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(ABSTRACT) 

In this work the Supercritical Fluid Extraction (SFE) and detection of sorbed metals 

in contaminated soils is explored. Iron containing samples were spiked onto sea sand and 

extracted with Supercritical Fluid CO,. On-line detection was accomplished by 

decompressing the SF-CO, and analyte into a microwave induced plasma, whereby the 

resulting Iron atomic emission signal was quantified. This dissertation reports the first 

succesful coupling of SFE and Microwave Induced Plasma - Atomic Emission Detection 

(MIP-AED) for the on-line analysis of sorbed metal contaminants. The on-line analysis was 

accomplished with a novel SFE-MIP interface design. 

Experiments involving the on-line extraction and detection of ferrocene spiked sea 

sand were very promising, in that unity of extraction and detection was achieved with this 

nonpolar compound. Percent recovery was greatly reduced when the on-line extraction of 

Iron III Trifluoroacetylacetonate (Fe TFA) was attempted. Off-line extraction studies were



performed to establish the optimum conditions necessary to effect the SFE of the following 

Iron III complexes: Iron HI Acetylacetonate (FeAcac) and Iron III 

Trifluoroacetylacetonate. The greatest recovery (55.85 %) was achieved with Supercritical 

Fluid-CO, under the following conditions: 60 °C, 150 atm, 20 minute static extraction 

followed by 20 minute dynamic extraction. The extraction vessel contained 0.250 mg iron 

complex, 20 tL HPLC grade methanol, and 20 uL deionized water. Trapping of the analyte 

was achieved by decompressing the SF-CO, and analyte in 10 mL of HPLC grade methanol 

held at 0 °C. 

The quantitative analysis of sorbed metal contaminants is severely limited by the pH 

of the extracting system. The pH of the hydrated layer surrounding the sediment 

containing dissolved CO, ts ~ 3.2. In this acidic medium the chelate decomposes with the 

extracting ligands becoming protonated and the Fe™* being deposited onto the substrate. 

Attempts were made to neutralize the extracting solution by modification with 0.1M 

Na,CO, and 0.1 M NH,OH. Extraction recoveries with Na,CO, showed no improvement 

than those involving the modification of the extracting medium with deionized water. 

Modification with NH,OH resulted in the precipitation of Fe(OH), inside the extraction 

vessel and sand and extraction recoveries half of those with deionized water modification. 

Although complete extraction and on-line detection is demonstrated for ferrocene, 

the poor recoveries for the FeAcac’s indicate that chelates based upon the formation of a 

metal coordinate covalent bond between the aqueous analyte metal and a hydrophilic 

organic ligand are not suitable for the in-situ extraction of sorbed metals. Clearly, the pH of



the aqueous media surrounding the soil substrate plays a crucial role in determining the 

efficiency of the extraction of surface bound metals with SF-CO,,.
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Chapter 7 

INTRODUCTION 

Methods for the determination of metals in contaminated soils samples have been 

developed and extensively tested over the past 40 years. Unfortunately, many of these 

methods are slow, tedious, and require extensive handling or treatment of the sample. 

Contamination or loss of the sample may occur at each stage of handling. Such systematic 

error is alleviated through the use of clean rooms and ultra-pure reagents in sample 

preparation and analysis. Also, specific methods must be followed to assure the validity of 

the final results of the determination. However, the end result of such extractions and 

analyses of a single sample may involve several hours of labor and instrument time, and also 

produce large quantities of acid or solvent waste. 

The ability to accurately perform such trace analysis on water and sediment samples 

have allowed researchers to probe the interaction between heavy metals and groundwater in 

contaminated aquifers. Studies have shown that the mobility of heavy metal contaminants 

in the groundwater system is much higher than earlier suspected'**. The agent of transport 

for metals such as Cd, Cr, Cu, Zn, Pb, and Ni within aquifers and in surface waters has been 

identified as colloidal iron hydroxide, Fe(OH);, or microscopic sedimentary matter coated 

with iron hydroxide. Heavy metals such as Cr, Cd, Cu, Ni, Pb, and Zn readily absorb to



these particles. The small particles travel at the same rate as water in subsurface aquatic 

systems. 

These findings present the environmental scientist with a new challenge in that the 

determination, of trace (parts-per-million) to ultra-trace (parts-per-billion) concentrations 

of adsorbed metals by conventional methods, is a significant task. A current EPA method 

of determination dictates that the solid sample be digested by a mixture of hot nitric and 

hydrochloric acid with subsequent analysis by plasma emission spectrometry’. Recent 

studies of this method have shown significant risk of contamination of the sample by the 

approved reagents as well as incomplete digestion of the sample by nitric acid’. 

The driving force behind the use of a strong acid digestion method is that solids are 

not readily processed by this technique. The plasma spectrometer requires sample to be in 

aqueous form. Thus, a pneumatic nebulizer is employed to introduce the digested samples 

as aqueous aerosols into the high temperature discharge. The corresponding emission 

spectrum of the vaporized sample is measured and quantified. 

However, with recent advances in supercritical fluid extraction technologies, it is 

reportedly possible to achieve the release of these adsorbed elements without requiring the 

physical dissolution of the sediment and extensive sample handling. Recent reports in the 

literature indicate the effective extraction of metals from solid sediment with supercritical 

CO,, containing both modifier and complexing agent®”*. By allowing the SFE procedure to 

extract and solvate the contaminants, the elemental determination can be performed in one



unified procedure, thereby reducing the risks of sample contamination and loss as well as 

reducing the time required to perform the analysis. 

This work will explore the feasibility of using supercritical fluid extraction (SFE) and 

chelating agents followed by element specific detection. Specifically, Iron Acetylacetonate 

(FeAcac) and Iron (III) Trifluoroacetylacetonate (FeTFA) will be used to explore the 

extraction capabilities of sorbed metals from soils. 

Chapter 2 will provide a description of the experimental conditions and procedures 

employed for this research. Chapter 3 will compare the on-line extractions of Ferrocene 

and FeTFA from sea sand. The first successful coupling of SFE and Microwave Induced 

Plasma - Atomic Emission Detection (MIP-AED) for the on-line analysis of sorbed metal 

contaminants 1s presented in this chapter. On-line analysis of ferrocene was possible by 

employing a novel SFE-MIP interface design. While complete analyte recovery was 

accomplished during the extraction of ferrocene, recoveries involving FeAcac and FeTFA 

were not complete. For this reason, experiments probing the relationship between 

extraction efficiency and the chemistry occurring inside the extraction vessel were 

performed. Chapter 4 will discuss the conditions necessary to extract FeAcac and FeTFA 

that has been spiked onto sea sand. Chapter 5 discusses the addition of various modifiers 

plus the effect of time upon sample recovery. Chapter 6 will draw conclusions from the 

data presented in Chapters 3-5. 

To elucidate these thesis statements it is necessary to expound upon the following 

topics in this Introduction Section: I. Soil Chemistry, I]. Current Extraction Methods, III.



Chelation Chemistry, IV. Supercritical Fluid Extraction, and V. Microwave Induced 

Plasmas. 

I. Soil Chemistry 

Geological metals are those metals bound up in matrix of the soil particles. These 

metals are not normally available for release into groundwater systems and therefore will not 

be released as contaminants by either chemical or biological methods. Anthropological 

metals are those are the results of municipal, industrial, or agricultural activity, Figure 1.1. 

These contaminants tend to be weakly adsorbed to the surface of colloidal particles, or 

dissolved in the bulk water surrounding the particle, and are easily available for transport.” 

A typical soil sediment has a core composed primarily of silicate material. This silicate 

material is coated with an amorphous metal hydroxide material such as tron, magnesium, or 

aluminum’. The oxygens of the hydroxide groups contain the negative charges that attract 

metal cations, Figure 1.2. Metal cations introduced to the sediment from contaminants may 

become surface-bound species by forming metal coordinate covalent bonds with the 

hydroxide. These metals are not a geological part of the soil’s composition and are free to 

interact with the environment as they are exposed on the soil surface. Conversely, some 

geological metals may be occluded or precipitated within the soil matrix and are not free to 

interact with the environment.”” Since these metals are not available for uptake by crops 

and do not directly interact with the environment in any way, agronomists have rationalized 

the futility of using extraction technology that would liberate both surface bound and 

occluded metals in their assessment of available metal concentrations.



There are three main sources of charge in soil: organic, inorganic, and inorganic- 

organic complexes. There are many soil compounds which are inorganic in nature and 

provide a net negative charge to the soil, these are: smectites, vermiculites, hydrous micas, 

chlorites and interstratified minerals, kaolin, feldspars, zeolites, allophanes, oxides, and 

hydrous oxides. In micas, the cation exchange capacity (CEC) corresponds only to those 

negatively charged sites exposed in faults or exposed at the frayed edges of mica crystals as 

the result of natural weathering processes (e.g., wetting and drying, freezing and thawing, 

mechanical comminution, water infiltration, etc.).” 

The permanent charge in soils tends to be negative and arises from: a) isomorphous 

substitution and b) polymeric aluminosilicate anions.’ The charge compensating cations are 

held in two layers in the region of the permanent charge (much like in electrochemical 

reaction cells) 1) a diffuse 3-dimenstonal atmosphere ( at edge of bulk solution Gouy Layer), 

and 2) a 2-dimensional layer of molecular thickness (next to soil surface, Stern Layer)’. 

The term colloidal refers to particles and discontinuities of matter (e.g. pore spaces 

or thin films) of dimension in the range of 1 nm to 1 um (IUPAC, 1972). For such finely 

divided systems the properties of the interfaces are very important because these largely 

control the behavior of the colloidal systems. A phase describes the homogeneous parts of a 

system. The boundary region between any two phases is the interface or surface’. 

II. Current Extraction Methods 

Steven B. Hawthorne stated in 1990 that an ideal extraction method should be “... 

rapid, simple, and inexpensive to perform; yield a sample that is immediately ready for 

analysis with no additional concentration or class fractionation steps; and generate no
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Figure 1.1: Groundwater Transport of Contaminants. Contaminants from agricultural, 

municipal and industrial wastes are transported as water 1s deposited and percolates through 

the soil recharging aquifers.



additional wastes.”’* In order to achieve this goal the next logical step in soil analysis should 

be to develop a method that can quickly determine the contribution of geological and 

anthropological metals to soil and groundwater contamination. Currently there are three 

classes of sample preparation techniques performed for the analysis of metals in soils, Acid 

Digestion, Microwave Acid Decomposition, and Chelation Extraction. 

Digestive Techniques 

Hot Acid Digestion Acid digestion is a technique where a known mass of soil 1s digested 

in a minimum (known) volume of strong inorganic acids (HNO, and HCI) on a hot plate. 

The solution is allowed to digest for a certain amount of time at 80 °C. The resulting 

solution is then transferred to a volumetric flask and diluted with deionized water. The 

sample can then be analyzed by various spectroscopic techniques.” One of the several 

disadvantages associated with this technique is contamination due to trace amounts of 

metals present in the strong acid. Analyzing at the ultra-trace level for the metals of interest 

then it 1s very possible that the trace quantities of contaminants will mask the contribution 

due to the sample and erroneous results will occur. Another disadvantage to this technique 

is that all of the sample is digested. This means that the technique is actually a total ion 

concentration determination. The geological and anthropological metals are both 

determined by this technique. Normally the primary metals available for transport through 

groundwater systems are the anthropological contaminants.’* Hence, the assessment of the 

total metal concentration may be unnecessary data.



  

    

    

      

Figure 1.2, Metals in Sediments. Shows occluded metals chemisorbed on amorphous 

iron hydroxides.



Microwave Acid Decomposition The use of microwave energy as a heat source in 

wet ashing procedures was first demonstrated in 1975”. Although the technique was 

initially a curiosity, since 1984 there has been a resurgence in the use of microwave energy 

for the digestion of samples. All efforts have demonstrated that this dissolution technique 

gives results comparable with those obtained by classic methods (hot acid)"*. Control of the 

temperature and pressure during closed vessel work is critical to the efficiency, 

reproducibility , and the safety of the extraction technique’’. 

While the typical time required to complete a wet digestion by conductive heating is 

typically 1 to 2 hours (or longer in some instances) open-vessel dissolution by microwave 

heating can be completed from 5 minutes to 2 hours. The difference is due to the sample 

heating method. Because vessels used in conductive heating are usually poor conductors of 

heat, it takes time to heat the vessel and transfer that heat to the solution. Also, because 

vaporization at the surface of the liquid occurs, a thermal gradient is established by 

convection currents, and only a small portion of the fluid is at the temperature of the heat 

applied to the outside of the vessel. Therefore, when using conductive heating, only a small 

portion of the fluid is above the boiling point of temperature of the solution. 

On the other hand, the application of microwave fields heats all of the sample fluid 

simultaneously without heating the vessel. Therefore, when microwave heating, the solution 

reaches its boiling point very rapidly. Because the rate of heating is so much more rapid, 

substantial localized superheating can occur’®. 

9



Although this technique offers the advantage of speed when compared to 

conventional acid digestive techniques, it still does not address the problems involved with 

safety of the analyst and the possibility of cross-contamination. Like conventional 

techniques, it still digests the entire sample, and the total ion concentrations are quantified. 

There is no way of determining the speciation of the analyte nor the adsorption 

characteristics of the sample. 

Extraction Techniques 

DTPA Soil Scientists have long realized the difficulty of monitoring total metal 

concentration when determining the nutrient and micro-nutrient levels in soils. They have 

realized that the only species available for transport through soils and uptake into plants are 

those which are water soluble and contained in the bulk fluid and those species weakly 

bound through various forms of chemisorption to the surface of the soil particulate. These 

techniques have involved the use of chelating agents (EDTA - ethylenediaminetetraacetic 

acid and DTPA - diethylenetriaminepentacetic acid). Here, a known mass of soil is placed 

into an Erlenmeyer flask with a buffered solution of the chelating agent and agitated for 

four hours. An aliquot of the resulting extracted solution 1s then diluted to a known volume 

for analysis.”* 

Chelation Chemistry 

Complexation of metals can have the effect of increasing the apparent solubility of 

minerals. This solubility increase is known as the chelate effect and ts the result of an 

increase in the entropy of the system. 

10



Example: 

Ni* (aq) + 6NH,(aq) <> [Ni(NH,),]" (aq) log f=8.61 

Ni* (aq) + 3en(aq) <> [Ni(en),] (aq) log # = 18.28 

en = H,NCH,CH,NH, 

Where B ts the overall formation constant 

The system [Ni(en),]”” in which three chelate rings are formed is nearly 10” times more 

favored as that in which no such ring is formed”. 

To understand this effect, the following thermodynamic relationships must be 

invoked: 

AG° =-RTInB 

AG° = AH® - TAS°® Gibbs Free Energy 

As B increases, AG’ becomes more negative. A more negative AG’ can result from making 

AH” more negative or AS’ more positive. In the case above enthalpies make a slight 

contribution, but the main source of the chelate effect ts still found in the entropies. It is 

possible to look at this case in terms of the following metathesis: ” 

11



[Ni(NH,),]” (aq) + 3en(aq) <> [Ni(en),]” (aq) + 6NH,(aq) log B = 8.61 

for which the enthalpy change is -12.1 kJ/mol, whereas TAS? is -55.1 kJ/mol. The enthalpy 

change corresponds very closely to that expected from the increased crystal field 

stabilization energy of [Ni en,]**, which is estimated from spectral data to be -11.5 kJ/mol.” 

As a final cxample, which illustratcs the cxistence of a chclate effect despite an 

unfavorable enthalpy term, the following reaction may be used: 

[Ni(en), (H,0), 1” (aq) + tren(aq) <> [ Ni(tren)(H,0), |" (aq) + 2en(ag) 

logB=188 [tren= N(CH,CH,NH,),]| 

For this reaction there is a positive AH’ = 13.0, - TAS’ = -23.7, and AG’ = -10.7 (all in 

kJ/mol). The positive enthalpy change can be attributed both to greater steric strain 

resulting from the presence of three fused chclate rings in Ni tren, and to the inherently 

weaker M-N bond when N is a tertiary rather than a primary nitrogen atom. Nevertheless, 

the greater number of chelate rings (3 vs. 2) leads to greater stability, owing to an entropy 

effect that is only partially canceled by the unfavorable enthalpy change.” 

Probably the main cause of the large entropy increase in each of the three cases is the 

net increase in the number of unbound molecules - ligands or water molecules. Thus 

although 6 NH; displace 6 H,O, making no net change in the number of independent 

molecules, it takes only 3 en molecules to displace 6 H,O.” 
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When extracting a surface adsorbed metal ion from a soil particle it is necessary that a 

complexing agent be chosen that has a higher affinity for the metal ion of interest than the 

metal ion has for the soil particle. Complexiometric reactions are extremely pH dependent 

therefore it is important that the system be at a pH where the complexiometric reaction will 

occur. If the conditions are too acidic it will be impossible to extract the cations of interest. 

Metal complexation in solution can have the effect of increasing the apparent 

solubility of minerals. A case in point is the oxalic acid——Al hydroxide system. Oxalic acid, 

naturally occurring in soils as a product of biological activity, is a relatively strong 

dicarboxylic acid that dissociates readily: 

HOOC - COOH <> HOOC-COO"+H*  K. =10" 

HOOC -COO- <> OOC-COO-+H* — K, =10%” 

The oxalate anion, OQOC—COO , provides two coordinating groups for bonding with 

metals, and the resulting complex 1s termed chelate because of the ringlike structure that is 

formed: 

Ooc 
/ 

M(H,0),” + OOC -COO~ <> H,O),M +2 H,O 
\ 
OOC 

The formation of chelates is favored because of the increase in entropy that results from the 

displacement of several water molecules from the metal coordination sites. In the reaction 
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above, two molecules react to form three molecules, so that entropy (increased degrees of 

freedom of molecular motion) ts generated by the reaction. 

In general, then, any complexation reaction that has more moles of products than 

reactants will tend to have a positive entropy change, AS, and will proceed spontaneously 

unless an energy barrier exists. For the chelation of Al** by oxalate, the enthalpy of 

reaction, AH ts small because the replacement of water by carboxylate ligands involves little 

change in bond energy. Both H,O and carboxylate are “hard” Lewis bases and have 

comparable affinities for the hard acid Al’*. The fact that the acetate, CH,COO,, bonds 

only weakly with metals such as Al** despite its chemical similarity to the COO groups of 

oxalate is an indication of the dominant role of entropy in driving the chelation process. 

Besides entropy, the other factors that determine the strength of chelation are the 

Lewis acid -base properties of the metal ligand pair (determining the strength of the bond), 

and steric factors. The metal-oxalate chelate forms a five member ring structure that is 

energetically favorable because it possesses little bond strain. Generally, five- and six 

member ring structures have the least bond strain and are the most stable”. 

IV. Supercritical Fluid Extraction 

A supercritical fluid occurs when a gas or a liquid is compressed above a certain 

critical pressure (P,) and heated above a certain critical temperature (T,.), Figure 1.3. This 

point varies between substances. The critical point for carbon dioxide occurs at 31.3 °C and 

72.9 atm. At temperatures above their critical point the substance is neither a gas nor a 

liquid, instead it possesses properties of both”. “The combination of physical properties 
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(e.g. viscosity and diffusivity) with variable solvating power provide ...”2° distinct advantages 

for supercritical fluids acting as extraction mediums for environmental assessment. 

The ability to adjust the solubilizing power of supercritical fluids afford unique 

extraction capabilities over that of more traditional methods of sample preparation 

techniques, such as distillation, extraction with liquid solvents, or low resolution liquid 

chromatography. By adjusting the density (through pressure and temperature control) it is 

possible to adjust the solubilizing power of the supercritical fluid. This adjustment affords 

the ability to extract analytes of varying polarity and molecular size. “In addition, solute - 

fluid binary diffusion coefficients are much greater in supercritical fluid media than in liquid 

systems, thereby facilitating fast extraction from a variety of sample matrices.”2° 

Physical properties of supercritical fluids are very comparable to liquid solvents and 

gases. The density, which is an approximate measure of intermolecular attraction, of SF- 

CO, is similar to that of liquid solvents, Table 1.1. 

When considering kinetic based properties such as viscosity and solute diffusivity for 

CO,, it is noticed that they are more typical to that of gases than liquids. The gas-like 

transport parameters contribute to improved rates of mass transfer for solutes in 

supercritical fluid media, resulting in faster extractions. 

The vapor pressure of supercritical fluid CO,/phenol is 2-3 orders of magnitude 

greater than that of liquid solvent/phenol pair. This accounts for the ease by which the 

dissolved solute (phenol) can be separated from CO, upon decompression, which is in stark 

contrast to the miscible liquid solute - solvent systems”. By varying the extraction pressure 

and temperature in the extraction cell, the composition of the extract can be changed and it 

is possible to fractionate the sample. 
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Fundamental properties of SFE 

It is necessary to understand the fundamental properties of thermodynamic and 

kinetic properties which impact the distribution of the analyte between the dense fluid 

phase and the substrate that is being extracted. Physicochemical factors affect this 

understanding and are seminal to planning and executing analytical Supercritical Fluid 

Extraction (SFE). “These are the detectable “threshold pressure”, the appropriate 

conditions for fractionating the solutes, the occurrence of solubility maxima in supercritical 

fluid systems, and when possible, knowledge of the physical properties of the extracted 

solutes”. The “threshold pressure” has been defined by Giddings” to be the pressure at 

which the solute partitions into the supercritical fluid. If the “threshold pressure” of target 

analytes are sufficiently removed from one another it may be possible to 1solate co- 

extractable components from the same matrix. Gitterman and Procaccia have theoretically 

treated the effect of pressure upon maximum solubility change”. 

The fractionation range exists between the threshold pressure region of the solutes 

and the occurrences of solubility maxima for the dissolved solutes in the supercritical fluid. 

Fractionation of complex mixtures by SFE ts frequently difficult unless apprectable 

differences exist in the molecular sizes, polarities, or volatilities of mixture components. 

Recent Advances in Extractions 

Attempts to mobilize polar and ionic materials have enjoyed limited success in pure 

supercritical fluids such as CO, because of the nonpolar characteristics of SF’s. Realizing 

this limitation, researchers have sought to aid the solubilization and the mobilization 
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Figure 1.3, Supercritical Fluid Phase Diagram. Diagram of CO, Critical Temperature 

and Critical Pressure. 
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processes through the use of modifying and complexing agents. The addition of a 

modifying agent, such as methanol or ethanol, produces a binary solvent 

that when elevated to supercritical conditions exhibits more polar solvating power than CO, 

alone. Recent SFC and SFE studies on the solubility characteristics of these modified SF’s 

have shown a substantial increase in the solvation of metal ions and other polar compounds 

75,24 29 

The use of B-diketones and tributylphosphate as extractants for Lanthanide metals 

has been pursued by Tin and Wai. They used various B-diketones to extract La”, Fu” and 

Lu” from Cellulose-based filter paper. The extracting fluid was 5% Methanol modified 

~ COz held under conditions of 60 °C and 150 atm. Recoveries involving Acetylacetonate 

were: La’ = 11%, Eu” = 25%, and Lu*’ = 33%. The best recoveries employing 

fluorinated analogs of the acetylacetonate was with hexafluoroacetylacetonate and the 

recoveries were La’ = 70%, Eu’’ = 93 %, and Lu** = 95%.”" Laintz and Tachikawa also 

employed B-dikctoncs with Tributylphosphatc modified SF-CO, to cxtract lanthanides with 

comparable results. They employed én-sttu complexation in their extractions, but suggested 

that it may be possible to employ a which is a complexing agent itself. ”” 

V. Microwave Induced Plasma 

“A MIP is formed when the magnitude of the electric component of the standing 

electromagnetic wave in the cavity surpasses 4 certain minimum value. This value is 

determined by the support gas and its pressure.” An MIP may be generated at 

atmospheric pressures when the cavity design fulfills the following conditions: 
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Table 1.1: Comparison of Physical Properties of Supercritical CO, with Liquid 

Solvents at 25 °C. 

  

  

  

  

    

CO, n-Hexane Methylene Methanol 

(200atm ,55 °C) Chloride 

Density 0.746 0.660 1.326 0.791 

(g/mL) 

Kinematic 1.00 4.45 3.09 6.91 

Viscosity 

m’/s * 10’ 

Diffusivity of 6.0 4.0 2.9 1.8 

Benzoic Acid 

m’*/s * 10° 

Prsasolvent 1.4 * 10° 4.2 *10° 1.2 * 10° 3.6 * 10° 

+ Pysasolute           
‘Solute is phenol at 25 °C 

Adapted from Table 5.1, pg. 315, Ref. 20. 
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1) The cavity should have its resonance frequency at the input frequency of 2450 MHz. 

2) The cavity volume must be minimal so that a high energy density at given input power ts 

reached. 

3) The discharge tube should be located at the position where the electric field 1s at its 

maximum. 

In 1976, Beenakker produced a TMg,) resonance cavity that fulfilled the above 

conditions and allowed for the generation of atmospheric plasma discharge with either He 

or Ar support gas. This cavity was able to produce an electric field which had its maximum 

in the center of the cavity, see Figure 1.4. By placing the discharge tube axially in the center 

of the cavity a plasma discharge can be produced when power ts inductively transferred to 

the cavity by means of a coupling loop, perpendicular to the circularly directed magnetic 

field. By the insertion of a tuning stub it is possible to set the cavity to resonance.” 

One of the most important actions to perform when generating an MIP is the 

transfer of energy to resonant cavity from the microwave generator. This concept is 

important because the efficiency of power transfer to the cavity is related to the degree of 

coupling. The objective is to deliver all the available power to the resonant cavity without 

loss and without reflecting any power back toward the generator. When this objective is 

met, the system is fundamentally defined as critically coupled.” 

Critical coupling 1s desirable for two reasons. 1) No power 1s reflected from a 

resonant cavity that is critically coupled, thus extending the lifetime of the generator whose 
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magnetron can be damaged if too much power is continuously reflected from the resonant 

cavity. 2) From an analysis standpoint, if power is reflected from the resonant cavity or if 

dissipative loses are present in matching devices, the actual power delivered to the cavity 

and plasma is very difficult to determine. Without a consistent method of reporting the 

operating power, comparing analytical results may be misleading.” 

Matus, Boss, and Riddle attacked the tuning and matching of the TM,,, cavity by 

employing the capacitive coupling technique (originally employed by DeGalan et al.) with a 

translatable antenna probe and quartz rods. The cavity is tuned by adjusting the impedance 

of the cavity to be resistive. Tuning is accomplished by the translatable quartz rod. The 

plasma is then “matched” by adjusting the resistance to 50 Q with the antenna probe, 

Figure 1.5. 

When tuned and matched the cavity’s impedance is 50 Q resistive and called critically 

coupled. If the cavity’s impedance is not 50 Q restive then some power will be reflected, 

thus establishing standing voltage waves along the transmission line. At microwave 

frequencies, the coupling devices (wire loop or antenna probe) are neither purely inductive 

nor purely capacitive. To match the input impedance of the generator, one must find a 

position along the radius of where the coupling device feels a potential to current ratio of 50 

Q.” 
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Figure 1.4, Electronic and Magnetic Fields in the TM,,, Resonance Cavity. 

Solid line = electronic field, dashed line = magnetic field 
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Figure 1.5, TM). Resonance Cavity. The TM010 resonance cavity achieves critical 

coupling by adjustments to the a) antenna probe and the b) translatable quartz rod. 
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Recent Advances in Atomic Emission Detection for SFC 

In the last 7 years, considerable effort has been directed toward the adaptation of 

plasma emission spectrometers for the purpose of element specific detection in SFC. 

Unlike conventional molecular absorbance spectrometers, the atomic emission 

spectrometers possess both high selectivity and sensitivity toward the target element of 

interest. Early work in this area by several research groups employed argon plasmas. Olesik 

et.al, demonstrated the first use of a plasma as an AED for metals contained in SF CO,”. 

Long and Motley * later demonstrated the use of an argon microwave induced plasma 

(MIP) for element specific detection in packed column SFC. 

Current work in this field has shifted to the use of helium plasmas for the 

vaporization and excitation of the target elements. Argon based plasmas are unable to 

effectively excite the high energy states of many nonmetals (ze, halogens). Therefore, 

helium based plasmas allow both metal and nonmetal determination in SF-CO2, whereas 

argon plasmas are limited to metals determinations ***. Using a helium based MIP, Long 

35,36 and co-workers ****, Carnahan and co-workers *”**’, and Galante et. al.” have shown the 

detection of metals and nonmetals in SFC. Detection limits range from pg to ng levels. 

A second use of plasma detection has focused on mass spectral detection rather than 

optical emission detection. Caruso and co-workers have examined the use of plasma mass 

spectrometry for SFC*. As found with optical emission measurements, helium plasmas 

provided superior sensitivity. A recent study by Wu et al. reports excellent limits of 
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detection for a SFE-GC coupled system while using a helium based radio frequency 

detector’. 

Wai et al. has proported to extract metals using Acetylacetonate (Acac) and its 

fluorinated counterparts, Trifluoro- and Hexafluoroacetylacetonate as complexing agents for 

the extraction of metals employing Supercritical Fluids.” 

However, according to calculations involving the pK, of the Iron acetylacetonate 

(FeAcac) apparently this is not a good ligand for the extraction of metal species. The work 

proffered here shows that the percent recoveries of SFE with Acac and TFA are not 

feasible for the determination of sorbed metal soil contaminants. 
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Chapter 2 

EXPERIMENTAL 

Introduction 

In this work several experiments were performed to determine the feasibility of 

employing B-diketones for the extraction of surface adsorbed metals from soils. Ferrocene 

and Iron (III) Trifluoroacetylacetonate (FeTFA) were used for supercritical fluid extractions 

and on-line detection via atomic emission detection with microwave induced plasma 

spectroscopy. Iron (III) Acetylacetonate (FeAcac) was employed to determine the 

instrumental characteristics and conditions necessary to effect complete extraction of 

complexed metal compounds from the soil surfaces. These B-diketone ligands were chosen 

due to the volatility they exhibit with iron. The higher the volatility of a compound the 

greater the solubility of that compound in SF-CO,.”” 

Reagents 

Analytical grade Argon and Breathing Air, for plasma generation, were purchased 

from Airco (Murray Hill, NJ). Supercritical fluid chromatography - grade CO, was 

purchased from Air Products and Chemicals Inc. (Allentown, PA) with a 1500 ps1 helium 

headspace and dip tube. Iron ITI Trifluoroacetylacetonate (Fe TFA) was prepared in our 

laboratory. Iron (ITI) Acetylacetonate (FeAcac) was purchased from Aldrich Chemical 
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Company (Milwaukee, WI). Ferrocene was purchased from Sigma Chemical Company (St. 

Louis, MO). The solvent used in preparation of the ferrocene samples was HPLC- grade 

methylene chloride (Fisher Scientific, Raleigh, NC). The sea sand employed in thts study had 

been washed and ignited prior to packaging (Fisher Scientific, Raleigh, NC). 

Sample Preparation 

Stock solutions of 10,000 ppm of each compound were prepared by dissolving 1.0 g 

of the solid in 100 mL of HPLC grade Methanol available from Fisher Scientific (Raleigh, 

NC). Calibration solutions were made by diluting appropriate volumes of the stock solution 

as needed. 

Spiking and Calibration Standards were prepared from the 10,000 ppm stock 

solutions with HPLC Grade Methanol. The spiking solutions of 1000 parts per million were 

prepared of Tris (1,1,1 trifluoro 2,4 pentanediono) Iron III and Iron III Acetylacetonate. 

50 ppm, 10 ppm, 5 ppm and 1 ppm calibration standards were also prepared. All solutions 

were prepared in HPLC Grade Methanol. The extraction vessel was partially filled with 

washed and ignited sea sand. The side of the extraction vessel was repeatedly tapped with a 

spatula to remove any air pockets which may have occurred during the sand introduction. 

After setthng, a 250 pL spike spiking standard was placed onto the sand in the extraction 

vessel. 

Spiking of the sand sample was achieved with either a 1000 L Eppindorf ™ 

micropipet or a 0.25 mL hypodermic syringe. After dispensing the analyte and solvent into 
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the half-full cell, the end of the cell was replaced and the unit was placed in the oven at 50 

°C to evaporate the methylene chloride. Then the extraction cell was packed as full as 

possible with the remaining pre-extracted sand (total weight of sand ~ 1.3g) to reduce dead 

volume and was heated in the oven to achieve the critical temperature of CO). 

The extraction vessel was partially filled G/4) with sea sand. The extraction vessel 

was then spiked with 0.25 mL of the Fe(I'FA), sample. 

The oven for the experiment was a Blue M- Single Wall Transite oven. The pump 

used for this experiment was a Suprex SFC Model 200A. A 6-port switching valve was used 

to direct a constant flow of decompressing supercritical fluid to the plasma. The constant 

introduction of supercritical fluid allowed for a more stable plasma to be generated. Analyte 

sensitivity was improved since the electronic and magnetic fields, generated inside the 

resonant cavity were tuned and matched using conditions which matched extraction 

conditions as closely as possible. The results sustained with Ar and CO,. The introduction 

of CO, results in a thermal pinch of the plasma. The thermal pinch results in a larger 

electron number density, stnce the analytical region of the plasma decrease but the number 

of excited electrons present in the plasma remains the same. This results in a more sensitive 

emission spectrum. 

Acid Extraction 

EPA Method 3050 - Acid Digestion of Sediments, Sludges, and Soils - Sept. 1986 

was followed to prepare sea sand samples for analysis. One minor modification was 

employed for the analysis of the sptked sand. The spiked sand was first extracted using the 
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supercritical CO, and then was subjected to acid extraction using a modified version of EPA 

Method 3050 - Acid Digestion of Sediments, Sludges and Soils. The original procedure 

required the use of a 1-2 g soil sample whereas in this study the entire sand sample ~ 15 g 

sample was used. For this reason the amount of concentrated nitric acid and 1:1 nitric acid 

was increased to ensure completed digestion prior to the evaporation-concentration steps. 

In this procedure 50 mL of 1:1 HNO, was added to a 15 g sample, the slurry was 

mixed and covered with a watch glass. The sample was then heated to 95 °C and refluxed 

for 15 minutes without boiling. The sample was allowed to cool and 25 mL of concentrated 

HNO, was added and allowed to reflux for 30 minutes. The last step was repeated to 

ensure complete oxidation. The solution was then allowed to evaporate to 5 mL without 

boiling, while maintaining a covering of solution over the bottom of the beaker. 

The sample was then cooled and 2 mL deionized water and 3 mL of 30% H,O, was 

added. The sample was then heated until the effervescence subsided and cooled. 30% 

H,O, was added in 1 mL aliquots with warming until effervescence was minimal. The 

sample was then diluted to 100 mL and centrifuged to remove particulates. The resulting 

solution was then analyzed using Inductively Coupled Plasma - Atomic Emission 

Spectroscopy (ICP-AES). 

Supercritical Fluid Extraction 

Three Supercritical Fluid Extraction systems were employed for this work. Initial 

on-line Ferrocene extraction studies employed a Suprex SFC/200A pump and the Blue M 

oven. The extraction vessel used was a 1.67 mL high pressure extraction vessel available 
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from Keystone Scientific, see Figure 2.1. Due to irreparable damage it was necessary to use 

a Lee Scientific Pump - Model 501 for the FeTFA on-line extraction studies. Further 

problems with the oven resulted in modifications being performed upon a Gow-Mac GC 

oven so that it could be used with the off-line extraction of FeAcac. 

Final off-line extractions performed with FeAcac involved the use of an ISCO 

SFE/SFC system. This was done to check the reliability of the laboratory system and to 

minimize instrumental variables. The extraction vessel used with the ISCO system was 

specific to the ISCO system had a volume of 10 mL, Figure 2.2. All of the components 

regarding Supercritical Fluid Extraction Instrumentation are listed in Table 2.1. 

Although three systems were employed, it should be pointed out that SFE 

conditions were carefully controlled. The use of the various systems does not inject bias 

into the data. 

The liquid CO., used in all systems was prefiltered through a 0.5 [um stainless steel 

frit filter located in-line between the gas tank and the syringe pump. Once the CO, entered 

the syringe pump 1t was pressurized to the conditions necessary for the extraction. It then 

entered the extraction vessel. The extraction vessel (1.67 mL or 10 mL) was inside the oven 

held at the temperature necessary for SFE. 

For on-line element specific detection the supercritical fluid and analyte were 

allowed to decompress into a glass “T”, Figure 2.3. Argon flowing through the glass “T” 

transferred the SF-CO, and analyte into the analytical plasma. 
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Sample introduction was achieved with a length of 50 um i.d. fused silica capillary 

tubing (Scientific Glass Engineering, Austin TX.) which served to transport the supercritical 

fluid extract from the outlet of the extraction cell to the plasma. The SFC oven was placed 

close to the plasma cavity in order to minimize the length of unheated restrictor thus 

minimizing the chances of analyte deposition inside the restrictor. 

A 6-port valve was employed to allow constant decompression of SF into the 

Plasma support stream which resulted in a more stable plasma and increased sensitivities. 

For the off-line work the supercritical fluid decompressed into 10 ml of methanol 

held at 0 °C (in an ice bath). A twenty minute static extraction was followed by twenty 

minutes of dynamic extraction. The extractant was then diluted to 50 mL with 100 % 

HPLC grade methanol and analyzed by ICP, Figures 2.4 and 2.5. 

Microwave Induced Plasma 

After the supercritical fluid extracted the analyte quantification was necessary. In 

this study the on-line detection method was an Ar generated Microwave Induced Plasma - 

Atomic Emission Detection. The plasma was sustained in a quartz torch, manufactured in 

house, placed inside a modified Beenakker TM),. Resonant cavity, HEMIP, Figure 2.6. The 

Microwave Induced Plasma was formed by applying microwave energy to a modified TMi, 

Resonance Cavity.” The power was supplied by a MicroNow 420 MW Generator. Argon 

was supplied through the MIP Torch, Figure 2.7. The plasma was then generated by seeding 

an electron with a tungsten wire into flowing Ar gas and the resulting plasma was tuned by 
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matching the electric and magnetic fields by adjusting the translatable antenna and adjusting 

the quartz rod. 

The plasma was sustained with flow rates of 2 L/min for the nebulizer and 2 L/min 

for the torch. The forward power supplied from the microwave generator was 100 W while 

the reflected power remained below 5 W. The low reflected power ts an indication that the 

generated plasma was sufficiently tuned for matching electronic and magnetic fields, thus 

generating a very stable plasma. The plasma was held away from the walls of the torch by a 

toroidal flow pattern generated by the angle at which the gas entered the cavity. The 

supercritical fluid and analyte decompressed at a right angle to the plasma generation gas 

through an inline glass “T”. The analyte then traveled up the transfer line to the microwave 

plasma torch into the microwave plasma. The analyte entered the base of the plasma and 

the following steps occurred which provided and Fe emission signal. The analyte was then 

desolvated, vaporized, atomized and excited. As the excited atoms relaxed, radiation was 

emitted. The emitted radiation was then focused with an f/3 lens, placed at a position 

equatorial to the plasma discharge, onto the entrance slit of a McPherson 0.35 m 

monochromator. 

The 373.8 nm wavelength was monitored and the intensity of the radiation was 

collected with a photomultiplier tube. The resulting signal was amplified, sent through an 

A/D converter and collected by Data Acquisition Software, see Figure 2.7. The Data 

Acquisition Software was Lab Calc available from Galactic Industries Corp. A listing of the 

components used is in Table 2.2. 
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Figure 2.1, Keystone Extraction Vessel. This vessel has a volume of 1.67 mL. A mass of 

1.38 grams of sea sand was placed into vessel as support matrix for analyte spike. 
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Figure 2.2, ISCO Extraction Vessel. This vessel has a volume of 15 mL. The vessel was 

packed with 13 grams of sea sand as support matrix for the analyte spike. This vessel was 

used in conjunction with the ISCO SFX - 210 extraction system. 
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Table 2.1, SFE Instrumentation 

  

  

  

  

  

  

  

Component Model/Size Manufacturer 

SFC Systems SFC/200A Suprex Corp. Pittsburgh, PA 

SFX 210 ISCO, Lincoln, NB 

Supercritical Fluid Pump Lee Sctentific - 501 Dionex 

Oven GC Oven - Laboratory Gow Mac 

Modified 

401 Single Wall Transite Blue M Corp. 

Oven - Laboratory modified 

Restrictor, linear SGE, Austin, TX 50 um id 

  

Needle Valve VICI, Houston, TX 

  

6-port Switching Valve VICI, Houston, TX 

    Extraction Vessel     Keystone Scientific, Inc. 
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Figure 2.3, Glass “T”. Restrictor diameter 50 um. Transfer “T” internal diameter 4 mm. 

This interface was used for all on-line experiments. 
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Figure 2.4, Effluent Trap. Total volume of liquid trap 20 mL. Analyte and SF-CO, 

decompressed into 10 mL of HPLC grade methanol. Decompressed CO, escaped through 

the vent. This interface was employed for the off-line experiments. 
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Figure 2.5, Off-line SFE Diagram. Block diagram of off-line instrumentation setup. 
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Gas —           
Figure 2.6, MIP Torch and Resonance Cavity. The plasma generation gas enters the 

torch and a torodial flow pattern is established. This flow pattern restricts the generated 

plasma to the center of the torch. By seeding an electron with a tungsten wire it is the 

reaction is started which maintains the plasma plume. Reference 29. 
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Graphite Furnace AAS 

Graphite Furnace Atomic Absorption Spectroscopy was initially used for analyte 

determination when performing off-line extractions. The wavelength, 248.3 nm, was 

monitored for Iron Absorption. The following temperatures were employed: 1) Drying 

Temperature - 100 °C, 2) Ashing Temperature - 1400 °C, and 3) Atomization Temperature - 

2400 °C. This detection technique was used only for the sequential extraction of FeTFA 

and studies to determine initial extraction conditions. 

Inductively Coupled Plasma: 

The plasma spectrometer was a Perkin Elmer ICP/6000. A radio-frequency power 

supply was used to supply up to 2.5 kW of rf power at a frequency of 27.12 MHz. The 

discharge was ignited in the torch box, which is a shielded rf enclosure. In operation, 

argon gas flows through the torch at a flow rate of 17 L/minute, and a plasma was 

generated by applying 1.25 kW of rf energy from a copper coil around the torch. To avoid 

overheating, a continuous 0.5 L/minute water flow through the rf coil was required. The 

sample to be analyzed was nebulized using a Meinhard nebulizer and Scott Spray Chamber, 

Figure 2.8. The resulting aerosol passed through the center tube in the ICP torch and into 

the analytical region of the plasma zone, Figure 2.9. To minimize the production of C, and 

to increase sensitivity air was introduced into the plasma gas at a flow rate of 1.5 L/min. 

The plasma emission signal was focused onto the slits of the monochromator via 

the transfer optics. Height adjustments enable the viewing of different regions of the 

plasma, in order to obtain the best signal-to-background ratio. A Czerny-Turner type 

monochromator with a 0.41-m focal length was used. The resolution was 0.05 nm/mm and 
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nominal bandpass was 0.02 nm. The data station (Model 7500 Computer) was the 

controller of the ICP/6000. Some of the inherent features of the computer are: a 16-bit 

Motorola MC 68000 microprocessor, 640 K Random Access Memory (RAM), a 10-Mbyte 

hard drive disk, and two floppy disk drives, Table 2.3. 
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Table 2.2, MIP Instrumentation 

  

  

  

  

  

  

  

  

  

  

  

  

  

    

Component Model/Size Manufacturer 

Microwave Cavity HEMIP Laboratory built 

Microwave Generator 420-2 MicroNow 

Circulator 420 IS Bird Electronic Co. 

Monochromator McPherson 270, 0.35 m Schoeffel Intl. Corp. 

PMT R955 Hamamatsu, Bridgewater, NJ 

High Voltage Power Supply 204 Pacific Inst., Concord, CA 

Lock-In Amplifier 5101 EG&G PARC, Princeton, NJ 

Chopper 125A EG&G PARC 

I/V 5002 EG&G PARC 

Lens £/3, Suprasil Oriel Corp., Stratford, CT 

Computer XT286 IBM, Armonk, NY 

ADC Board Chrom-1-AT Metrabyte Co., Taunton, MA 

Data Acquisition Software Lab Calc LCCP Galactic Ind. Salem, NH       
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Table 2.3, ICP Instrumentation 

  

  

  

  

  

  

  

  

    

Component Model/Size Manufacturer 

ICP Generator ICP/6000. 27.12 kHz Perkin Elmer, Norwalk, CT 

MonoChromator Model 5000, Czerny-Turner, | Perkin Elmer, Norwalk, CT 

0.41 m 

Data Station 7500 Profession Computer | Perkin Elmer, Norwalk, CT 

Printer PR-210 Perkin Elmer, Norwalk, CT 

Data Acquisition Software Series 7000 Idris System Perkin Elmer, Norwalk, CT 

Nebulizer Mcinhard Precision Glassblowing, 

Denver, CO 

Spray Chamber Single-pass, conical/ Laboratory Built 

hornlike 

Torch Demountable, 3 mmi.d.tip | Perkin Elmer, Norwalk, CT       

46 

 



Chapter 3 

On-Line Extractions 

The work described here comprises the direct element selective detection of 

extracted analytes via SFE-MIP. The operational parameters required for the complete 

extraction of ferrocene from spiked sea sand are discussed. The response of the 

atmospheric pressure Ar MIP to the abrupt introduction of CO, at a range of extraction 

pressures typical of dynamic supercritical fluid extraction are presented. The difficulties 

encountered with this interface with respect to analyte deposition prior to detection are also 

examined. Initial studies carried out with an unoptimized SFE-MIP system observation of 

the atomic emission of Fe (373.8 nm) in the ferrocene extract with an Ar MIP revealed the 

potential of spectroscopic detection of analytes in supercritical fluid extract in the absence 

of a chromatographic step. 

FERROCENE EXTRACTION 

Plasma stability Earlier investigations on supercritical fluid chromatography (SFC)- 

MIP conducted within our laboratory involved tuning of the plasma while introducing the 

mobile phase followed by introduction of chromatographic effluent.” In this way the 

plasma and resulting background emission signal have time to stabilize before the sample 

enters the plasma. With the SFE study described here, the CO, and analyte were 

introduced into the plasma simultaneously as the outlet of the syringe pump was opened. 

This presents the plasma with a sudden burst of nonplasma gas just as the analyte is entering 
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the discharge. A major concern of this procedure was the stability of the plasma as the 

mobile phase enters the pure Ar discharge. The stability of the plasma discharge upon the 

introduction of the decompressed CO, was improved through the constant introduction of 

decompressing CO,. This procedure and the results will be discussed later in this chapter. 

Extractions of ferrocene spiked in sea sand were carried out at various CO, 

pressures ranging from 100-400 atm. In each case the plasma did not extinguish or 

demonstrate instability with an Ar flowrate of 3 L/min. 

Sea sand was chosen as the extraction substrate for several reasons: 1) It could be 

washed and ignited to remove any trace contaminants. 2) It did not contain Fe(OH); 

because it is “weathered”. 3) It contained no organic components (ie., fulvic or humic 

acid). 4) Interactions with analyte would only be with active silanol sites. 5) It is a 

homogeneous and reproducible matrix. 

Modsfications to the interface Several undesirable effects were observed to occur which 

required minor modifications of the interface. A frequent problem encountered with both 

SFC and SFE is either partial or complete plugging of the outlet restrictor as subcritical fluid 

conditions cause the analyte to become insoluble in the mobile phase and to deposit inside 

the end of the restrictor. This phenomena has been shown to be dependent on sample 

type, restrictor type, size, and temperature, and mobile phase composition.” Deposition of 

ferrocene was observed to occur with extractions that were performed on spiked samples 

containing more than 0.8 mg/mL. Partial or complete plugging of the restrictor resulted 

with both 25 um and 50 um restrictors. Partial plugging was evident as successive 
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extractions of the same concentration of ferrocene yielded a smaller and smaller signal until 

complete plugging was experienced. At this point, neither CO, nor analyte was allowed to 

exit the restrictor. Fortunately, the trimming of a centimeter of tubing from the end of the 

linear restrictor permitted the removal of the plug without affecting the extraction 

procedure or the plasma detection. Since linear restrictors are particularly susceptible to 

pressure gradients near the restrictor tip it is suspected that the use of an integral tapered or, 

other such restrictor design, might prove less susceptible to plugging with the interface. 

A second problem observed in these studies was the deposition of analyte on the 

inner surface of the glass ”T”, Figure 3.1. It is at this point the supercritical fluid extract is 

introduced into the plasma gas. Initially it seems unlikely that the smooth, clean miner 

surface of the glass “T”’ would provide a surface onto which analyte would deposit. The 

orthogonal introduction of plasma gas, relative to the restrictor flow, has provided adequate 

sample transfer to the plasma torch when employing SFC-MIP. However, an occasional 

visible build up of analyte would result if the SFE exit restrictor tip was placed too close to 

the sidewall of the glass “T”. It is interesting that prior to the deposition of the ferrocene 

was the appearance of a build up of a light “frost” of solid CO, which is suspected to play a 

role in the attraction of analyte to the glass surface. Careful positioning of the restrictor tip 

relative to the inner wall of the “T” essentially eliminated this problem of solute deposition. 

Heating the plasma gas prior to its encounter with the extract helped prevent the 

tremendous cooling of the expanding supercritical fluid thus, hindering solute deposition on 

the walls of the “T”’. 
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Eiffect of extraction pressure on system performance The dynamic extraction of ferrocene 

from spiked sea sand was performed at a range of extraction cell pressures. Complete 

extractions were achieved at 100 atm. This was determined as subsequent “blank” 

extractions yielded no Fe emission as detected by the 373.8 nm line. Extractions carried out 

at 200, 250, 300, and 400 atm did not yield a difference in peak height or extraction time. 

This is not surprising since the analyte ts only adsorbed onto the sand surface and does not 

require an enhancement of solvent strength (higher density) to be removed. While there 

was no visible difference in the extractograms resulting from the different extraction 

pressures the plasma did require a slight increase in Ar gas flow to accommodate the 

additional flow of CO, at pressures above 300 atm. Even with the higher solvating power 

of the extractant at higher pressures the restrictor still experienced plugging. 

Effect of extraction temperature on system performance It has been shown that extraction 

temperatures can have a significant effect on the quality of supercritical fluid extractions.” 

An array of extraction temperatures was employed in these studies to examine the effects 

on the extraction characteristics. As with the variable pressures applied an increase in 

temperature of the extraction cell from 40-100 °C resulted in no observable difference in 

extraction time or signal intensity. Again, since the analyte is simply adsorbed to the silica 

surface it is not likely that a change in solvating characteristics of the extractant 

(temperature) would effect the resulting extraction. It is important to note at this point that 

analysis of an analyte which 1s less soluble in supercritical CO, or which 1s incorporated in 

the sample matrix would most likely show significant changes in extraction characteristics 

with altered extraction characteristics with altered extraction pressures and temperatures. 
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Figure 3.1, Deposition of Analyte to Glass “T” 

51



Linearity of SFE-MIP Extractions of ferrocene were carried out at concentrations of 0.25 to 

. 1.0 pg/L. The analytical response of the Ar MIP to the different concentrations of 

extract is represented in Figure 3.2. All extractions were carried out at 225 atm CO,. Each 

point represents the average peak height of 4 replicate extractions, the error bars reflect the 

standard deviation of the replicates. The figure does not include the results achieved with 

0.8 or 1.0 ug/l. ferrocene in CH,Cl, due to unavoidable restrictor plugging and 

consequential nonreproducibility of the extractions carried out with these higher 

concentrations. As is indicated in the figure the linearity of this technique should be 

considered good in the range from 0 to 25 wg ferrocene. It is important to note that 

accurate determination of the pre-peak baseline was difficult since the plasma requires a few 

seconds to stabilize following the introduction of CO, and the ferrocene extract entered the 

plasma before the baseline was allowed to stabilized. As a result the peak height used to 

measure detector response was determined from the postpeak baseline which represents the 

stabilized Ar/CO, plasma. Due to the phenomena described above, measurement of peak 

area provided no further accuracy in representing the detector response. It is suspected that 

employment of an analyte that requires on the order of minutes to extract would afford a 

more accurate determination of the prepeak baseline and therefore a better representation 

of detector response. 

Repeatability The relative standard deviations (RSD) of the peak heights obtained 

from the extraction of ferrocene by observation of the Fe 373.8 nm emission line are as 

follows: 80 ppm Fe = 18% RSD, 160 ppm Fe = 16% RSD and 225 ppm Fe = 14% RSD. 

While SFE/GC analyses have yielded similar RSDs for certain compounds extracted from 
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alumina it is believed that an increase in the number of extractions and better baseline 

determination and the use of integral restrictors will allow more reproducible SFE-MIP 

results to be achieved, Figure 3.3. 

IRON IIT TRIFLUQOROACETYLACETONATE EXTRACTION 

In order to determine the feasibility of the extraction and on-line detection of 

complexed metal compounds, the on-line extraction of Iron III Trifluoroacetylacetonate 

(FeTFA) was performed. In the initial ferrocene extractions, a decrease in sensitivity 

occurred when decompressed SF-CO, was introduced to the plasma. This can be seen in 

the dropping of the baseline that 1s apparent in the extractogram, Figure 3.4. Various 

techniques were employed to minimize this decrease in sensitivity. 

The first experiments were performed by generating a stable plasma with Ar. 

This resulted in a sharp decrease in the baseline and sensitivity upon the introduction of 

decompressed SF. Following the decompression a peak was observed indicating that the 

Fe(TFA), was extracted from the sample. A set of experiments was performed by 

introducing Welding Grade CO, into the plasma generation stream and generating a Ar- 

CO, plasma prior to introduction of decompressed SF-CO,. It was found that by 

introducing the CO, prior to decompression of the extraction fluid a more stable plasma 

resulted. The dip in the baseline and the resulting sensitivity loss did not occur. After this 

finding, a six-port switching valve was obtained which allowed the analyst to decompress 

the supercritical fluid into the plasma support gas prior to extraction of the analyte. Once a 

stable plasma was achieved it was possible to switch the valve and perform a dynamic 

extraction with minimal destabilization of the plasma. Dynamic extractions were performed 
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Figure 3.3, Ferrocene Extractograms. Signal from the elemental Iron contained in the 

Ferrocene spike. 
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for 30 minutes. Also, there was a resulting destabilization of the plasma as the 

decompressed SF-CO, and analyte entered the plasma. It was found that if the plasma was 

generated with decompressed SF-CO, already entrained with the plasma support gas it was 

possible to tune and match the resulting plasma thus maximizing stability and sensitivity, 

Figure 3.5. This was accomplished by employing a valve to allow SF-CO, to bypass the 

extraction vessel while the tuning and matching of the plasma occurred, Figure 3.6. Once 

the valve was turned SF-CO, and analyte was allowed to enter the plasma there was no 

adverse effects upon the plasma stability or sensitivity. As can be seen in Figure 3.7, there 

was an abundance of signal fluctuation which occurred when the analyte entered the 

analytical region of the plasma. This was due to deposition of the analyte at the restrictor 

tip. To combat this spiking effect the restrictor tip and plasma support gas lines were 

heated using a 200 W light bulb and heating tape, respectively, Figure 3.8. Although not all 

of the spiking of analyte was removed by this technique the signal profile was greatly 

improved, Figure 3.5. 

Summary 

Through modification to the SFE interface, and plasma conditioning, the direct 

introduction of supercritical fluid extract to an Ar microwave induced plasma has been 

achieved. The surge of supercritical CO, experienced by the Ar plasma, by nature of the 

extraction process, has been shown not to extinguish or destabilize the Ar discharge even at 

extraction pressures of 400 atm. Element specific detection of Fe in ferrocene extracted 

from sea sand has yielded a fairly linear response to concentrations of Fe from 0-225 ppm 

in CH,Cl,. While some analyte deposition occurred inside the restrictor and on the inner 
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During initial plasma 

generation and stabilization supercritical fluid CO, bypassed the extraction vessel. Once the 

plasma signal had stabilized the valve was rotated to allow for the introduction of 

supercritical fluid CO, and analyte to the plasma. 
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surface of the glass “TI”, minor modifications of the interface allowed quantitative SFE-MIP 

to be achieved. 

The on-line determination of FeTFA did not proceed as well as that for ferrocene. 

It was found that the heating of the SFE-MIP interface reduced the amount of analyte 

deposition that occurred at the interface. Interface heating also minimized the amount of 

signal spiking which occurred during analyte detection with the MIP. By introducing 

decompressed CO, during initial plasma generation and stabilization it was possible to 

enhance the signal intensity of the system. 

These studies also indicated that the current conditions were sufficient for the 

recovery of compounds which were relatively non-polar and inert to the extraction medium 

and analyte support (sea sand) that was not necessarily the case with the B - diketones, 

FeAcac and FeTFA. Extraction recoveries of these compounds are greatly dependent upon 

the chemistry occurring inside the reaction cell. Further experiments were performed 

(Chapters 4 and 5) to elucidate the conditions necessary for complete extraction and the 

chemistry occurring at the interface particle surface and the extracting medium. 
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Chapter 4 

Off-line Extractions 

The feasibility of spectroscopic detection of metal-complexes was determined 

during the initial studies described in Chapter 3. The next step was to determine the 

chemical and instrumental conditions necessary for the extraction of preformed metal- 

complexes. Two different chelated Iron complexes were spiked onto the sea sand: Iron (ITT) 

Acetylacetonate, FeAcac, and its fluorinated analog, Iron (IIT) Trifluoroacetylacetonate, 

FeTFA, see Figures 4.1 and 4.2. In this work, as in previous experiments, the iron chelates 

were spiked onto sea sand as the sand should have limited interactions with the chelate. For 

the following studies the spikes consisted of 250 uL of 1000 ppm (0.250 mg) iron complex, 

20 LL methanol, and 20 WL detonized water. 

Iron (III) Trifluoroacetylacetonate 

Sequential Extractions - Dynamic Extractions 

Here the analyte was subjected to dynamic extraction for a total of 20 minutes. At 

the end of the first five minutes the methanol trap was replaced with a second trap and the 

extraction proceeded for five more minutes. At the end of a ten minute extraction time the 

second trap was replaced with a third and the extraction was allowed to proceed for another 

ten minutes. This procedure resulted in a total dynamic extraction time of 20 minutes. 
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As can be seen in Figure 4.3 and Table 4.1, the extraction was complete during the 

first 5 minutes of dynamic extraction. This is obvious once the percent recovery for the 

first five minutes is compared to that of an entire 20 min extraction. Analysis was 

performed using Graphite Furnace Atomic Absorption Spectroscopy. 

Iron (IIT) Acetylacetonate 

Three studies were performed to determine the optimum operating conditions for 

the extraction of FeAcac: 1)Pressure Studies, 2) Trapping Studies, and 3) Secondary 

Modifier Additions. In all three experiments 20 WL of methanol was included as a primary 

modifying agent. 

Pressure Studtes 

The extracting ability of the supercritical fluid depends greatly upon the density of 

the fluid. Of the two most controllable parameters - temperature and pressure- pressure 

have the greatest effect upon the density of the fluid. It was also the variable most easily 

adjusted in the laboratory modified system. As stated in previous chapters, the SF-CO, has 

a critical pressure, P., of 72.9 atm. In order to maintain supercritical fluid characteristics it is 

necessary that the pressure be greater than P.. Extraction pressure was varied between 150 

and 250 atm to determine the optimum pressure for extraction for this study. As can be 

seen in Table 4.2 the optimum pressure was 150 atm, Figure 4.4. 
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Table 4.1, Sequential Extractions, FeTFA. Table of percent recovery and 95% 

confidence interval for different extraction times. 

  

  

  

  

  

    

Sample Percent Recovery 95% CLI. 

1) Control « 35.33 2.96 

2) 5 min - Total Extraction 29.61 6.02 

Time 

10 min- Total Extraction ND 

Time 

20 min- Total Extraction Or oo 

Time       

* Control: 250 WL of 3000 ppm FeTFA - 20 minute extraction 

Control vs 5 minute extraction: t..,(3.99) > trpte(2-45) 
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Figure 4.3, Sequential Extractions of FeTFA. Percent Recovery versus extraction times. 
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Table 4.2, Pressure Study, FeAcac. Table showing percent recovery and 95 % 

confidence interval for extraction of Iron Acetylacetonate. Liquid traps were maintained at 

a temperature of 0 °C. 

  

  

  

  

Pressure Percent Recovery 

150 Atm 14 

250 Atm 1     
n=3 
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Trapping Studies 

Once the optimum pressure was found, trapping conditions were explored to 

ascertain if the majority of sample loss was occurring due to trapping characteristics. Several 

experiments were performed to establish this: a) trapping temperature, b) volume of the 

trap, and c)single vs. dual trapping. 

The vapor point of methanol is 40 °C. The volatility of methanol (v.p. 40 °C) is 

much greater at 25 °C than at 0 °C. For this reason it was surmised that the chance of 

losing analyte due to vaporization of the solvent and solute would be less at 0 °C than 25 °C. 

A water and ice bath was prepared for the trap that would maintain a trap temperature of 0 

°C. As can be seen in Table 4.3 and Figure 4.4 the percent recovery was much greater at 0 

°C than 25 °C. 

Another concern was the trap volume, i.e., was 10 mL methanol sufficient for the 

trapping of the analyte. Two types of experiments were preformed. 

The first experiment employed a single 17 mL methanol trap. For this experiment a 

20 mL trap would have been preferred but the volume of the container restricted the 

volume of methanol to 17 mL. The percent recovery was lower with the liquid trap of this 

configuration, Table 4.4, Figure 4.5. A possible explanation for this phenomenon would be 

that the decompressing SF-CO, did not have a sufficient residence time in the methanol to 

ensure adequate mixing and analyte extraction or the decompressed SF-CO, passed through 

the trap it carried away some methanol-analyte vapor since there was not enough distance 

between the methanol and the trap vent. 
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The second experiment used two ten mL methanol traps in-line to test the 

possibility of insufficient residence time, Figure 4.6. The SF-CO, and analyte first 

decompressed into the first trap. The vent of the first trap (T1) was connected to a second 

trap (T2) of the same volume. If any analyte bypassed the first trap it would then be 

collected in the second trap. Both traps were cooled to 0 °C in a water-ice bath. As can be 

seen in Table 4.5 and Figure 4.5, trap T1 had 33.13% recovery while FeAcac in Trap T2 

was not detected. This indicates that single trap of 10 mL of methanol provides adequate 

interaction for the removal of the extracted analyte. 

Secondary Modifier Additions 

Another way of enhancing the extraction capabilities of SF-CO, is through the 

addition of polar modifiers to enhance the polarity of the fluid, thereby improving its 

affinity for polar analytes. Twenty uwL of 100% methanol was already being added to the 

system so another modifier was looked to for the enhancement of the extractability of the 

system. 

Wai ead. had employed detonized water in conjunction with 5% methanol modified 

SF-CO, for extraction enhancement.” Therefore, an experiment was performed whereby 

various quantities of detonized water were added to the system to effect extraction 

enhancement. Three different volumes of deionized water were added to the extraction 

along with 250 uL of analyte and 20 uL were added to the extraction vessel: 10 WL, 20 WL, 

and 30 wL. The 20 wL and 30 uL additions showed very similar extraction recoveries, figure 

4.4 and Table 4.6. 20 WL additions were chosen in the interest of minimizing the volume of 
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Table 4.3, Trap Temperature Study. Percent recovery of Iron Acetylacetonate 

employing liquid trap temperatures of 0 °C and 25 °C. 

  

  

  

  

Trap Temperature Percent Recovery 

0°C 14 

25 °C 2.5     

73 

 



Table 4.4, Trap Volume Studies, FeAcac. Percent recovery and 95 %o confidence 

interval for various liquid trap configurations. Trap 1 (10 mL) vs 17 mL Trap, t,.(4.97) > 

tupie(2-45) therefore, percent recovery greater with 10 mL liquid trap. 

  

  

  

  

  

Trap Percent Recovery 95% CLI. 

1) 10 mL Methanol 33.13 3.78 

2) 10 mL Methanol ND ND 

17 mL Methanol 26.23 5.28       

n=3 
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Figure 4.6, Dual Traps. Each trap configuration identical to that of single liquid trap. 

Both contained 10 mL HPLC grade methanol. T1 = Trap 1, T2 = Trap 2. 
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Table 4.5, Secondary Modifier Addition, Iron Acetylacetonate. Percent recovery 

associated with volume of deionized water employed as a secondary modifier. Twenty wL 

of HPLC grade methanol used as primary modifier. 

  

Volume of DI water Percent Recovery 

(20uL 100% Methanoi, primary modifier) 

  

  

    
10 pL 27 

20 uL 45 

30 wL 44     

TI 
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Figure 4.7, Secondary Modifier Addition. Percent recovery of Iron Acetylacetonate 

versus volume of deionized water employed as secondary modifier. 
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fluid modification. This increase in extraction maybe the result of water wetting the polar 

surfaces of the sand thereby decreasing the interaction of the iron chelate with the 

substrate. The lack of increase in percent recovery beyond 20 uL of water supports this 

hypothesis 

SUMMARY 

The results of the series of experiments described in this chapter indicated that the 

best extraction occurred under the following conditions: 150 atm, 80 °C, primary modifier - 

20 uL methanol, secondary modifier - 20 x deionized water. A single trap of 10 mL 

methanol held at a temperature of 0 °C was found to be sufficient in collecting the analyte 

which was extracted under the above conditions. The best extraction recovery was 45%. 

Chapter 5 will discuss experiments performed to understand the chemistry occurring inside 

the extraction vessel. 
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Chapter 5 

DECOMPOSITION OF IRON ITI ACETYLACETONATE 

As stated in the introduction section, an ideal extraction should possess an 

extraction efficiency of unity. However utilizing the supercritical fluid extraction conditions 

established in the work from Chapter 4 the best recovery of the FeAcac spike was found to 

be 45%. Chapter 5 presents results from experiments performed to establish the reasons 

for these low recoveries. These experiments examine the dependency of the extraction on 

instrumental design and pH. The experiments were: 1) The commercially available ISCO 

Supercritical Fluid Extraction system was used to establish any instrumental dependence of 

extraction recoveries. 2) Na,CO, was employed as a secondary modifier to establish a 

buffered extraction system. 3) Finally experiments were performed employing NH,OH to 

help increase the pH of the extracting system. 

ISCO SFE System 

In the first experiment a series of extractions was performed to determine tf there 

was a dependence of extractability upon the length of time that the spike stayed on the sand 

before extraction. A series of extractions was performed where the sample was spiked on 

the sand and the time period before extraction was no longer than 5 minutes. Similar 

extractions were performed upon identical samples that had been allowed to sit for 24 

hours. Each set underwent a 20 minute static extraction followed by a 20 minute dynamic 

extraction with supercritical CO, Table 5.1 and Figure 5.1. 
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Table 5.1, Time Study. Percent recovery and 95 % confidence interval of experiment 

studying the effect of time between spiking Iron Acetylacetonate onto sea sand and 

  

  

  

  

extraction. 

Period of Wait Percent Recovery 95 % CLI. 

0 hours 8.93 4.88 

24 Hours ND ND 

      

n=6 
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Figure 5.1, Time Study. Percent recovery versus waiting period of Iron Acetylacetonate 

spiked onto sea sand. 
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In this study, as in previous ones, spiking occurred at the inlet region of the 

extraction vessel where the SF-CO, enters the vessel. The ISCO extraction vessel was 10 

times larger than the Keystone vessel that had originally been used. This means that the 

amount of sand that the FeAcac could come into contact with was also much greater, thus 

producing the low results. The spike was pushed through the entire sand column, coming 

into contact with all of the active silanol sights before exiting the extraction vessel. The 

percent recovery of this method was 9 percent on the 5 minute wait and 0 percent with the 

24 hr wait. 

Temperature and pressure studies were performed to ensure the extraction 

conditions of this system. In this experiment the temperature was varied between 60 and 

100 °C while the pressure was also varied between 100 and 200 atm. This experiment was 

performed because SFE systems had been switched. Results of this served to reinforce the 

previous results. This was the first time extracting at 60 °C due to unreliable adjustments of 

temperature with the laboratory modified system. The recovery at 60 °C and 150 atm were 

55.85 % the best ever achieved, Figure 5.2 and Table 5.2. Table 5.3 statistically compares 

the recoveries obtained for this study. This illustrated the extraction data obtained from the 

laboratory modified system was reliable. Under the conditions of 80 °C and 150 atm, 

conditions identical to that of all previous experiments, percent recovery was found to be 

26.08 %. This result is comparable to the recovery of the laboratory modified system. 
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Table 5.2. Effect of Temperature and Pressure of Supercritical Fluid CO, on 

recovery of Iron Acetylacetonate. 

  

  

  

  

  

  

  

  

  

            

Temperature Pressure Percent Recovery 95% CLI. 

60 °C 100 Atm 28.55 13.37 

60 °C 150 Atm 55.85 12.06 

60°C 200 Atm 46.51 8.14 

80 °C 100 Atm 6.36 8.56 

80 °C 150 Atm 26.08 14.04 

80 °C 200 Atm 10.81 1.56 

100 °C 100 Atm ND ND 

100 °C 150 Atm ND ND 

100 °C 200 Atm ND ND 

n=3 
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Table 5.3 Temperature and Pressure Study Comparison 

Data 

Temperature Pressure t calc t table interpretation 

60 100 -7.1 2.45 different 

60 150 

60 150 . different 

60 200 

60 100 . different 

60 200 

80 100 . different 

80 150 

80 150 . _” game 
80 200 Se 

80 100 . different 

80 200 

60 100 - . different 

80 100 

60 150 . . different 

80 150 

60 200 . different 

80 200 

tcalc<ttable; no difference   
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Figure 5.2. Effect of Temperature and Pressure of Supercritical Fluid CO, upon 

Percent Recovery of Iron Acetylacetonate. 

86



Dynamic Extraction Studies 

For this study 1.00 mL of 1000 ppm FeAcac was spiked onto the sea sand at the 

outlet end of the extraction vessel, Figure 5.3. A series of dynamic extractions was 

performed upon the samples. Dynamic extraction was performed for 5 min, 10 min, and 

20 min. As can be seen from Table 5.3, and Figure 5.4 the largest quantity recovered 

occurred with a dynamic extraction of five minutes, 5 min = 31.58%, 10 min = 29.09 %, 

and 20 min = 23.46 %. 

The extracted solutions were also analyzed by a Lambda 3 UV-VIS Spectrometer. 

Peaks, indicative of the FeAcac complex, were observed at 430 nm and 348 nm. The 348 

nm line was utilized to determine the percent recovery as analyzed by UV-VIS 

spectroscopy. Spectra were collected by scanning the wavelength region of 700 nm to 200 

nm. Figure 5.5 shows the collected standard spectra of the following standards; 0 ppm, 1 

ppm, 5 ppm, 10 ppm, and 50 ppm. Figures 5.6 through 5.9 are spectra of 5 minute 

extraction, 10 minute extraction, and 20 minute extraction and a 1 mL spike of 1000 ppm 

FeAcac, respectively. All extractions were performed in triplicate. These data illustrate that 

the extraction occurred during the first 5 minutes. Sample was lost with the solvent while 

the solvent was blown out of the liquid trap, Table 5.4 and Figure 5.10, 5 min = 30.87 %, 10 

min = 34.78 %, 20 min = 24.64 %. 

Buffer and pH Studies 

It is important that complexation reactions occur in buffered systems to minimize 

the possibility of side reactions and to ensure that complexation occurs. Complexation 
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Figure 5.3. Schematic Diagram of ISCO Extraction Vessel, Outlet Spike Placement. 

This vessel was employed with the ISCO SFX - 210 extraction system. 
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Table 5.4, Dynamic Extraction Studies. Percent Recovery and 95 %o confidence interval 

of differing dynamic extraction periods. Sample was 250 wL of 1000 ppm Iron 

  

  

  

  

  

  

  

  

Acetylacetonate. 

Extraction ‘Time Percent Recovery 95 % CLI. 

5 min 31.58 10.01 

10 min 29.09 6.88 

20 min 23.46 3.36 

Comparison toate 2 Cable Data Interpretation 

5 min vs 10 min 0.96 : 2.45 same 

5 min vs 20 min 3.60 : 2.45 different 

10 min vs 20 min 3.44 : 2.45 different       
  n=3, tue > tape NO difference 
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Figure 5.4, Dynamic Extraction Studies. Percent recovery of Iron Acetyl acetonate vs 

dynamic extraction time. 
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Figure 5.5, UV-VIS, Standards 
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Figure 5.6, UV-VIS, 5 minute dynamic extraction. 
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Figure 5.7, UV-VIS, 10 minute dynamic extraction. 
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Figure 5.8, UV-VIS, 20 minute dynamic extraction. 
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Figure 5.9, UV-VIS, Spike



Table 5.5, Dynamic Extractions Performed by ISCO SFX - 210 Extraction System 

and Analyzed by Lambda 3 UV-Vis Spectrophotometer. Percent Recovery and 95 % 

Confidence Interval of were determined by the peak height at 430 nm. 

  

  

  

  

  

  

      

Extraction Time Percent Recovery 95 % CLI. 

5 min 30.87 12.83 

10 min 34.78 16.97 

20 min 24.64 9.05 

Comparison teac : treble Data Interpretation 

5 min vs 10 min -0.86 : 2.45 same 

10 min vs 20 min 1.86 : 2.45 same 

5 min vs 20 min 2.47 : 2.45 different     
  

n=3, tuic > tape NO difference 

96 

 



R
N
S
 

V
A
 

NSS 

 
 Asanoray 

y
u
a
1
a
d
 

20 min 10 min 5 min 

Extraction Time 

97 

Figure 5.10, Dynamic Extractions Performed by ISCO SFX - 210 Extraction System 

and Analyzed by Lambda 3 UV-Vis Spectrophotometer. Percent recovery versus 

extraction time.



reactions are also extremely pH dependent. Although some complexations may be 

performed at low pH; it is possible to extract Fe’’ with EDTA at a pH of 3; the majority 

occur at neutral or basic pH’s. 

In order to understand the extraction chemistry occurring inside the extraction 

vessel it is necessary to look at the soil particle a little more closely. The soil particle 

contains a core primarily composed of silicate material, see Figure 5.11. Amorphous metal 

hydroxides coat this material. The oxygens of the hydroxide groups contain the negative 

charge that attracts the metal cations. The next layer surrounding the particle is one of 

water. Metal cations that are introduced to the sediment become surface bound species by 

forming metal coordinate covalent bonds. In order to extract these sorbed metals it is very 

important that the metals have a greater affinity for any extracting agent present in the 

system than for the soil particle. As CO, 1s introduced it is solubilized by the water layer to 

form carbonic acid, H,CO,;. This increases the acidity of the extraction system to ~ 3.2. 

The increased acidity will reduce the amount that the complexing agent (HL) will dissociate. 

This means that there will be less L’ present to react with the metal ions (M’). 

For an explanation of this, it is important to understand the role pH plays in 

complexation reactions of FeAcac. Calculations were based upon the overall formation 

constant of FeAcac to determine the speciation of the Iron containing species present. The 

following B (Dissociation Ratios) values were determined, Table 5.5. 

These values indicate that Iron III readily forms a stable tris complex with 

acetylacetonate. For an understanding of the extraction recoveries associated with the 

supercritical fluid extraction of the FeAcac it is important to consider the pH of the 
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SF COQ2 
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a) HOO +CO2 “*—” H2C03 
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Figure 5.11, Soil Particle 
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Table 5.6, Dissociation Constants For FeAcac. Determined from the overall formation 

constant of Iron Acetylacetonate. 

  

  

  

  

    

Iron Species B- values 

Fe™ 1.86 * 10” 

Fe(Acac)” 3.51 * 10° 

Fe(Acac),”" 1.05 * 10” 

Fe(Acac), 1     
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extracting system and the pK, of acetylacetonate (Hacac). Because all complexing reactions 

are pH dependent, pH adjustment and control are necessary in order to optimize the 

extraction.** Assuming that the solubility of CO, in the water layer’s associated with the 

surface of sands the pH of aqueous CO, 1s 3.2 and the pK, of acetylacetonate is 9.0 By 

employing the Henderson-Hasselbach equation it is possible to determine the effect of pH 

upon the extraction. For the reaction: 

HAcac <> H* + Acac™ 

Henderson - Hasselbach: 

| Acac ] 
H = pK, +log ———— 

PIA Pa 18 | ir Acac] 

32-90 + log Ae tL 
eee rs [ HAcac] 

58=1 [ Acac ] 

B= 198 [HAcac] 

10°58 [Acac | 

[ HAcac] 

[ Acac ] “6 
= 158 x 10 

[HAcac] * 
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The value of this ratio indicates that although the B values are very favorable for the 

formation of Fe(Acac), the extracting environment is simply too acidic to allow the 

complex to remain stable. At a pH of 3.2 the complex decomposes and Fe** is deposited 

onto the solid and unable to be removed by the extracting fluid. 

Trifluoroacetylacetonate is not a feasible complexing agent for SFE of sorbed metal 

[ZFA ] 
contaminants for the same reason. With a pK, of 6.7 the value of the ratio [HIFA] 1s 

316x107. 

For the reasons stated above, studies were performed to buffer, with 0.1 M Na,CO,, 

and to increase the pH of the extracting solution, with 0.1 M NH,OH. In the first 

experiment 20 WL of 0.1 M Na,CO, was added to the extraction vessel. The FeAcac 

recovery was very similar to the recovery with identical volumes of deionized water. During 

the static phase of the extraction the extracting solution may very well have been buffered. 

But, once the valve was opened and the extraction entered the dynamic phase any buffering 

was lost due to the depletion of Na,CO,. Under dynamic extracting conditions the 

expected Supercritical fluid flow rate through a 50 fm open tubular column is 0.01 

mL/min.2° As the SF-CO, passes through the extraction vessel it dilutes and depletes the 

modifying agent. Since the amount of Na,CO; 1s finite (only 20 uL) it does not take long 

for the extracting solution to lose any of its buffering characteristics. As the data indicates 

the extraction recoveries were no better with 20 uL of 0.1 M Na,CO, than they were with 

an identical volume of deionized water; see Tables 5.7, 5.9 and Figure 5.12. 
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Table 5.7, Recovery of Iron Acetylacetonate by Supercritical Fluid CO, when finite 

quantities of modifiers were added to the extraction vessel. Deionized water versus 0.1 

  

  

  

          

M Na,CO,. 

Modifier Percent Recovery 95% CI. 

Methanol / Deionized 45 10 

Water 

Deionized Water 30.75 10.44 

0.1 M Na,CO, 29.03 11.15 

n=3 
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Figure 5.12, Percent Recovery versus Type of Secondary Modifier Employed to 

Enhance Extraction Capabilities of Extraction System. 
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Tables 5.8, 5.9 and Figure 5.13 presents data obtained when 20 uL of 0.1 M 

NH,OH was employed as a secondary modifier for the extracting system. As the data 

indicate the analyte recovery decreased dramatically with the introduction of NH,OH to the 

extraction vessel. As stated previously, FeAcac decomposes into Fe*3 and Hacac at a pH of 

3.2. If the ammonia is not neutralized with H,CO,, the excess NH; will react with Fe*’ to 

form the brown precipitate Fe(OH); which deposits to the sea sand and is not extractable 

under the present conditions. Recoveries were even poorer when methanol and NH,OH 

were both employed as extraction modifiers due to the increased amount of OH present in 

the extraction vessel. 

To determine the instrumental dependence upon previous results, extractions 

employing a commercially available system were performed. Na,CO, and NH,OH were 

employed to enhance the extraction of the preformed chelate. There are two reasons for 

the results of these experiments. The purpose of the experiment was to produce a buffered 

system whereby the pH of the extraction would remain basic. This would prevent the 

FeAcac from decomposing thus enable efficient removal of the spike. 

The recovery with the Na,CO, was similar to those when deionized water was the 

modifier, Table 5.9 . Under dynamic conditions the limiting factor to syste buffering was 

the amount of buffering agent available. Flowing SF-CO, depleted the available Na,CO, in 

the extraction vessel. Therefore the extraction vessel became more acidic as time 

progressed.



Table 5.8, Percent Recovery of Iron Acetylacetonate when NH,OH is Employed as a 

Secondary Modifier to Increase the pH of the Extraction System. 

  

  

  

  

  

Modifier Addition Percent Recovery 95% C.I. 

Methanol 42.61 10.73 

NH,OH 22.64 7.27 

NH40H + Methanol 11.40 4.82       

n=6 
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Figure 5.13, Percent Recovery of Iron Acetylacetonate versus Type of Modifier. 

Ammonia (0.1 M) employed to increase pH of extraction conditions. 
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Table 5.9: Comparison of Percent Recoveries Obtained from Employing Various 

Extraction Condition Modifiers. 

  

  

  

  

  

  

  

    

Modifier 1 Modifier 2 Fi r.. Data 
Interpretation 

a) MeOH /H,0 | DI H,0 4.90 4.757 different 

a) MeOH /H,0 | Na,CO, 6.03 4.757 different 

a) DI H,0 Na,CO, 0.13 9.277 same 

b) MeOH/H,0 | MeOH + 42.10 4.284 different 
NH,OH 

b) MeOH/H,0 | NH,OH 14.21 4.284 different 

b) NH,OH MeOH + 9.94 4.284 different 
NH,OH 

a) MeOH/H,0 | b) MeOH/H,0 0.18 4.284 same             

Fine > Faye = Values are different 
a) Na,CO, Modification Data (see table 5.7) 
b) NH,OH Modification Data (see table 5.8) 
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Summary 

The results of this chapter indicate that the reasons for the low percent recovery of 

FeAcac, 55.85% at 60 °C and 150 atm, is the acidity of the extracting medium. The overall 

formation constants (K,) of FeAcac indicate that the tris complex is the most stable form. 

But the pK, of the Acetylacetonate ligand indicates the acidity of the extracting medium will 

decompose the FeAcac. In the presence of aqueous ammonia the Fe*? present will 

precipitate as Fe(OH), and the percent recovery will be further reduced. Chapter 6 will 

provide the conclusions reached in this research and state the requirements necessary for 

the realization of Supercritical Fluid Extraction of sorbed metals 
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Chapter 6 

CONCLUSION 

The purpose of this dissertation research was to evaluate the possibility of extracting 

sorbed metal contaminants from soil using supercritical fluid CO,. Through this research it 

was found that the determination of metal species employing a CO, modified MIP-AED 

system is possible. On-line extraction of Ferrocene and Iron II Trifluoroacetylacetonate 

was successfully performed. Ferrocene was able to be extracted from sea sand with minimal 

difficulty and with good reproducibility and linearity of signal. 

On-line analysis of ferrocenc was possible by employing a novel SFE-MIP interface 

design. While complete analyte recovery was accomplished during the extraction of 

ferrocene, recoveries involving FeAcac and FeTFA were not complete. For this reason 

experiments were performed which probed the relationship between extraction cfficicncy 

and the chemistry occurring inside the cxtraction vesscl. These studics also indicated that 

the current conditions were sufficient for the recovery of compounds which were rclatively 

non-polar and incrt to the extraction mcdium and analyte support (sca sand) that was not 

necessarily the case with the B - diketones, FeAcac and FeTFA. Extraction recovery of 

these compounds are greatly dependant upon the chemistry occurring inside the reaction 

cell. 
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While the extraction of FeTFA was possible the signal intensity was much less than 

that for Ferrocene, due to inefficient extraction. Even though some analyte deposition 

occurred inside the restrictor and on the inner surface of the glass “T” minor modification 

of the interface allowed quantification of the metal species present in decompressed SF- 

CO.. The low signal intensity when extracting FeTFA indicated a need for new research to 

be performed that would optimize the extraction conditions. 

It was determined that with minor modifications of the extracting solution, addition 

of 20 uL methanol and 20 uL deionized water, it was possible to extract 45% of the iron III 

acetylacetonate analyte. For purposes of quantification it is preferable to achieve better 

recovery than 45%. For this reason experiments were performed to understand why the 

recovery was so low. A commercial system was employed to help minimize the possibility 

of instrumental problems. Also extractions were performed to help understand the 

chemistry occurring inside the extraction vessel. The commercial system confirmed the 

results of the laboratory modified system. This indicates that the problems associated with 

extraction recovery were not instrumental in nature. Extraction were performed employing 

Na,CO, and NH,OH addition in order to increase the basicity of and the buffering capacity 

of the supercritical fluid extractant. 

Results involving Na,CO, as a secondary modifier showed no improvement over 

recoveries seen when deionized water was employed. This was primarily due to the 

depletion of Na,CO, as SF-CO, flowed through the system. When employing NH,OH (aq) 

as a secondary modifier the recovery of the analyte actually decreased. This was due to the 

interaction between aqueous ammonia and Fe III producing the Fe(OH), precipitate. 
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Calculations involving the pK, of acetylacetonate and trifluoroacetylacetonate at a pH of 3.2, 

the pH of SF-CO,, essentially all of the chelating ligand will decompose, releasing the Fe” 

which will deposit onto the sea sand. Supercritical Fluid CO, will not extract Fe** due to 

the low polarity of the SF-CO,,. 

Under the current extracting conditions supercritical fluid extraction of sorbed metal 

contaminants is possible, but does not offer the high recoveries preferable for an analytical 

technique. SF-CO, works very well as an extractant for organic compounds but due to the 

polarity of metal ions it is not suited for metal determinations. 

In order for the Supercritical Fluid Extraction - Atomic Emission Detection of 

sorbed metal contaminants to be realized, more research will have to be performed to 

understand the chemistry occurring inside the extraction vessel. A complexing agent must 

be found that has a pK, which will more closely match the pH of the extracting solution. 

When performing complexation extractions it is important that the system remain buffered 

to reduce the influence the acidic extracting fluid has upon the system. The complexing 

agent must have a greater affinity for the sorbed metal than the metal has for the soil. It 

may be necessary to employ a modifying agent which is a complexing agent itself. This will 

ensure that there ts sufficient complexing agent present for extraction of the analyte to 

occur. 

Once these criteria have been met it will be possible to determine sorbed metal 

contaminants by SFE-AED. This method will reduce the time for analysis, decrease the 

chance of sample contamination, increase the safety and reliability of the technique. 
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APPENDIX: A 

Evaluation of a Water-Cooled Microwave Induced Plasma Torch 

One of the problems with spectrochemical determinations using the MIP 1s the 

inability to entrain sample into the center of the microwave discharge. The current torch, 

seen in Figure A.1, introduces sample to the plasma with the support gas stream and sample 

skirts the outside of the plasma. A MIP discharge tube was constructed which would allow 

more sample to be excited by the plasma. This plasma has much smaller radius so the 

sensitivity should be higher. Table A.1 contains a list of the components this torch was 

manufactured from. 

A hole was drilled, and tapped for 1/16” threads, into the 4” union as shown in 

Figure A.1. The hole was centered on the same axis as one of the '/s” connectors. This 

allows the discharge tube to go through the center of the water jacket without touching the 

inside walls. The water jacket allows the discharge tube to remain below its melting 

temperature. 

Plasma Generation: 

With this torch it was possible to ignite Ar and He plasma discharges. In order to 

generate a He plasma it was necessary to first generate an Ar plasma and then slowly 

introduce He until the Ar plasma ignited a He plasma. Table A.2 shows the conditions and 

characteristics of the two plasma discharges. 
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The Ar discharge was a pale blue plasma plume 7.5 cm long. It was sustained with a 

gas flow rate of 1 L/min at a forward power of 65 mA, with minimal reflected power. The 

translatable antenna probe penetrated 75 % of the distance from the outer edge of the 

cavity to the center of the resonance cavity. The quartz rod was not necessary for the 

generation of a stable plasma. The He Plasma required a gas flowrate of 3.1 L/min and a 

forward power of 110 mA for plasma generation to occur. The geometry of the translatable 

antenna probe and Quartz rod was identical to that required for the Ar discharge. The He 

discharge was 9.5 cm long and had an orange center with brilliant pink tails on either end of 

the discharge. The orange discoloration was due to the excitation of the silicon contained 

in the quartz discharge tube. He plasma generation was limited to about an hour before the 

inner quartz tube broke. 

Sample Introduction: 

Attempts were made to introduce sample into the plasma gas after the plasma had 

been generated through a “T” into the plasma gas line. At first sample was attempted to be 

introduced ito the plasma gas line strictly by the gas entering the torch. The back pressure 

on this system was so great that the plasma gas entered the sample inlet line. It was then 

attempted to introduce sample with a peristaltic pump. The pressure was so great with this 

system that the plasma gas inlet line kept being blown off. 
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Table A.1 : Components for Water-Cooled Torch 

  

Component Model/Size Manufacturer 
  

Quartz Tubing: Quartz Plus, Inc. 

A) 1.3 mm x 2.5 mm 

B) 2mm x6 mm 

  

  
Nylon End Fittings : Swagelok Dibert Valve and Fitting 

A) 4 “ elbow union NY-400-9 Co., Inc. 

B) 1/16” x 1/16” male NY-100-1-1 

connector       
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Figure A.1: Water-Cooled MIP Torch. Manufactured in laboratory. 
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Table A.2: Water-Cooled Discharge Characteristics 

  

  

  

  

  

  

  

  

  

  

Argon Helium 

Flowrate at Ignition 1.0 L/min 3.1 L/min 

Minimum Flowrate 9.5 mL/min 2.3 L/min 

Forward Power at Ignition 65 mA 110 mA 

Max Forward Power at 100 mA 105 mA 

Minimum Flowrate 

Reflected Power at 1.30 pA 0.8 LA 

Ignition 

Reflected Power at Max. 200 LA 10 pA 

F. P. and Min. F.R. 

Quartz Rod No No 

Probe Penetration 75 %o 75 Yo 

Length of Plasma Plume 7.5 cm 9.5 cm 

Plasma Color Pale Blue         Orange Center 

Brilliant Pink Tails 
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Summary 

Due to the immense pressures associated with this system aqueous sample 

introduction is not possible. This torch would be suitable for gaseous sample introduction, 

such as supercritical fluid introduction. The constrained plasma would allow for better 

entrainment of sample into the microwave discharge. This will increase the amount of 

analyte excited by the plasma discharge. By increasing the analyte signal while maintaining 

lower background signal the sensitivity of the system will increase. 
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