.) was added 

to simplify the visual analysis. The graphs were overlaid and visually inspected for non-

overlapping sections of the error field, particularly around the peaks for key phases. Where a 

statistically significant difference (95% C.I.) exists for any of the key peaks between the two 

extractions, a compositional difference exists. When the diffraction patterns are outwardly similar, 

however, a more detailed compositional comparison is required. 
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First, the colloids from each extraction are described qualitatively using a Rigaku Mini-

Flex II X-ray diffractometer (XRD) to estimate the mineral species present. The diffraction pattern 

for the yielded colloids were compared visually to the idealized patterns associated with various 

silicate clays and metal (hydr-)oxides. Relative proportions of extracted colloid species were 

determined using the number (p) and amplitudes of diffraction peaks as the right-hand side of a 

linear equation, and verified using internal-standard quantification. By estimating the composition 

directly from diffraction line intensity and mass absorption coefficient, we may obviate the need 

for internal standards and calibration charts (Norrish and Taylor, 1962). The mathematical basis 

for Norrish and Taylor’s approach is as follows: 

 Suppose the composition of the extracted colloids has been qualitatively determined to 

consist of n mineral species in a diffraction profile with m peaks. Let the relative volumetric 

proportion of the ith mineral be represented as xi and let the intensity of the jth diffraction peak (as 

a function of the highest intensity, Imax) be represented as pj. By arranging the idealized diffraction 

patterns of the n species as a series of column vectors yi,j we can establish the following matrix 

equation: 

 

𝑥1

…
𝑥𝑛

∗ [

𝑦1,1 ⋯ 𝑦1,𝑛

⋮ ⋱ ⋮
𝑦𝑚,1 ⋯ 𝑦𝑚,𝑛

] = 𝑝1 … 𝑝𝑚 (3.1) 

This equation can be solved either by obtaining the Moore-Penrose inverse Y+ to obtain  

 X = P * Y+ (3.2) 

if Y cannot be made to be a square matrix (Penrose, 1955). After the matrix X of volumetric 

proportions of each mineral has been obtained, the mass fraction can be determined by multiplying 

each volumetric proportion by the associated density (Norrish & Taylor, 1962). The proportion of 

each material present in the yielded samples was compared between distilled-water and TSPP-HCl 
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extractions to determine to what extent the composition of the colloid fraction is altered by the 

addition of TSPP and HCl. 

3.3 Clay Analysis 

 Because of the structural complexity, ionic substitution, mixed-layer effects, and 

crystallographic similarity of clay minerals, special techniques must be used to differentiate both 

between and within families of clay minerals. After the non-clay minerals are quantified relative 

to each other and to the total clay fraction (determined using background intensity as described 

above), oriented-aggregate mounts were prepared according to the following procedure adapted 

from the USGS laboratory manual for X-ray powder diffraction (Poppe et al., 2001). For each 

sample, approximately 20 mL of clay suspension was poured into a vacuum filtration apparatus 

fitted with a 0.45-micron cellulose filter. As soon as the suspension was completely drawn through 

the filter, a spatula was used to separate the filter from the filtration apparatus. The filter membrane 

was inverted onto an XRD slide, and the oriented clay film was transferred by gently rolling the 

filter across the slide. After drying, the oriented sample was analyzed for diagnostic peaks as well 

as background intensity. Background intensity was small enough and uniform enough that sodium 

hypochlorite digestion of organics (Moore & Reynolds, 1997) and citrate, bicarbonate, and 

dithionite treatment of iron oxides (Jackson, 1969) proved unnecessary. Corundum was used as an 

internal standard because its sharp and plentiful peaks provide flexibility in choice of diagnostic 

peaks in unknown samples. Four slides were prepared for each extraction, with sample parameters 

described in Table 3.2 below. 
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TABLE 3.2 

COMPOSITION OF ORIENTED-AGGREGATE SLIDES BY MASS 

Slide Name Unknown (g) Standard (g) Total (g) Standard (%) 

DW-1 2 0 2 0 

DW-2 1.9 0.1 2 5 

DW-3 1.8 0.2 2 10 

DW-4 1.6 0.4 2 20 

TSPP-1 1.998 0 1.998 0 

TSPP-2 1.8 0.2 2 10 

TSPP-3 1.7 0.3 2 15 

TSPP-4 1.601 0.4 2.001 19.99 

 

 The locations and amplitudes of key diagnostic peaks were recorded as a baseline for 

sample response to subsequent treatments. The slides were then inundated with ethylene glycol 

vapor by pouring ethylene glycol to a depth of 1 cm in a desiccator and placing the oriented-

aggregate mounts on the desiccator shelf. The desiccator was placed in an oven at 65 C overnight. 

Slides were allowed to cool and only removed immediately before XRD measurement began. 

Lattice expansion or contraction for key peaks was recorded, as were changes in intensity relative 

to both the untreated sample and the calculated intensity of the pure sample that would be 

diagnosed by each set of peaks. The slides were then subjected to two heat treatments of 60 

minutes, first at 400 C and then at 550 C, and X-rayed immediately after each treatment. The 

resulting diffraction patterns were each analyzed for contraction or destruction of the lattice. 

Finally, although lithium saturation and formamide intercalation are recommended if the air-dried, 

glycol-solvated, and heat-treated samples indicated substantial quantities of smectite-, chlorite-, or 

kaolinite-group minerals, neither group of samples indicated sufficient concentration of those 

mineral groups to make differentiation feasible within those groups. 
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3.4 Error Analysis and Descriptive Statistics 

 Similarity of colloid compositions between the distilled water and TSPP-HCl extractions 

was tested by comparing the 95% confidence interval for the average composition for each method. 

That confidence interval for each part of the diffraction pattern was determined using the standard 

deviation for three measurements of powder slides from each extraction method. One type of error 

source is the known quantities reported by instrument manufacturers, e.g. the uncertainty 

associated with measurements of sample mass or colloid fraction mass. The error associated with 

XRD line intensities is also affected by the measurement parameters (measurement interval, 

number of measurements per position, etc.) (Norrish & Taylor, 1962). Another source of error for 

this methodology is the background height of the XRD pattern. However, the background and its 

associated error are diminished by the small particle size (large number of grains for each mineral 

species), precisely determined mass absorption coefficients, and high-count measurements at small 

intervals (Norrish & Taylor, 1962). 

 For yield analysis, the confidence interval for each measurement is determined directly 

using the manufacturer reported error values for the triple-beam balance used for measuring bulk 

soil mass and the analytical balance used for measuring yielded colloid mass. Single-measurement 

error analysis is performed using the Kline and McClintock (1953) method for convolving the 

errors associated with each measurement involved in preparation and extraction of the samples. If 

the mass proportion M of the colloids extracted, relative to total sample weight, can be expressed 

as a function of n independent variables, i.e. 

 𝑀 = 𝑀(𝑣1, 𝑣2, … , 𝑣𝑛),   (3.3) 
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then the uncertainty of the mass proportion for that extraction can be expressed as the Pythagorean 

sum of the products of the partial derivatives of M and their corresponding uncertainties (Kline 

and McClintock, 1953): 

 𝜎𝑀 = [(
𝜕𝑀

𝜕𝑣1
)

2

𝜎1
2 + (

𝜕𝑀

𝜕𝑣2
)

2

𝜎2
2 + ⋯ + (

𝜕𝑀

𝜕𝑣𝑖
)

2

𝜎𝑖
2]

1

2

    (3.4) 

These errors are known quantities reported by the instrument manufacturers of the analytical 

balance and triple-beam balance as 95% confidence intervals. Since the colloid mass fraction for 

a given extraction is simply the ratio of extracted mass me to input mass mi, Equation 3.4 becomes 

 𝜎𝑀 = [(
1

𝑚𝑖
)

2

𝜎𝑚𝑒
2 + (

𝑚𝑒

𝑚𝑖
2)

2

𝜎𝑚𝑖

2 ]

1

2

 (3.5) 

where the errors are 0.002 g and 1.000 g respectively. 
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CHAPTER 4 

RESULTS 

 

4.1 Data Processing 

 Graphical assessments of peak position, height, and width are crucial to analysis of XRD 

data, but the narrow measurement intervals, background intensity, and often persistent noise 

associated with measurements of natural samples make the primary profile difficult to interpret. 

To reduce noise associated with tightly spaced measurements, a Savitsky-Golay filter (SGF) was 

applied to the raw data for each profile, with parameters denoted in Table 4.1. SGF smooths the 

data while minimizing signal loss by fitting successive subsets of the raw data (the “window”) to 

a low-degree (“order”) polynomial via ordinary least-squares regression (Savitzky and Golay, 

1964). Because minor broadening and flattening of peaks occur as window length increases, the 

smallest window necessary to make the data reliably interpretable was used. The profile for an 

undoped (0% corundum) powder slide from the distilled water extraction is provided as Figure 4.1 

as an example of the effects of SGF smoothing. 

TABLE 4.1 

SAVITZKY-GOLAY FILTER PARAMETERS 

Window (points) 31 

Window (degrees) 0.62 

Order 3 

Derivative 0 
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Figure 4.1: Background-corrected powder diffraction profile of a slide from distilled water 

extraction, with SGF applied before background reduction (red) and without SGF (blue).  

 

Automated background removal was then applied to each diffraction profile, using JADE 

software from Materials Data Inc. Specific background detail was not necessary to this research 

because the chaotic background intensity primarily arises from complex organic constituents (not 

a chemical family of interest for this study). While iron oxides are an additional background 

contributor, this background does not add disproportionately to the height of peaks used to quantify 

iron-oxide constituents. After background was removed, the mean and standard deviation for each 

measurement were calculated to produce an averaged diffraction profile for each extraction 

method, with shaded regions denoting the uncertainty. Finally, for clay analysis using oriented-

aggregate mounts, the maximum angle is reduced to 20 degrees, and the x-axis is then transformed 

from incident angle to interatomic distance using Bragg’s law (Equation 1.1). 
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4.2 Yield and Qualitative Analysis 

 The TSPP extraction yielded more than three times the colloids, as a proportion of input 

soil mass, compared to the distilled water extraction [Table 4.2]. Qualitatively, this can also be 

discerned from the fact that nearly four times the soil input was required for distilled water to 

extract a similar colloid output. This intuitive result is verified using an unpaired t-test (P < 0.002). 

Graphical inspection of the XRD profiles for both extractions suggests strong similarity in both 

location and intensity of all diagnostic peaks for all mineral phases identified in the sample, with 

two exceptions at 9.0 degrees and at 27.1 degrees [Figure 4.2]. Findings from inspection were 

tested by performing heteroscedastic unpaired t-tests on the distilled water and TSPP intensities 

for each measurement [Figure 4.3]. The peak at 27.1 degrees was validated; significant difference 

was confirmed in the 9.0-degree peak. 

 
Figure 4.2: Means of filtered, background-reduced powder diffraction data for colloids extracted 

using distilled water (blue) and TSPP (red), with errors shaded in corresponding colors. Peaks 

with non-overlapping error bars are highlighted in yellow.  
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TABLE 4.2 

YIELD COMPARISON BETWEEN TSPP AND DISTILLED WATER EXTRACTION 

 TSPP DW 

Input Mass (g) 506 2023 

Colloid Mass (g) 16.154 19.017 

Colloid Fraction 0.03192 0.00940 

Colloid Fraction Error 6.322E-05 4.751E-06 

Yield Ratio 3.396  
 

 
Figure 4.3: P-values (blue), as percentages, for the unpaired t-tests of powder diffraction data of 

colloids extracted with distilled water (black) and TSPP (indigo). Red line indicates a critical p-

value of 5%.  

 

 Errors for both extractions are highly heteroscedastic, as can be seen in Figure 4.2 and 

Figure 4.3 above. The exact nature of the dependency is of interest because an intensity-dependent 

error dispersion presents the analytical complication that the peaks – the part of the profile that 

convey positive information – are also the regions where the standard errors are biased. In 

regression analysis and related techniques (such as the method to be employed for direct 
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estimation), biasing of standard errors can result in excessive leverage by the least confident 

measurements. The other problem with heteroscedastic data is that the biased errors contribute to 

false-positive results (i.e., erroneous rejection of the null hypothesis). In the specific case of this 

research, however, the latter problem is less of a concern because the only diffractions for which 

the null hypothesis was rejected were associated with a low-amplitude peak. That is, the only 

positive result for compositional difference between extractions came from one of the least 

affected parts of the dataset. 

The most straightforward way to diagnose the dispersion of errors is to plot them against 

both the explanatory variable (angle of incidence) and the response variable (diffracted intensity). 

In Figure 4.4(a), the relationship between angle and error resembles the profiles of intensity versus 

angle presented in Figure 4.2. Meanwhile, in Figure 4.4(b), the relationship between mean 

intensity and error is shown to be somewhat linear for background-reduced data. 

 
Figure 4.4: Intensity error as a function of (a) angle of incidence and (b) measured intensity for 

colloids extracted with distilled water (blue) and TSPP (green). 



 

29 

 

 

While not ideal, the problems that would normally arise from such a finding are mitigated by the 

fact that the intensity dependency is linear and that the type-I errors commonly caused by 

heteroscedasticity did not occur for this dataset. 

4.2.1 Clay Composition 

 The silicate clay constituents were similar between distilled water and TSPP extractions. 

In both cases, the primary basal diffraction for the oriented, air-dried sample was located near 10 

Å [Figure 4.5]. Also visible in Figure 4.5 is the slight increase in asymmetry of the 10 Å peak 

following glycol solvation and modest sharpening upon heat treatment at 400 C. Randomly 

oriented diffractions around 48-53 degrees were also observed in the powder diffraction profiles 

for these samples.  

 
Figure 4.5: Oriented-aggregate diffraction for air-dried (blue), glycolated (green), and heat-

treated (red) colloid sample from distilled water extraction.  
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No diagnostically useful basal diffraction peaks were discernible with centers near 7 Å nor above 

12 Å. While a strong peak is present at 8 Å this peak is not indicated as diagnostically useful under 

USGS procedure (Poppe et al., 2001). The absence of other diagnostic peaks allows minerals from 

the kaolinite, chlorite, vermiculite, and smectite groups to be excluded from consideration as 

primary phases. For the 10 Å peak, the decrease in symmetry and slight increase in lattice spacing 

upon glycol solvation is strongly diagnostic of interstratified illite-montmorillonite. Because both 

effects are minor, and because the overall intensity of the heat-treated slide is diminished for the 

full range of the scan, secondary interpretative measures are necessary to distinguish between 

illite-montmorillonite and illite-vermiculite. If the heat-treated amplitude of the 10 Å were greater, 

a more confident interpretation would be possible as to whether the peak collapsed to a narrower 

spacing, stayed in place, or was destroyed by heating.  As seen in Figure 4.6, the random (hkl) 

peaks at high angles are strongly indicative of montmorillonite while matching vermiculite 

standard lines only weakly. The clay composition is therefore interpreted as dominated by 

interstratified illite-montmorillonite. This result is consistent with existing literature concerning 

the silicate clay mineralogy of mollisols in the high plains region (Velde, 2001). 

4.2.2 Metallic (Hydr-)Oxide Composition 

Aside from phyllosilicate clays, the mineralogy of the extracted colloids was qualitatively 

assessed as metal (hydr-)oxides Specifically, the powder diffraction profiles for both extractions 

indicated probable matches for diaspore (Al-oxyhydroxide), goethite (Fe-oxyhydroxide), 

ferrihydrite (hydrated Fe2O3), rutile (TiO2), and hausmannite (mixed-valence Mn-oxide) as 

accessories to the dominant clay phase. The peaks used for identification and quantification of 

these phases are presented in Figure 4.7 below.  
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Figure 4.6: Distilled-water powder diffraction profile with locations of standard montmorillonite 

peaks in olive and of standard vermiculite peaks in gold.

 
Figure 4.7: Characteristic peak scatters for ferrihydrite (maroon), goethite (orange), hausmannite 

(indigo), hematite (red), ilmenite (blue), pyrolusite (fuchsia), and rutile (teal). Each dot 

represents the location (x-value), relative intensity (y-value), and contributing mineral (color) of 

a diffraction line. 
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Analysis is complicated by the ability of iron, titanium, magnesium, and manganese to act as 

mutual substituents in oxides (Raman and Jackson, 1965). Many of the transition-metal oxides 

have characteristic peaks in common (as seen in Figure 4.7), which can further confound both 

qualitative and quantitative analysis.   

4.3 Compositional Quantification 

 Clays and oxides were quantified using the same methods for both direct estimation and 

internal-standard analysis. For direct estimation, once the detectable mineral phases (the oxides 

listed above, plus illite, montmorillonite, and interstratified illite-montmorillonite) were 

qualitatively identified, the mass absorption coefficient (µ/ρ) of each identified mineral was 

calculated as the following weighted sum of elemental X-ray absorption data (for a beam energy 

of 8.00 keV) from the National Institute for Standards and Testing (NIST) for the elemental 

constituents of each mineral phase: 

 (
𝜇

𝜌
) = ∑ 𝑤𝑖  (

𝜇

𝜌
)

𝑖
𝑖  (4.1) 

where wi is the formula weight contribution from the ith element of the mineral, and (µ/ρ)i is that 

element’s linear absorption coefficient. Absorption coefficients for elements and minerals of 

interest are listed in Table 4.3 and Table 4.4, respectively. Diagnostic peaks were then selected 

from the International Centre for Diffraction Data (ICDD) database, and their intensities were 

divided by the mass absorption coefficient associated with the corresponding mineral. These 

values were arranged into a matrix (available as Table 4.5 below) for use as the Y-matrix in 

Equation 3.1. Because the direct estimation method takes a mathematically similar form to linear 

regression when peaks coincide, peak selection prioritized peak quality over uniqueness to an 

individual phase.  
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TABLE 4.3 

LINEAR ABSORPTION COEFFICIENTS OF SELECTED CHEMICAL ELEMENTS 

Element Molar Mass (g) Linear Absorption Coefficient (cm2/g) 

H 1.007 0.3914 

O 15.999 11.63 

Na 22.99 30.18 

Mg 24.305 40.61 

Al 26.982 50.33 

Si 28.085 94.65 

K 39.098 146.9 

Ca 40.078 172.6 

Ti 47.867 202.3 

Mn 54.938 273.4 

Fe 55.845 305.6 

 

TABLE 4.4 

MASS ABSORPTION COEFFICIENTS OF IDENTIFIED MINERAL PHASES 

Mineral Molar Mass (g) Mass Absorption Coefficient (cm2/g) 

Quartz 60.084 36.426 

Hematite 159.687 217.233 

Goethite 88.85 196.272 

Ferrihydrite 168.7 211.17 

Diaspore 59.99 28.85 

Corundum 101.961 32.114 

Ilmenite 157.76 112.02 

Hausmannite 228.81 200.19 

Pyrolusite 86.94 177.052 

Rutile 79.88 125.882 

Illite 389.34 47.976 

Montmorillonite 549.07 44.744 

 

 Direct estimates of mineral content were generated using non-negative least-squares 

optimization (NNLS). NNLS functions by inverting the Y-matrix under the constraint that all 

retrieved coefficients are greater than or equal to zero. NNLS was performed using the SCIPY 

library in Python (Jones et al., 2001-). The resulting coefficients were then scaled from their raw 
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values by dividing by the sum of all coefficients and multiplying by 100% to retrieve the estimates 

of weight percentage for each phase. 

TABLE 4.5 

LOCATIONS AND RELATIVE INTENSITIES OF DIAGNOSTIC DIFFRACTION PEAKS 

FOR IDENTIFIED (HYDR-)OXIDE MINERAL PHASES 

Angle Ferrihydrite Goethite Hausmannite Hematite Ilmenite Pyrolusite Rutile 

18 0 12 30 0 0 0 0 

19 54 0 0 0 0 0 0 

21 100 100 0 0 0 0 0 

24 0 0 0 30 30 0 0 

27.5 0 0 0 0 0 0 100 

29 89 0 40 0 0 100 0 

32.5 0 35 85 100 100 0 0 

35.3 0 0 0 0 70 0 0 

35.6 0 0 0 70 0 0 0 

36 100 10 100 70 0 0 50 

37 0 50 0 0 0 55 0 

39 0 0 0 0 0 0 8 

40 0 14 0 0 30 0 0 

41 80 18 0 20 0 0 25 

43 0 0 0 0 0 16 0 

44.5 0 0 20 0 0 0 0 

46.3 80 0 0 0 0 0 0 

48.7 0 0 0 0 40 0 0 

49.5 0 0 0 40 0 0 0 

50.7 0 0 25 0 0 0 0 

53 50 20 0 45 55 0 0 

54 0 0 0 45 0 0 60 

56.7 0 0 0 0 0 55 20 

58.5 0 0 25 0 0 0 0 

59.8 0 0 50 0 0 0 0 

 

 Internal standard analysis was conducted using corundum as the standard. Powder samples 

were analyzed using 0%, 10%, and 20% corundum by weight to establish a calibration curve for 

each peak for each extraction. The value for each peak was calculated by integrating across 
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FWHM. The calibration constant ki for each phase was determined linearly from the intensity 

ratios for the unknown (α) and the standard (β), then used to solve the following equation: 

 𝑤𝛼 =
𝑤𝛽

𝑘
(

𝐼𝛼

𝐼𝛽
)   (4.2) 

The calculated weight percentage was then divided by an appropriate factor (0.9 or 0.8 for the 10% 

and 20% standard samples, respectively) to retrieve the weight percentage of that phase in the 

original sample. For powder samples, the scan was limited to angles between 18 and 60 degrees, 

as none of the diagnostic peaks for the identified oxides lay outside that range. Conversely, for 

oriented samples, a similar procedure was conducted using only low-angle diffractions because no 

diagnostic basal diffractions are present past 20 degrees. Profiles and calibration curves for phases 

quantified using the internal standard are located in Appendix B. As seen in Table 4.6 below, the 

weight percentages calculated using internal standards are similar for both extraction media and 

lie well within the aphoristic 5% absolute error range of each other.  

TABLE 4.6 

WEIGHT-PERCENTAGE ESTIMATES FROM DIRECT ESTIMATION AND INTERNAL-

STANDARD ANALYSIS FOR DISTILLED WATER AND TSPP EXTRACTIONS 

Mineral Name 
DW 

Direct 

TSPP 

Direct 

DW Int 

Standard 

TSPP Int 

Standard 

Illite-

Montmorillonite 
0 0 2.67 4.77 

Ferrihydrite 0 0 1.18 0.617 

Goethite 22.31 5.45 3.57 0.2725 

Hausmannite 0 0 - - 

Hematite 24.28 35.05 1.91 6.82 

Ilmenite 1.7 0.25 - - 

Pyrolusite 0 0 - - 

Quartz 31.61 27.19 0 0 

Rutile 0 0 - 2.11 
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However, substantial differences arise between the two quantification methods (regardless of 

extraction medium). A large difference was also recorded between the distilled water and TSPP 

extractions when characterized using direct estimation. This result is somewhat jarring, given the 

strong statistical similarity between the raw datasets for the two extractions. Perhaps the strangest 

element of the result is that phases that barely registered in internal-standard analysis were 

determined to be the most abundant by the direct-estimation algorithm. Conversely, the presence 

of interstratified illite-montmorillonite – along with the near absence of other clay phases – was 

painstakingly confirmed as discussed above, yet the numerical solver deemed it to be absent.  
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CHAPTER 5 

DISCUSSION 

 

The above data are, in broad strokes, consistent with the expectation that the use of TSPP 

as a dispersant would only slightly alter the composition of the extracted colloids but would 

substantially increase the yield as a fraction of soil weight required. The extent of the yield 

difference, however, exceeded expectations. The combined effects of dispersion, cation 

displacement, and low ionic strength from the TSPP likely allowed a greater concentration of 

colloids to stay suspended in the aqueous phase without flocculating, as is the intended function 

of peptizing agents. As for the minimal degree of compositional change that did occur, either or 

both of two factors is likely responsible. One is a difference in the ability of the extraction media 

to liberate tightly bound colloids from coarser materials. Another is the displacement, by sodium, 

of material in the interlayer spaces of silicate clays. The former mechanism is more likely to be a 

factor in mollisols (such as the one sampled for this research) than in soils with low cation 

exchange capacity (CEC). The high CEC of the mollisol used here presents a greater ability of the 

sodium cations from the TSPP to displace other species bound to the surfaces of soil particles. In 

any case, that there is a difference makes intuitive sense: the most easily mobilized species are 

probably mobilized preferentially, so the additional colloids mobilized by addition of a peptizing 

agent will tend to be other, less easily mobilized species. 

The differences between composition estimates for internal standard and direct estimation 

methods warrant more complex discussion. Although one can surmise from its predominance in 

the literature that the internal standard method is preferable to the no-longer-discussed direct 

estimation procedure, a precise explanation remains elusive. Intuitively, if an accurate, explicit 
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equation can be derived for a diffraction line as a function of the contributing mineral phase’s 

weight percentage in the sample (as proposed in Equation 1.5), and if the other explanatory 

variables in that equation can be determined reliably, solving the explicit equation should yield an 

accurate result. However, the internal standard method has been thoroughly vetted and is verified 

to provide accurate estimates of sample composition for known and synthetic samples. Because 

direct estimation differs to such a significant degree from the results given by internal standard 

analysis, the inevitable conclusion is that direct estimation does not provide an accurate result. The 

question that remains is why the result is inaccurate. Because the absorption coefficients used to 

correct the reference intensities are intrinsic to the corresponding substances, they can be ruled out 

as contributing factors. The only remaining variables in Equation 1.5 are the concentration of the 

standard (β) in the sample used to derive reference intensity, the reference intensity (Iβ), the 

intensity measured in the unknown (Iα), and the response variable (wα). 

Four possibilities may explain the inaccurate estimate. First is that the proposed explicit 

equation does not, in fact, contain all of the parameters required to explain the measured diffraction 

intensity for a given diagnostic peak. This seems unlikely: the derivation of the equation by Norrish 

and Taylor (1962) begins with the fundamental relationships governing diffraction intensity and 

proceeds without apparent error. An alternative explanation is that the composition estimate is 

highly sensitive to error in standard concentration and/or reference intensity. The effect of an 

incorrect assumption regarding standard concentration is especially pronounced, as it affects the 

linear absorption coefficient of the standard as well as the reference intensities derived from the 

measurement. Thus, if the second explanation is the case as is likely, then the composition and 

weighted-average linear absorption coefficient must be carefully quantified, perhaps ironically, 

using established methods for QXRD. Third, the complex dependencies of each diffraction line 
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intensity on the sample’s area, thickness, mass, volume, and geometry may be a confounding factor 

as well. Finally, while direct estimation is unlikely to be sensitive to false-positive identifications, 

it may be sensitive to false negatives and to the presence of disordered phases. If multiple phases 

are present with key peaks that overlap, a regression-like approach is required to infer the 

contribution of each phase to each convolved peak. In such a scenario, as is likely to occur in 

natural samples, care must be taken to choose peaks in a way that prevents a small number of 

observations from exerting excessive leverage on the regression, while also maintaining linear 

independence within the Y-matrix. Regardless, in the form proposed, direct estimation is not a 

viable method for quantification. The large deviation, not just in comparison to quantification by 

internal standard but between two highly similar samples, is strong evidence that phase quantities 

calculated using that method are unreliable.   

Internal-standard analysis has its own complications, however. Although manganese and 

titanium oxides are commonly found in single-digit weight percentages even in relatively 

unweathered soils like the one sampled in this research (Gilkes and McKenzie, 1988) – and even 

though their presence was qualitatively suggested by doublets and other geometric distortions near 

the locations of primary peaks for those minerals – they were insufficiently abundant to form the 

strong peaks needed for internal-standard-based quantification. The issue was compounded by the 

overlapping nature of several important diffraction lines, with multiple oxides’ strongest 

diffractions occurring within tenths of a degree of other oxides’ strongest lines. That proximity, 

combined with peak broadening (a consequence of the small crystallite size) and low 

concentration, prevented confident quantification of all but the most abundant oxides in the 

sample. Indeed, the quantities estimated for the primary colloid phases add up to a mere 9.33% for 

distilled water and 14.59% for TSPP. Even with careful background management and noise 
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filtering, the profiles were plagued by noise around the low-intensity peaks. As previously 

mentioned, a smattering of other phases were abundant enough to be noticed during the qualitative 

stage of the analysis but were obscured by doublets and by other phases’ peaks. Curiously absent, 

however, was quartz. Because of its resistance to both chemical and mechanical weathering, silica 

tends to persist in any environment that receives it. Silica is weakly soluble in water, so it is 

possible that colloidal quartz is capable of being crazed by the ultrasonic probe, much as glass 

would be. When a mineral is crazed, physical structure and intermolecular bonds are disrupted, 

resulting in both a smaller grain size and a greater susceptibility to dissolution. It is possible the 

quartz that was abundant in the bulk sample was thereby dissolved, separated into the nanoparticle 

(diameter < 100 nm) fraction, or both.    
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CHAPTER 6 

CONCLUSIONS AND FURTHER RESEARCH 

 

6.1 Extraction Methods 

 While the compositions recorded for colloids extracted by TSPP and distilled water were 

different to a statistically significant degree, the profiles were also remarkably similar. It bears 

mentioning that a statistically significant difference implies certainty that a difference exists, not 

that the difference is of a certain magnitude. The actual weight percentages between the two 

methods (Table 4.6 above) are within five percentage points of each other, according to estimates 

from internal-standard analysis. For broad-scale applications, such as evaluation of agricultural fill 

soil, the degree of precision required to make informed decisions based on the colloid profile of a 

given soil may be relatively low. In this example, the knowledge that goethite makes up 17.2% of 

the soil colloids in a batch of ordered fill dirt may be less important than the knowledge that 

goethite is a qualitatively significant constituent of the colloid fraction and thus certain treatments 

will be augmented or inhibited on a large scale. On the other hand, if colloids and nanoparticles 

are of interest as biogeochemical indicators for targeted treatment, the greater level of precision 

may be necessary, and the lower-yield distilled water extraction may be required despite the 

relatively small change in composition of extracted colloids. Therefore, use of TSPP is preferable 

when available sample quantities are low, when time or cost is a major constraint, or when 

precision is a luxury; otherwise, distilled water should be chosen as the extraction medium. 

 The precise mechanism by which TSPP extracts different colloids from those extracted by 

distilled water is a potentially interesting question for further research. Electron microscopy is an 

attractive option for identifying the causes of compositional difference. By imaging the coarse 
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material (larger than 1 micron, in this context) before and after disaggregation, a researcher could 

identify materials that desorb with TSPP but not with distilled water. Similar results could also be 

achieved by extracting colloids from a sample with distilled water and then re-extracting any 

remaining colloids using TSPP. If the compositional difference between that secondary extraction 

mirrors the difference between primary extractions with distilled water versus TSPP, preferential 

desorption of certain mineral phases is likely the key factor. 

6.2 QXRD Methods 

 The failure of reference-intensity calculation and mass-absorption correction to validate 

direct-estimation QXRD answers the third aspect of the problem statement resoundingly. Direct 

estimation is not a viable method for quantitative analysis as presented. While the time and labor 

savings of direct estimation are attractive, the method appears to be inaccurate rather than merely 

less precise than the internal standard method. If precision requirements are low enough to allow 

direct estimation, QXRD is probably not necessary in the first place; purely qualitative analysis 

would likely suffice for such applications. The allure of such a quick, labor-saving method remains 

alluring, however, and may merit a follow-up study into the utility of detailed standard 

characterization prior to analysis of unknown samples. Unless the standard is synthesized in a 

laboratory setting – a simple task for metal oxides but a difficult feat for any of the silicate clays – 

the sample is unlikely to be completely pure.     
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APPENDIX A 

X-RAY DIFFRACTION PROFILES IN GRAPHICAL FORM 

 

Graphical profiles of XRD data are provided below as consecutive Figures A-1 through 

A-32. 

 
Figure A-1: Powder diffraction profile for pure sample No. 1 from distilled water extraction 

 



 

50 

 

 
Figure A-2: Powder diffraction profile for pure sample No. 2 from distilled water extraction 
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Figure A-3: Powder diffraction profile for pure sample No. 3 from distilled water extraction 
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Figure A-4: Powder diffraction profile for pure sample No. 4 from distilled water extraction 
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Figure A-5: Powder diffraction profile for pure sample No. 5 from distilled water extraction 
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Figure A-6: Powder diffraction profile for distilled water extraction with 10% corundum (by 

weight) added 
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Figure A-7: Powder diffraction profile for distilled water extraction with 20% corundum (by 

weight) added 
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Figure A-8: Air-dried oriented-aggregate diffraction profile for distilled water extraction with no 

added corundum 



 

57 

 

Figure A-9: Glycol-solvated oriented-aggregate diffraction profile for distilled water extraction 

with no added corundum 
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Figure A-10: Heat-treated (400 C) oriented-aggregate diffraction profile for distilled water 

extraction with no added corundum 
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Figure A-11: Air-dried oriented-aggregate diffraction profile for distilled water extraction with 

5% added corundum by weight 
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Figure A-12: Air-dried oriented-aggregate diffraction profile for distilled water extraction with 

10% added corundum by weight 
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Figure A-13: Air-dried oriented-aggregate diffraction profile for distilled water extraction with 

20% added corundum by weight 
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Figure A-14: Powder diffraction profile for pure sample No. 1 from TSPP extraction 
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Figure A-15: Powder diffraction profile for pure sample No. 2 from TSPP extraction 
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Figure A-16: Powder diffraction profile for pure sample No. 3 from TSPP extraction 
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Figure A-17: Powder diffraction profile for pure sample No. 4 from TSPP extraction 
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Figure A-18: Powder diffraction profile for pure sample No. 5 from TSPP extraction 
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Figure A-19: Powder diffraction profile for TSPP extraction with 10% added corundum (by 

weight) 
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Figure A-20: Powder diffraction profile for TSPP extraction with 20% added corundum (by 

weight) 
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Figure A-21: Air-dried oriented-aggregate diffraction profile for TSPP extraction with no added 

corundum 
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Figure A-22: Glycol-solvated oriented-aggregate diffraction profile for TSPP extraction with no 

corundum added 
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Figure A-23: Heat-treated (400 C) oriented-aggregate diffraction profile for TSPP extraction 

with no added corundum 
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Figure A-24: Air-dried oriented-aggregate diffraction profile for TSPP extraction with 10% 

added corundum by weight 
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Figure A-25: Air-dried oriented-aggregate diffraction profile for TSPP extraction with 15% 

added corundum by weight 
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Figure A-26: Air-dried oriented-aggregate diffraction profile for TSPP extraction with 20% 

added corundum by weight 
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APPENDIX B 

CALIBRATION CURVES FOR INTERNAL-STANDARD ANALYSIS 

 

 
Figure B-1: Calibration curve for interstratified illite-montmorillonite content of distilled water 

extraction 

 

 
Figure B-2: Calibration curve for ferrihydrite content of distilled water extraction 
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Figure B-3: Calibration curve for goethite content of distilled water extraction 

 

 
Figure B-4: Calibration curve for hematite content of distilled water extraction 
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Figure B-5: Calibration curve for interstratified illite-montmorillonite content of TSPP extraction 

 

 
Figure B-6: Calibration curve for ferrihydrite content of TSPP extraction 
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Figure B-7: Calibration curve for goethite content of TSPP extraction 

 

 
Figure B-8: Calibration curve for hematite content of TSPP extraction 
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Figure B-9: Calibration curve for rutile content of TSPP extraction 
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