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The Supercritical Fluid Extraction (SFE) technique was

used to fractionate Suwannee River reference fulvic acid

(FA). The fractions were characterized by gas

chromatography (GC) and reversed-phase high performance

liquid chromatography (RP-HPLC).

A SFE fractionation method was developed using stepwise

gradient of supercritical CO2 and methanol. Three FA

fractions were separated. The average mass recovery was

102% with the coefficient of variation of 2.8%. The

fractionation dynamics and the difference in the ratios of

UV absorption to fluorescence emission indicate the real

fractionation of the FA.

The HPLC chromatographic peak patterns and the spectra

of the corresponding peaks were almost indistinguishable.

The overall results of this research support the argument

that FA exhibits polymer-like molecular structure.
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CHAPTER I

INTRODUCTION

Humic substances (HS) are organic materials in the

environment that result from the decomposition of plant and

animal residues but that do not fall into any of the

discrete classes of compounds such as proteins,

polysaccharides, and polynucleotides. Humic substances are

ubiquitous, being found in all soils, sediments, and waters.

Although humic substances are known to result from the

decomposition of biological tissue, the precise biochemical

and chemical pathways by which they are formed have not been

clearly elucidated (1).

Three major categories of humic substances are defined

in terms of their solubilities in water (2):

(A) Fulvic acid (FA): the fraction of humic substances

that is soluble under all pH conditions.

(B) Humic acid (HA): the fraction of humic substances

that is not soluble in water under acidic

conditions (pH<2), but becomes soluble in higher-

pH solutions.

(C) Humin: the fraction of humic substances that is

not soluble in water at any pH condition.

1
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As the major component of aquatic organics, aquatic

humic substances are composed of amorphous, brown or black,

hydrophilic, acidic, polydisperse substances. While the

substances are not considered to be harmful to human health

so far, they are known to exert notable impacts on many

problems and processes of environmental importance.

Aquatic humic substances produce a great influence on

the fates of hazardous pollutants:

(A) Aquatic humic substances can associate with highly

hydrophobic organic contaminants, such as

chlorinated pesticides, which will increase their

solubilities in water and enhance their mobilities

and persistence (3).

(B) Aquatic humic substances can act as ligands which

complex with toxic metals, including

radionuclides. Chelate formation is a major

concern because of their stabilities and

solubilities in water (4).

Aquatic humic substances deteriorate many water

treatment processes:

(A) Chlorination of water containing aquatic humic

substances results in the formation of

trihalomethanes (THMs) and high-molecular-weight

organohalides, known carcinogens or mutagens (5).

(B) Aquatic humic substances disturb coagulation,

activated carbon sorption, ion-exchange, and
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membrane processes for water treatment (1,6).

(C) Fulvic acid is reported to be the precursor of

odorous compounds in ozonated waters (7).

In order to acquire a better understanding of the

mechanisms of those influences mentioned above, extensive

research efforts have been made in recent years to identify

the chemical and physical properties, and structural

features of humic substances.

I-1. Structural Studies on Humic Substances

Various techniques and instrumentation were employed in

the structural studies on humic substances, from simple

titration and gravimetrical methods to up-to-date

instrumentation, such as 'H, '3C NMR and MS, etc. (8,9).

Some of the studies are extensively discussed in Reference

(8).

It has been generally accepted that humic substances

consist of a heterogeneous mixture of macromolecular

compounds. These compounds possess different structural

features and can not be represented by a single structural

formula. Even within each category of humic substances, the

structural features can differ according to their origins in

the environment (e.g. soil, sediment, fresh and marine

waters, etc.) and geographic locations.
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The preponderance of evidence indicates that FA behaves

like linear flexible polyelectrolytes that are readily

aggregated at low pH with the aid of hydrogen bonding, Van-

der Waals interactions and interactions between the n

electron system of adjacent molecules (10). At pH values

between 2-3, FA occurs as elongated fibers and bundles of

fibers with a relatively open structure. With increasing

pH, the fibers tend to mesh into a woven network yielding a

sponge-like structure (11). In other words, although not

proven conclusively, the possibility of the polymer-like

structure in FA macromolecules has been suggested. The

carbon skeleton of FA consists of a broken network of poorly

condensed aromatic rings with an appreciable number of

disordered aliphatic chains and alicyclic structures (11).

In contrast to HA, FA is known to have lower molecular

weight and contain more oxygen but less carbon and nitrogen

(10). Moreover, all the oxygen in FA can be accounted for

the oxygen content in the three functional groups (COOH, OH,

C=O); whereas a high proportion of the oxygen in HA occurs

as structural components of the nucleus (e.g., in ether or

ester linkage) (10). Thus, FA molecules are more polar and

acidic than HA molecules.

Although new information on the structural features of

FA has been developed, further research is necessary to work

out the detailed structural model of FA.



Generally, two methodologies have been applied to

explore the chemical structure of humic substances: the

degradative approach and the nondegradative approach.

In the degradative approach, humic substances are

chemically or physically broken down into identifiable

compounds which can be related to the original

macromolecular structures. The reactions used for the

degradative studies include oxidation, reduction, pyrolysis,

hydrolysis, methylation, and microbiological degradation

reactions.

The nondegradative approach seeks to employ techniques

which allow structure determination without chemical and

physical alteration of the analyte. These techniques

include spectrometric methods (such as Uv/Vis, IR, ESR, and

NMR), X-ray analysis, chromatography, electron microscopy,

electron diffraction, and titration methods (12).

The nondegradative approach is superior to the

degradative approach in its capability to offer direct

structural information. However, if a humic substance

mixture has not been previously isolated or fractionated

into "pure" components before structural determination, the

data thus produced are "averaged" and therefore less

specific. For instance, the UV spectrum of an

unfractionated FA sample represents the sum of the spectral
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response of many components of the FA. Data of this kind

are often difficult to interpret and evaluate.

Many separation techniques have been applied to

fractionating humic substances based upon the differences of

physical or chemical properties between their components.

Size-fractionation is one of the methods to study

physical properties, such as molecular weight, size, and

shape of humic substances. The techniques used include

ultrafiltration (9), ultracentrifugation (13), gel

chromatography (14), and electrophoresis (15). After the

size-fractionation, each isolated fraction can then be

tested for other physicochemical properties in addition to

the size and molecular weight.

More fractionation work was done based on the

differences in chemical properties. Kipton et al. (16)

fractionated HA by changing the solution pH and ionic

strength. Watanabe and Kuwatsuka (17) fractionated FA with

insoluble polyvinylpyrrolidone (PVP) adsorbent. Frimmel et

al. (18) fractionated humic substances with gel permeation

and C,8 HPLC columns.

Saleh et al. (19) developed preparative HPLC

methodology with C1 columns and fractionated FA into two

fractions, a hydrophilic fraction and a relatively

hydrophobic fraction according to their different

polarities. Each fraction was then separated into several

constituents by analytical HPLC. That was the first time
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that as many as 15 individual constituents of underivatized

FA were separated by analytical HPLC.

However, the liquid chromatographic fractionation

methods have some inherent problems and pitfalls. The first

one is the low recovery, which results in poor

representation of the original samples and consequently less

significance of the results. The second one is the possible

contamination or degradation of the samples during the

separation. The third one is the possible interaction

between the solvent and the fractionated samples after the

separation.

1-2. Supercritical Fluid Extraction Technique

Supercritical fluid extraction (SFE) has been widely

used for extraction of complex organic mixtures from

different matrices, such as solids, agricultural products

and biological samples (20). SFE technique utilizes the

solvation ability of the supercritical fluid (SF).

Supercritical Fluid

A substance can exist in three states: solid, liquid,

and gas as illustrated in Figure I-1, a phase diagram of

carbon dioxide, as an example. Depending on the temperature

T and the pressure P, three different states can be
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distinguished. At the triple point (tp), all three states

can coexist. Above the critical point which is described by

critical temperature TC and critical pressure PC, a

difference between the gaseous and liquid states can no

longer be observed. The substance under this condition is

defined as supercritical fluid, which corresponds to the

shaded region in the diagram.

Figure I-i. Phase diagram for carbon dioxide.

Table I-1 shows a comparison of some relevant physical

properties among supercritical fluids, gases, and liquids.

In general, densities of SFs are similar to those of

liquids, and the resultant intermolecular interac.ions in

t Supercritical
Fluid

EI

P73 --

Liquid
Solid

Gas

31
Tec

T/"C
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Table I-1. Comparison of physical properties among gas,
supercritical fluid, and liquid (21)

--------------------------------------------------------

Phase Density Viscosity Diffusivity
(g mL- 1) (poise x 10- 4) (cm 2 s~ 1)

Gas (0.6-2.0)x10-3  0.5-3.5 0.01-1.0

Supercritical 0.2-0.9 2.0-9.9 (0.5-3.3)x10-4
fluid

Liquid 0.8-1.0 30-240 (0.5-2.0)x10 5

--------------------------- ----------------------

SFs are therefore closer to those in liquids. However, the

viscosities and diffusion coefficients of SFs remain

intermediate between those of the gases and liquids. These

properties of SFs allow rapid mass transfer of solutes

compared with those of liquids.

The unique feature of SFs as solvents is that the

solvent power of the fluid is directly related to density,

which can be varied easily as a function of pressure and

temperature. In the vicinity of the critical point, large

density changes can be produced with either relatively small

pressure or temperature changes. Figure 1-2 exhibits the

density-temperature-pressure relationship of supercritical

carbon dioxide (22).

Along with the proper solvating properties, SFs are

considered superb solvents for extraction and chromatography
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Figure 1-2. Density-temperature diagram for CO2 (22).
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purposes, i.e. in supercritical fluid extraction (SFE) and

supercritical fluid chromatography (SFC).

Many fluids have relatively low critical temperatures

that enable SFE or SFC to work at comparatively mild

temperature. The characteristics of a number of fluids with

potential use as SF solvents are summarized in Table 1-2.

Among those fluids listed, carbon dioxide is by far the most

popular solvent for SFE and SFC because of:

(A) its low critical temperature and moderate critical

pressure,

(B) availability in high purity at low cost,

(C) inertness, non-toxicity, non-flammability, and

not-explosiveness.

Supercritical Fluid Extraction

The solubility enhancement of low vapor pressure solids

in SFs was first reported by Hannay and Hogarth in 1879

(23). During the mid 1900s, numerous industrial

applications of SFE were developed (24). It was not until

mid 80's that the use of SFE for analytical purposes

attracted much attention. Consequently, the amount of

research, development, and applications in SFE has been

growing very rapidly.

Dissolution of analytes into the fluid is the basis of

SFE. The solubility parameter theory provides the most
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Table 1-2. Characteristics of some SFs (25)

B.p. () Critical point data
Compound at 1 atm Tc ( C) P (atm) d (g /mL )

Ammonia -33.4 132.3 111.3 0.24

Benzene 80.1 288.9 48.3 0.302

Carbon Dioxide -78.5a 31.3 72.9 0.448

Dichlorodifluoromethane -29.8 111.7 39.4 0.558

Diethyl ether 34.6 193.6 36.3 0.267

Dichlorofluoromethane 8.9 178.5 51.0 0.522

Ethane -88.0 32.4 48.3 0.203

Ethanol 78.4 243.4 63.0 0.276

Isopropanol 82.5 235.3 47.0 0.273

Methanol 64.7 240.5 78.9 0.272

Methyl ethyl ether 7.6 164.7 43.4 0.272

n-Butane -0.5 152.0 37.5 0.228

n-Heptane 98.4 267.0 27.0 0.235

n-Hexane 69.0 234.2 29.6 0.234

n-Pentane 36.3 196.6 33.3 0.232

n-Propane -44.5 96.8 42.0 0.220

Nitrous oxide -89.0 36.5 71.4 0.457

Sulfur dioxide -10.0 157.5 77.6 0.524

Trichlorofluoromethane 23.7 196.6 41.7 0.554

Water 100.0 374.4 226.8 0.344

a Sublimation point
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convenient theoretical approach to obtaining information

about the solubility of an analyte in SF (26). Solubility

of an analyte in fluid depends on the properties of both the

fluid and the analyte.

Primarily dominated by its polarity and density, the

solvent power of a SF can be expressed in terms of the

solubility parameter S, the square root of the energy

content of the fluid per unit volume relative to the ideal

gas state,

E
82=- -- (I-i)

V1

where E is the cohesive energy for 1 mol (in cal/mol) and V1

is the molar volume (in cm3 /mol). The unit for S1 is

cal"/2/cm312.

Giddings et al. (27) has applied the theory to

quantitatively describe the solvent power of dense gases,

S1 = 1.25 x (p)1/2 x (1-2)
Pr,i

where S1 is the solubility parameter of the dense gas, P is

the critical pressure at Atm, Pr,g is the reduced density of

the gas and Pr,1 is the reduced density of the corresponding

liquid.
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The solubility of a compound in SF can also be

approximated with the solubility parameter (6),

AH

622 (1-3)
V2

where AH is the heat of vaporization and V2 is the molar

volume of the solute.

An expanded approach was developed to calculate the

conditions needed to achieve maximum solubility of the

analyte in SFs (28). According to this method when the

solubility parameters of a SF and a solute are about the

same, sufficient solubility of the solute in the SF can be

expected. The same is true for solutes in liquid solvents.

Although many calculation methods have been developed,

in practice the SFE extraction conditions tend to be chosen

empirically. The reasons are that calculation of the

theoretical values requires a large number of physical and

chemical parameters, and is usually complicated, while the

calculation results are often merely rough approximations.

In particular, the sample matrix effect is often unknown and

the time available for obtaining the analytical results is

often limited.

The solvating power of a SF can vary dramatically from

that of gas-like to that of liquid-like by changing the

pressure and/or the temperature. This character of SFs

makes selective SFE extraction and SFE fractionation

possible.
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The typical solubility parameter values of some SFs are

listed in Table 1-3, together with the solubility parameters

of some liquid solvents as a comparison. It can be noticed

that the solubility parameters of most fluids with moderate

critical temperatures are close to, or less than those of

C5-C7 n-alkane liquid solvents.

Supercritical carbon dioxide has the solubility

parameter of 7.5 at P/Pc=2 and T/Tc=1.02, which is similar

to that of n-heptane in the liquid phase. The solubilities

of some solutes in supercritical carbon dioxide have been

experimentally studied by Stahl et al. (29). Typically

lipophilic organic compounds of relatively low polarity and

benzene derivatives with up to three phenolic hydroxyls or

one carboxyl and two hydroxyl groups were extractable. More

strongly polar substances could not be extracted below 400

atm.

For extracting polar analytes, mixed fluids can be

used. In this case, some polar solvents: usually referred

to as modifiers, are added into the primary SF to increase

the overall polarities and the dissolving power of the

fluid. This approach is widely used because of the absence

of realistic polar single-component fluid for SFE.

Carbon dioxide is the most popular primary component in

mixed fluids for SFE. Many modifiers have been used in

combination with carbon dioxide. Table 1-4 shows a listing
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Table 1-3. Solubility parameters of selected supercritical
fluids (30) and liquid solvents (31)

Supercritical
fluid

Sa

(cal-"2 )
Liquid
solvent

s
(cal-' 2 )

Helium 1.0 Perfluoroalkanes 6.0

Nitrogen 4.7 n-Pentane 7.1

n-Hexane 4.9 n-Heptane 7.4

Diethyl ether 5.4 Diethyl ether 7.4

Ethane 5.8 Ethyl acetate 8.6

Xenon 6.1 Toluene 8.9

Tetrahydrofuran 6.2 CHC 3l 9.1

Acetonitrile 6.3 Benzene 9.2

Nitrous oxide 7.2 CH2C1 2  9.6

2-Propanol 7.4 Tetrahydrofuran 9.9

Carbon dioxide 7.5 Acetonitrile 11.8

Methanol 8.9 Methanol 12.9

Ammonia 9.3 Formamide 17.9

Water 13.5 Water 21.0

ca P/Pc= 2, T/TC = 1.02.
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of various modifiers that have been used in supercritical

fluid technology.

The most commonly used modifiers are alcohols.

Mixtures of methanol and carbon dioxide are especially

frequently used. These two solvents are completely miscible

at all compositions just below the critical point (32).

Few experimental data are available on the critical

properties of modified fluids. Moreover, the reported data

(32) often refer to pressure-temperature (critical) curves,

without mention of the composition.

There exists a number of methods for calculating the

critical properties of mixtures (33). Pitzer et al. (34)

developed three-parameter calculation method for volumetric

and thermodynamic properties of fluids. Lee and Kessler

(35) modified the method with increased accuracy and

expanded application ranges of Tr = 0.3 to 4 and Pr = 0 to

10 (Tr = T/TC as reduced temperature, Pr = P/Pc as reduced

pressure). With Lee's approach or even some more

complicated iterative method (36), however, .the properties

of supercritical mixtures can only be approximated.

Table I-5 provides estimates of the critical properties

of some relevant fluid mixtures, calculated according to the

method of Lee and Kessler (35). The data may serve as the

guide to select operation temperature. For example, if

mixture of 10 mol % of methanol in CO2 is used as the SF for

SFE, it is important to stay apart from the critical point
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Table 1-4. Modifiers used in SF technology (37)

Acetic acid

Acetonitrile

2-Butanol

n-Butanol

t-Butanol

Carbon disulfide

Carbon tetrachloride

Chloroform

n-Decanol

Diethyl ether

Diisopropyl ether

Dimethyl sulfoxide

1, 4-Dioxane

Ethanol

Ethyl acetate

Fluoroform

Formic acid

n-Heptanol

n-Hexane

n-Hexanol

Isopropanol

Methanol

2-Methoxyethanol

Methyl-t-butyl ether

Methylene chloride

N, N-dimethylacetamide

n-Pentanol

2-Pentanol

n-Propanol

Propylene carbonate

Sulfur hexafluoride

Tetrahydro furan

Trichlorofluoromethane

Water
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Table 1-5. Estimation of critical properties as a function

of the mole fraction of the modifiers (x2) (35)
--------------------------------------------------------
Modifier CO2 - methanol CO2 - isopropanol
content, x2

Pcm(atm) T m(0 C) Pcm(atm) Tcm( C)

------------------------------------------------

0.00 72.8 31.1 72.8 31.1

0.05 73.6 41.8 71.7 44.2

0.10 74.4 52.4 70.5 56.9

0.15 75.2 63.1 69.2 69.2

0.20 75.8 73.7 67.9 81.1

0.25 76.4 84.3 66.5 92.6

0.30 77.0 94.8 65.2 103.8

0.35 77.4 105.4 63.8 114.7

0.40 77.9 115.9 62.4 125.3

0.45 78.3 126.4 61.0 135.7

0.50 78.6 136.8 59.7 145.8

0.55 78.9 147.2 58.3 155.6

0.60 79.2 157.6 57.0 165.3

0.65 79.4 168.0 55.6 174.7

0.70 79.6 178.3 54.3 183.9

0.75 79.7 188.6 53.1 192.9

0.80 79.8 198.9 51.8 201.7

0.85 79.9 209.1 50.6 210.3

0.90 79.9 219.3 49.4 218.8

0.95 79.9 229.4 48.2 227.1

1.00 79.9 239.5 47.0 235.2
--- ---------------------------------------------------
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of about 52 C. The SFE can work, for instance, at 60C or

higher. An alternative method to keep on the safe side is

to work at a temperature below the critical point of the

mixture. In this case, the actual operation becomes near

critical fluid extraction rather than SFE extraction.

The polarities of mixtures of organic modifiers in

supercritical CO2 were experimentally measured by Deye (38)

with nile red as a solvatochromic dye. On the other hand,

the solubility parameters of SF mixtures can be

theoretically calculated by the following equation (39);

n

6 = $0 i(1-5)
=1

where 65 is the overall solubility parameter of SF mixture,

$y is the volume fraction of component j, and 8j is the

overall solubility parameter of component j.

Yet, because of the complication in the calculation and

the inaccuracy of the results by the theoretical methods,

the selection of modifiers and their concentrations is

basically an empirical practice.

The following three methods are commonly used to mix

fluids for SFE (40):

(A) Premixing the modifier in the reservoir tank.

(B) Mixing the modifier and fluid in (or just before)

the pump head or the cylinder of a syringe pump

prior to compression.



21

(C) Mixing the effluent streams of two pumps, which is

similar to high-pressure mixing in HPLC.

The first method is the simplest. It puts no special

requirements on the instrumentation. The disadvantage of

this method is that only the solvents which are miscible

liquids under ambient conditions can be used, 
otherwise the

ratio of composition will shift from the initial value 
with

the time. Besides, it is also difficult to change the

composition when required.

The advantage of the second method, mixing the modifier

inside the pump, is the potential precision and accuracy of

the composition. The disadvantage is that composition

gradient is not possible.

The last method is very flexible with respect to the

modifier concentration, but it requires an extra pump and

some additional accessories.

An easy alternative to the use of modifiers in SFE is

to add the modifier directly onto the sample matrix inside

the extraction cell before extraction (40). Although it may

not work well for extractions which last a long time or does

not work for sample fractionation at all, the method is, at

least, very useful for quick screening the suitability of

modifiers.
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Instrumentation and Method Development

Several models of commercial SFE instrumentation are

available from Isco, Inc., Hewlett Packard, Dionix Corp.,

etc. Figure 1-3 is a schematic diagram of a SFE system.

There are five major functional components: pumping system,

extraction cell, restrictor, extract collection system, and

heating device.

Pumping - FExtraction __ Restrictor - Extract

System Cell Collection

Heating
Device

Figure 1-3. Schematic diagram of a SFE system.

In a high-pressure pumping assembly, the fluid is

compressed and brought to the desired pressure. Two pump

types are in general use in SFE instrumentation: the

reciprocating pump and syringe pump.

Reciprocating piston pump can be used for fluids that

are liquids at room temperature, but a damping system is

necessary to decrease the pressure and flow fluctuations
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created by the pump. A cooling jacket on the pump head is

needed to ensure efficient pump fillings when the fluids

used are gaseous at ambient conditions, such as in the case

of CO2. The syringe pump can provide a more stable pressure

and flow and usually no pump cooling is required. However,

the extraction time and fluid flow are limited by the volume

of the pump cylinder when extracting concentrated samples or

extracting analytes that are difficult to be eluted.

A fluid supply tank with a diptube to the bottom of the

tank and a pressurized helium head space can improve the

pump filling efficiency for both types of pumps (41).

The extraction cell is a high-pressure container to

hold the sample, in which the actual extraction process

occurs. Usually for custom-made systems, empty HPLC columns

serve as the extraction cells. Commercial products are also

available with various designs. GC ovens or other heating

devices can be utilized to keep the extraction cell at

operation temperature.

The restrictor is a device which releases the extract

to the extract collection system, and at same time maintain

the required pressure in the SFE system. Restrictors are

usually made of straight silica capillaries of narrow

internal diameter ranging from 20m to 50pm or metal

capillaries with a crimped end. In the case of straight

capillary tubing restrictor, the extraction flow rate can be

controlled by the dimension of the tubing, the length and
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of restrictors suitable for SFE. Among the five types, type

A is the most commonly used.

A

B

D

C

E

A: Linear capillary
restrictor

B: Polished "integral"
restrictor

C: Fast drawn capillary
restrictor

D: Porous fit restrictor

E: "Pinched" restrictor

Figure 1-4. Restrictor types suitable for SFE (43).

Restrictor-plugging is a common problem that occurs

during SFE extraction if the sample matrix contains a high

concentration of water or the matrix components are

extractable (42). The decompression of the fluid reduces

its solvent power within the restrictor and decreases the

analyte solubilities. On the other hand, fluid

decompression and expansion can cause a Joule-Thomson

cooling effect. These two effects produce a subcritical

condition at the exit end of the restrictor which may lead
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to analyte precipitation and/or moisture freezing and

ultimately plugging the inside of the restrictor.

Restrictor-plugging can be prevented or reduced by improving

the restrictor configurations and heating the restrictor

during the extraction.

For off-line SFE configuration, the extraction effluent

of SFE is gathered by the following extract collection

methods as graphically depicted in Figure 1-5 (44),

(A) Collection on a dry surface. The SF with

extracted analytes is decompressed directly into

an empty bottle or some type of closed system.

The closed system can either be at ambient

pressure or pressurized above ambient.

(B) Collection into an organic solvent. The

decompression takes place directly into a vial

filled with a liquid solvent such as methanol or

hexane.

(C) Collection on an adsorbent bed. Decompression

occurs on glass beads, silica, or some other inert

support in a closed system.

(D) Collection into a cryogenically cooled adsorbent

trap. Sample is decompressed into a cold trap

that could be packed with an appropriate adsorbent

cooled from ambient to as low as -50 C.

In on-line SFE configuration, SFE is coupled with an

analytical chromatograph, usually GC or supercritical fluid
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SFE EFFLUENT

Empty Solvent Adsorbent Cryogenically
Vial Fed Trap Cooled

Vial Adsorbent
Trap

Figure 1-5. Graphical representation of the extract
collection methods for off-line SFE (44).

chromatograph. The extraction effluent of SFE from a sample

matrix can be directly introduced into the chromatograph for

quantitative or qualitative determinations. The merits of

on-line SFE include enhanced transfer efficiency, increased

determination sensitivity, easy automation, and less

contamination possibility.

There are two type of SFE operations in terms of flow

profiles; one is dynamic extraction and the other is static

extraction.

For dynamic SFE the sample is constantly swept with

fresh SF at a flow rate determined by the extraction
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pressure and dimensions of the outlet restrictor.

Fractionation of the sample can sometimes be achieved by

changing the temperature and pressure/density during the

extraction. Dynamic SFE is more time effective when the SF

is likely to be saturated with target analytes.

For static SFE the extraction cell is pressurized with

the fluid and the sample is extracted with no outflow of the

SF. After the extraction is completed, a valve is opened at

the outlet of the cell to allow the analytes to be swept

from the cell into the collection device. Typically, a

static extraction is followed by several minutes of dynamic

extraction to recover the analytes.

Static SFE has the advantage that less fluid is

consumed. It also allows easy study of the effect of

modifiers or derivatization since a known amount of modifier

or derivatization reagent can be directly added to the

extraction cell prior to pressurization.

When developing an SFE method it is useful to divide

the SFE process into following three steps:

(A) The release of the analytes from the sample matrix

into the SF which is mainly controlled by the

analyte solubility, diffusion, and

analyte/matrix/fluid interactions. The SFE rate

can be restricted in this step by analyte

solubility in case that the analytes are present

in very high concentrations or the analytes do not
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have sufficient solubility in the fluid. The SFE

extraction rate can also be limited by the

diffusion rates of the analytes from the sample

matrix into the SF.

(B) The sweep of the analytes out from the extraction

cell and their transfer to the collection system.

(C) The efficient collection of the analytes after SFE

by depressurizing the SF through a restrictor.

Furton and Rein (45) summarized some twenty extraction

variables which may affect SFE efficiencies, however, the

key variables can be limited to those listed in Table 1-6.

A) Solvent power

The solvent power is the first consideration to

optimize SFE operation, which is controlled by the type of

Table 1-6. Key SFE extraction variables
----------------------------------------------------
Physical variables Experimental variables

A) Solvent power Fluid density
Temperature
Fluid composition

B) Solvent contact Flow rate
Extraction time
Extraction mode
(static/dynamic)

C) Extract collection Collection method

(in off-line mode) Solvent used
-----------------------------------------------------
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the SF used, and the density, temperature and composition of

the fluid.

As expressed in equation I-1, solvent power always

increases with increasing pressure. Different from the

straightforward pressure effect, the effect of temperature

on the solubility of the analytes is twofold. On the one

hand, increased temperature increases the vapor pressure of

the solute and thus increases the solubility of the solute

in SF. On the other hand, increased temperature deceases

the density of the fluid and thus decreases the solubility

of the solute. Therefore, slightly above the critical

point, where the temperature effect on solute vapor pressure

is larger than on fluid density, even a small rise of

temperature at constant pressure increases the solubility of

the solute. When the pressure is raised, however, the

increase of temperature will decrease the solubility,

because the decrease of fluid density dominates over the

other effect.

Besides the effects on solubility, higher temperature

also increases the fluid diffusivity so that time saving

extractions can be achieved. The high extraction

temperature is particularly applicable when the extraction

is diffusion limited.

If the solvent power of pure SFs is not enough to

effectively extract the analytes, using a modifier can be

considered. As mentioned earlier, the selection of
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modifiers and their concentrations is basically an empirical

practice. Perhaps a practical starting point to

experimenting with modifiers is to select a modifier that is

a good solvent in its liquid state for the analytes. A

modifier may act by increasing the solubility of the analyte

in the extraction fluid, or by competing with the target

analytes for the active sites on the sample matrix.

Derivatization of the analytes in the fluid is another

approach used to obtain good recovery of polar analytes

(46).

The optimal solvent power of the SF depends on the goal

of analysis, so as to achieve the ideal extraction

efficiency. If the goal is to get the profile or matrix

composition of a sample, it is required to use the fluid at

the maximum solubility. On the contrary, if the trace

components in the sample are the analytes, the maximum

solubility is not required. In this case, it is better to

choose the condition that can separate the analytes from the

matrix without the interference.

Although solubility parameter theory can be useful in

choosing initial SFE conditions to achieve certain level of

solvent power, it fails to consider interactions between the

analytes and active sites on (or in) the sample matrix. At

least for some types of matrices, the extraction

efficiencies are dominated by the factors such as affinity

of the analyte for sorptive sites on the sample matrix and
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the diffusion of the analyte out of the sample matrix. In

this case, the process is diffusion limited, rather than

solubility controlled.

B) Solvent contact

The second group of variables, flow rate, extraction

time and extraction mode, determine the fluid/analyte

interaction time and the fluid volume. In dynamic SFE mode,

the flow should be maintained at a certain level (up to 1-2

mL/min) to ensure sweeping off the extracted analytes out of

the cell and the system. The extraction time depends on the

total volume of the fluid required for the extraction. The

fluid volume of 10 times of the extraction cell void volume

can be a beginning estimation when developing a SFE method.

Because the time and flow are interrelated, they can be

manipulated to attain optimal efficiencies of recovery and

extraction time. Unless for some specific purposes, the

dynamic or combination of both dynamic and static modes will

be the common choices.

C) Extract collection

Attention should be paid to the variables dealing with

the extract collection step. Poor SFE recoveries, which

have often been mistakenly blamed on the extraction step,

may have been caused by low collection efficiency. The

cooled adsorbent traps are most suitable for collecting

volatile analytes, especially at high extraction flow. Some
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less volatile analytes can be trapped by adsorbent traps or

a few milliliters of solvents. For the latter method, the

identity of the solvent and its temperature are important to

the collection efficiency (47) . Usually the solvent, in

which the analyte has high solubility, allows high

collection recovery. The empty vial can only collect some

highly non-volatile analytes.

Although the above discussion can serve as a guideline

for SFE method optimization, the real world situation may be

more complicated. This is because the mechanisms of

solubility, diffusion and physical adsorption on the surface

of the sample matrix may all coexist during SFE extraction.

The SFE methods distinctly depend upon the natures of sample

matrix and the target analyte of interest. So far the

detailed SFE mechanisms are poorly understood.

The Advantages and Applications

SFE technique demonstrates its superiority to other

sample extraction/preparation techniques in following

aspects:

(A) faster speed,

(B) more selective,

(C) non-toxic,

(D) reduced toxic solvent disposal cost and,

operational labor cost,
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(E) less concentration step,

(F) higher recovery,

(G) ease to connect to other analytical instruments.

These advantages of SFE are significant considering that the

sample extraction/preparation techniques have progressed

more slowly than analytical techniques and the sample

extraction/preparation often account for the most error-

prone and slowest steps of an entire analytical scheme.

Although the development of analytical SFE is still in

the early stages, many SFE applications have been reported

for environmental (48), pharmaceutical (46), polymer samples

(49), etc.

EPA SW-846 methodology include SFE technique for

extraction of solid samples (protocol method 3560) (50).

SFE also has been found useful for fractionation purposes,

such as the fractionation of non-ionic surfactants (51) and

flavors (52).

1-3. Research Objectives

The initial emphasis of this research was to directly

utilize supercritical fluid chromatography (SFC) for

separation of FA components. A Brownlee Microgradient

system was used for that research work. Three capillary

columns from Dionex, SB-Octyl-50, SB-Biphenyl-30, and

Carbowax 20M, were tested with FA and several model
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Carbowax 20M, were tested with FA and several model

compounds, such as phenol, o-cresol, p-nitrophenol, and

vanillic acid. Two detectors were utilized: FID and UV

detectors. Because the pumping system did not allow the use

of modifiers, only pure carbon dioxide was used as the SF.

Phenol, o-cresol, and occasionally p-nitrophenol were

detected with very poor chromatographic efficiency. No

vanillic acid or FA components were ever eluted. Because a

promising SFC column, reported in the literature (53), was

not available in the USA at that time and the other columns

were found unsuitable for FA separation, research emphasis

was shifted to SFE fractionation of FA.

The objectives of this research were to: (1) study the

feasibility of fractionating aquatic FA by SFE, (2)

characterize the FA fractions by using GC-FID. (3)

characterize the FA fractions with Reversed-phase HPLC (RP-

HPLC). A purified FA, Suwannee River reference fulvic acid,

was used for this research.

For the first objective, a micro-solvent delivery

system for SFC had to be remodeled to facilitate SFE

operation. Based on this custom-made system, a SFE

fractionation method was developed using criteria of the

fractionation separation, recovery and reproducibility. In

order to demonstrate the feasibility of SFE fractionation of

FA, the fraction number was limited to three which was

considered satisfactory. A total UV adsorption and
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fluorescence emission test was designed to monitor the

fractionation dynamics. The fraction recoveries and

reproducibilities were demonstrated by the gravimetric

experiment.

As to the second objective, the GC-FID tests on the FA

fractions were aimed at detecting any possible analyte

decomposition and/or derivatization during the extraction.

The approach for the last objective was to use RP-HPLC

with UV/Vis PAD and fluorescence detectors to characterize

each fraction on two columns. The chromatographic and

spectroscopic results provided structural information of FA.
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CHAPTER II

EXPERIMENTAL

This research project involved three major sections: 1)

the SFE fractionation of fulvic acid (FA), 2) the GC-FID

monitoring and characterization of the fractions, and 3) the

reversed-phase HPLC (RP-HPLC) characterization of the

fractions. Figure II-1 shows an outline of the experimental

scheme used for this research.

The work in the SFE fractionation section included the

SFE instrument modification, the method development, the

spectroscopic monitoring of the fractionation dynamics, and

the recovery and the reproducibility measurements by the

gravimetric method. The work in the GC section was focused

on the characterization of FA to find out if there was any

relatively volatile (GC detectable) compounds existing in

the total FA sample or being formed during the fractionation

process in the FA fractions. In the RP-HPLC section the

work was carried out on two columns to characterize the

chromatographic and the spectroscopic properties of the

components of the total FA and its three fractions.

42
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Fulvic Acid

Mass Recovery & SFE Fractionation - Spectroscopic
Reproducibility Monitoring

Figure II-1. Outline of the experimental scheme.

II-1. Material and Reagents

Sample

Suwannee River Reference Fulvic Acid (SR-FA) was used

as the sample for the SFE fractionation and as the reference

for the GC and RP-HPLC characterization throughout this

research. The SW-FA was purchased from the International

Humic Substances Society (IHSS) (1). Table II-1 lists some

basic information of this FA sample.

GC Monitoring &
Characterization

HPLC
Characterization

Nova-Pak Hypersil
Column Column
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Table II-1. Data on elemental (2) and functional group (3)
analysis of Suwannee River Reference Fulvic Acid

--------------------------------------------------------

Elemental C H 0 N S P Total

X 53.42 4.24 41.29 0.69 0.59 0.01 100.24
s 0.30 0.090 0.25 0.010 0.055 0.00 0.29

Functional Percent Capacity M equiv/q Total
Group Ash COOH OH

X 0.83 4.15 1.84 5.99
s 0.31 0.05 0.10 0.15

--------------------------------------------------------

X Mean n=4
s Standard deviation

Reagents and materials

All reagents, chemicals and materials used in this

research are listed below. The sources of manufacture are

included.

SFC grade carbon dioxide with helium head space was

supplied by Scott Specialty Gases. Dimethyl dichlorosilane

(DMCS) treated Glass wool was supplied by Alltech

Associates. Restrictors were made of fused silica

capillaries of 25 gm x 40 cm and 50 m x 80 cm and were

ordered from Dionex Corp. Lab grade helium, hydrogen, and

air were produced by Big Three Industrial Gas.

HPLC grade methanol (CAS Reg. 67-56-1), acetonitrile

(75-05-8), 1,2,4-benzenetricarboxylic acid (528-44-9),
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vanillic acid (121-34-6), and o-cresol (95-48-7) were

purchased from Aldrich Chemical Company. The organic free

water (MQ water) was produced by the Milli-Q system in this

lab. Acetic acid (64-19-7), sodium hydroxide (1310-73-2),

potassium phosphate (7778-53-2), monobasic potassium

phosphate (7778-77-0) and dibasic potassium phosphate (7758-

11-4) were supplied from Fisher Scientific Company.

11-2. Instrumentation

Three instruments were used in this research project.

SFE system

i) Brownlee Microgradient solvent delivery pump

connected to HP 5890A GC oven for extraction

temperature control.

ii) The extraction cell was made of a 2.lxlOO mm

stainless steel HPLC column.

iii) The restrictor was made of a deactivated silica

capillary of 50 gm in diameter and 80 cm in

length.

The Brownlee Microgradient solvent delivery system

consists of two independently driven micro-syringe pumps

with a volume of 10 mL per syringe. The pumps are driven by

microstepper motors which allow the flow rate range from 1

jL/min to 2000 gL/min with the maximum pressure at 5500 psi.
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The Brownlee Microgradient system was originally

designed for supercritical fluid chromatography (SFC) with a

HP 5890A GC oven. As mentioned in the research objectives,

the SFC system was remodelled in order to meet the

requirements of the SFE extraction. In fact, the instrument

remodelling and modification was actually conducted in this

lab throughout the entire research period and, in a sense,

was the key to the completion of this project.

Most of the remodelling work was done on the solvent

delivery system and the restrictor; a pair of check valves

was installed into the delivery system and a restrictor was

connected at the outlet of the extraction cell. Figure I1-2

is the component diagram of the SFE system and Figure 11-3

is the schematic diagram of the Microgradient system.

GC system

Varian Vista 6000 GC with a FID detector.

HPLC system

Hewlett Packard HP1090 HPLC with a UV/Vis photodiode

array detector (PAD); a DR-5 ternary solvent delivery

pump; a HP 85B computing system and a HP 7470 plotter.

A Schoeffel FS 970 L.C. fluorescence detector was

connected in line with the HPLC system.
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11-3. Methods

SFE fractionation

The fractionation method was developed using a trial-

and-error approach to optimize the fractionation, recovery

and reproducibility.

(A) First stage of the method development

In the first stage of the method development, five

fractionation experiments were carried out in order to

become familiar with the instrument operation and to acquire

the suitable fractionation temperature, pressure, and the

methanol percentages for each fraction.

A small amount of FA sample was fractionated each time

by spiking 50 L of 1.2% FA solution onto the glass wool in

the extraction cell. The restrictor was a capillary of 25

gm in diameter and 40 cm in length. Table 11-2 lists the

experimental conditions and the results in terms of the

total UV absorption distribution. The total UV absorption

distribution for each fraction is the value of the

absorption of that fraction over the sum of the absorption

of all the fractions. However, the total UV absorption

distribution data were not accurate in this stage of the

research because of instrumentation malfunctions and the

measurement method which was then under development.
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Table 11-2. Information about the first stage experiments

Temp. Pres.
( C) (psi)

CH3 OH Time
(%) (min)

UV Absorption
distribution

(%)

Exp. #1
Fraction
Fraction
Fraction
Fraction

Exp. #2
Fraction
Fraction
Fraction
Fraction

Exp. #3
Fraction
Fraction
Fraction
Fraction
Fraction

Exp. #4
Fraction
Fraction
Fraction
Fraction
Fraction

Exp. #5
Fraction
Fraction

#1
#2
#3
#4

#1
#2
#3
#4

#1
#2
#3
#4
#5

#1
#2
#3
#4
#5

#1
#2

0.6

0.6

0.6

0.6

0.6

60
60
60
60

50
50
50
50

60
60
60
60
60

60
60
60
60
60

3000
3000
3000
3000

2150
4250
3000
3000

4000
4000
4000
4000
4000

4000
4000
4000
4000
4000

60 4000
60 4000

Sample
load
(mg)

0
5

35
100

0
0

30
100

0
10
25
50

100

0
15
20
40

100

20
100

10
12
12
20

10
10
12
17

12
12
12
12
80

12
13
13
13

110

75
130

18.5
2.1

48.4
31.0

0.0
0.0

37.6
62.4

0.2
0.0

65.4
22.0
12.3

0.8
16.8
56.6
11.1
7.1

72.2
27.8
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(B) Second stage of the method development

The purpose of the second stage experiments was to

utilize the SFE conditions established in the first stage to

conduct a mass recovery test. The sample loads were

therefore increased. The FA samples were directly packed

into the extraction cell. Restrictors of the same dimension

as that in the first stage were used. From this stage the

total UV absorption distribution was measured at 254 nm as

described on page 54.

Six fractionation experiments were done. However,

restrictor-plugging was inevitably encountered when 0.0020 g

FA sample was loaded. This weight was selected because it

represents the minimum sample weight to measure the mass

recovery data by an analytical balance. The experimental

conditions are included in Table 11-3.

(C) The third stage of the method development

In the last stage of this research, the restrictor

dimension was changed to 50 gm x 80 cm. Increasing the

restrictor diameter helped to reduce the restrictor-plugging

possibility. After four fractionation tests, a new method

was developed and the mass recovery test became possible

with 0.0020 g sample load. A fractionation dynamics test

was done in experiment # 15. The experimental conditions

and results of the third stage method development are

summarized in Table 11-4.
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Table 11-3. Information about the second stage experiments

Temp. Pres.
( C) (psi)

CH3OH Time
(%) (min)

UV Absorption
distribution

(%)

Exp. #6
Fraction
Fraction

Exp. #7
Fraction
Fraction

Exp. #8
Fraction
Fraction
Fraction

Exp. #9
Fraction
Fraction
Fraction
Fraction

Exp. #10
Fraction
Fraction
Fraction
Fraction
Fraction

Exp. #11
Fraction
Fraction

#1
#2

#1
#2

#1
#2
#3

#1
#2
#3
#4

#1
#2
#3
#4
#5

#1
#2

4.0
60
60

0.2

4000
4000

60 4000
60 4000

0.2

0.2

0.2

80
80
80

50
50
50
50

50
50
50
50
50

4000
4000
4000

2500
2500
2500
2500

2500
2500
2500
2500
2500

2.0
50 2500
50 2500

/ no data available
* the restrictor plugged
** the restrictor partially plugged

Sample
load
(mg)

114
*

/
/

/
/

/
/
/

/
/

/
/

15
100

15
100

15
20

100

20
30
60

100

5
8

12
25
100

17
*

48
24

*

24
24
12
**

6
6

18
18
28

63
*

0.3
4.9

60.0

22.2
12.4

10
25

/
/
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Table 11-4. Information about the third stage experiments
-------------------------------------------------------

Sample Temp. Pres. CH3OH Time UV Absorption
load ((C) (psi) (%) (min) distribution
(mg) (%)

Exp. #12 2.0
Fraction #1 60 2500 10 8 57.8
Fraction #2 60 2500 25 8 13.5
Fraction #3 60 2500 100 8 28.8

Exp. #13 2.0
Fraction #1 60 2500 5 8 0.0
Fraction #2 60 2500 25 8 45.6
Fraction #3 60 2500 100 16 54.3

Exp. #14 2.0
Fraction #1 70 2500 18 8 51.8
Fraction #2 70 2500 30 8 35.1
Fraction #3 70 2500 100 12 12.6

Exp. #15 2.0
Fraction #1 70 2500 18 12 15.6
Fraction #2 70 2500 24 12 63.6
Fraction #3 70 2500 100 12 20.7

Table 11-5 shows the ultimately established

fractionation method. Three experiments were performed

using this established method to produce the mass recovery

data. At 70 C and 2500 psi, the fluid flow rate was 333

mL/min of pure carbon dioxide in the gaseous state. The

extracts were collected by decompressing the fluid at the

tip of the restrictor in 1 to 2 mL of methanol contained in

a pre-weighed 17(OD) x 60 mm glass vial. The solvent was

then blown dry with pre-purified nitrogen. The vials
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Table 11-5. Experimental conditions for SFE fractionation
of fulvic acid

--------------------------------------------------------
Conditions Fraction #

1 2 3

Temperature ( C) 70 70 70

Pressure (psi) 2500 2500 2500

Time (min) 12 12 12

Methanol in fluid (%) 18 24 100

together with the solid FA fractions inside were kept in a

desiccator and weighed repeatedly until constant weights

were observed.

Total UV/Vis absorption and fluorescence emission

The purposes of the total UV/Vis absorption and

fluorescence emission measurements were: 1) monitor the SFE

fractionation process for the method development, 2) collect

the fractionation dynamics information, and 3) provide the

spectroscopic characteristics of the FA fractions.

A non-column Hewlett Packard 1090 HPLC system with an

UV/Vis PAD and a Schoeffel FS 970 fluorescence detectors

were used for this measurement. The column was replaced by

a zero-dead-volume union. The total UV/Vis absorption

signal at certain wavelengths and the total fluorescence

emission signal (in terms of the peak areas) were collected
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to provide the information about the fractionation process

and the fraction characteristics. The HPLC and the detector

operation parameters are shown in Table 11-6.

Table 11-6. The instrumental conditions for the total
UV/Vis absorption and fluorescence emission measurement

HPLC Mobile phase: 99% MQ water, 1% ACN
Flow rate=0.2 mL/min
Injection volume: 25 JIL

UV/VIS Wavelength: 254 nm, 400 nm

FL Excitation wavelength: 273 nm
Emission wavelength: 370 nm

For monitoring the fractionation process (in the second

and third stages of the research), fraction or subfraction

samples were collected into methanol. The solutions were

then brought to pre-determined volumes and injected into the

non-column HPLC system.

For the fractionation dynamics study (in experiment

#15), subfractions were collected into about 0.5 mL of

methanol with time intervals of 3 minutes. The final

volumes of the subfraction solutions were adjusted to 1.0 mL
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by adding pure methanol and then injected into the non-

column HPLC system. For the spectroscopic property

measurement of the FA fractions, each fraction of experiment

#15 was brought to 10 mL with methanol. These solutions

were then injected into the non-column HPLC system.

In some cases if the solutions were too concentrated

for the spectroscopic measurement, dilution was required.

The dilution factors were used to calculate the original

peak areas.

GC-FID characterization

The methanol solutions of the fractions were adjusted

to 10 mL with pure methanol. 0.1 ptL of these solutions were

injected into the GC-FID system. The GC conditions are

listed in Table 11-7.

RP-HPLC characterization

The methanol in each fraction solution was blown dry

with pre-purified nitrogen. The aqueous solutions of about

0.02% solid were made by dissolving the solid FA fractions

into 0.008 M phosphate buffer at pH=7.0 for HPLC

characterization. Both the chromatographic and

spectroscopic properties of the samples were detected by the

UV/Vis PAD detector. Fluorescence chromatograms were also

obtained by the fluorescence detector. Table 11-8 shows the

HPLC conditions used in these measurements.
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Table 11-7. Conditions for GC-FID characterization
--------------------------------------------------

Column: SUPELCO STE-5, 3Omo .25rnmn ID, 0 .25gm film

Detector:

Mobile phase:

Flow rate:

Injector temp.:

Detector temp.:

FID

He

2.1 mL/min (400C)

230C

3540C

Column temp.: 40 C for 2 min, raise to 250 C at 6 C/min
and keep for 0.1 min

--------------------------------------------------------

Table 11-8. Conditions for HPLC characterization on Nova-
Pak C1 8 and ODS-Hypersil columns

--------------------------------------------------
Conditions Co lumnns--

Nova-Pak C18

Mobile phase

ODS-Hypersil

Acetonitrile:0.01%HAc, pH=2.8

Elution Program
00 min
02 min
04 min
10 min
14 min

Column dimension

Flow rate

PAD Chromatogram

1 : 99
30 : 70
60 : 40
85 : 15
85 : 15

3.9x300 mm

0.7 mL/min

X=254 nm

2.1x200 mm

0.3 mL/min

X=230 nm

PAD Spectrum

Fluorescence

Injection volume

210 nm-470 nm

Tex = 273 nm
Xem = 370 nm

25 gL

Column Temperature 2 5 C
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CHAPTER III

RESULTS AND DISCUSSION

III-1. The SFE Experiments

Development of The SFE Method

The optimal SFE method was established with three

principal considerations: fluid solvent power, fluid/analyte

interaction, and extract collection. The major SFE

variables involved were listed in Table 1-6.

The first one to be considered is the type of

supercritical fluid (SF) and its solvent power. A carbon

dioxide based mixture was the SF used for this research

because of its superior solvent properties and availability

(refer to Chapter I, section 1-2).

It is known that fulvic acid (FA) is composed of polar

macromolecular components which can dissolve in polar

solvents, such as water, methanol, and acetonitrile, but not

in less polar or non-polar solvents, such as methylene

chloride or n-alkanes. In view of the fact that the solvent

power of pure supercritical carbon dioxide is close to that

of n-heptane (see Table 1-3), it can be concluded that the

solvent power of pure supercritical carbon dioxide is not

sufficient to extract FA. This judgement was confirmed by
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the preliminary experiments; it was found that none of the

FA component was extracted by pure carbon dioxide at 4000

psi and 60 C. Therefore, a modified carbon dioxide fluid

became necessary to extract FA. Water, methanol, and

acetonitrile, the commonly used liquid solvents to dissolve

FA samples, were evaluated as the candidates for the

modifier in the fluid of the SFE fractionation.

Water has a limited solubility in supercritical carbon

dioxide (about 0.28% by weight at 50 C and 200 atm (1)). If

water is used as a modifier, the solvent power of the fluid

will be very difficult to be adjusted by changing the water

concentration in the fluid. The possible adjustable range

of the solvent power will be extremely restricted as well.

In addition, water in the fluid tends to freeze in the

restrictor and blocks the fluid flow. Acetonitrile, on the

other hand, has drawbacks in its relatively lower solvent

power and highest toxicity among the three solvents.

Methanol, without these drawbacks of water and acetonitrile,

possesses some superior solvent characteristics as discussed

in Chapter I and, hence, became the chosen modifier.

For a specified modified fluid, the solvent power can

be controlled by each of the following three variables;

fluid density (i.e. pressure), temperature and fluid

composition.

A relatively low extraction temperature of 70 C was

selected because it was reported that the extraction
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temperature for non-volatile analytes had a minor influence

on extraction yield and speed (2). This is due to the fact

that the temperature changes will not significantly vary the

vapor pressure of non-volatile analytes and thus alter their

solubilities in the fluid. Although temperature changes do

influence fluid diffusivity, they will not make much

difference in extraction results because essentially the

extraction of non-volatile analytes is a solubility

controlled process. On the other hand, lower extraction

temperature will minimize the chance of analyte

decomposition and derivatization during the extraction.

Another reason for favoring lower extraction

temperature is the fact that the SFE system used for this

study was not equipped with a restrictor-heating device and

restrictor-plugging was encountered during the second stage

experiments. A lower extraction temperature narrowed the

temperature difference between the extraction cell and the

restrictor, and consequently reduced the possibility or

frequency of restrictor-plugging.

In order to obtain a desired fluid solvent power at a

fixed extraction temperature, two pressure/composition

patterns can be utilized: high pressure with less modifier

and low pressure with more modifier. The latter pattern was

chosen because the more the modifier in the fluid, the

smoother the required extraction conditions (e.g. lower

extraction pressure and temperature). A lower extraction
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pressure would also reduce the possibility of the system

leakage and the restrictor-plugging since the fluid

decompression effect is lessened with a lower extraction

pressure.

A stepwise composition gradient and a fixed extraction

temperature were employed to ensure the fractionation

reproducibility. In accordance with the primary study

objective, three fractions were considered adequate to

demonstrate the feasibility of the SFE fractionation of FA.

The fractions would represent three groups of the FA

components with high, medium, and low solubilities in the

fluid, respectively.

Among the three fractions, the (first) high solubility

fraction and the (last) low solubility one were most likely

to show some distinction between the two fractions. This is

because the more the solubility difference, the more the

structure difference between the fraction constituents.

Therefore, it was desirable to make the fraction

distribution at the ratio of approximately 1:2:1, so as to

make the first and last fractions more characteristic. The

fractionation temperature of 70 C and the methanol volume

percentages of 18%, 24%, and 100% in the fluid for the three

fractions were carefully designated to achieve the best

fractionated separation, the maximum total recovery, and the

desired distribution of the fractions.

According to the critical data in Table 1-5 (3), with
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an increase of the methanol mole fraction in carbon dioxide,

the critical temperature of the modified fluid increases.

The fluids for extracting the first and second FA fractions,

i.e. 18% and 24% (volume) methanol in carbon dioxide at 25C

and 2500 psi, are equivalent to about 0.25 and 0.33 mole

fractions of methanol in carbon dioxide and their critical

temperatures are approximately 84 C and 100 C, respectively.

If the extractions of the first two fractions occurred

under supercritical conditions, the required extraction

temperature would be at least 110 C. Since a lower

extraction temperature was preferred, this temperature was

considered too high. An extraction temperature between 84C

and 100 C would have allowed the first fraction to be

extracted in a supercritical condition. However, that

temperature would be too close to one of these two critical

temperatures. In this case even a minor change in the

pressure and/or temperature would dramatically change the

fluid solvent power and consequently deteriorate the

fractionation reproducibility. For this reason, a near-

critical temperature of 70 C was chosen to be the extraction

temperature. When extracting the last fraction with 100%

methanol, the SFE extraction simply became a liquid

extraction.

The next consideration was the fluid/analyte

interaction in terms of flow rate, extraction time and

extraction mode.
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For pre-purified FA sample, the extraction process was

known to be solubility controlled. A dynamic extraction

mode SFE was surely more suitable for the SFE fractionation.

The flow rate and extraction time for this experiment

were limited by the volume of the pump cylinders. The

cylinder volumes of 10 mL each (one for carbon dioxide and

the other for methanol) were much less than the total fluid

volume required for a preparative fractionation; therefore

the pump-recharges were inevitable during the operation.

Because the pump-recharge during an extraction stops

the fluid-flow and suspends the extraction operation (for

about two minutes), the established extraction dynamic

equilibrium would be disturbed, which may endanger the

fractionation reproducibility. In order to circumvent this

problem, the pump-recharges were timed to occur between two

fractions, when the modifier concentration was changed and

the dynamic equilibria would naturally shift.

Additionally, an extraction cell of smaller volume was

selected. A small extraction cell volume will reduce the

ineffective fluid consumption and extend the time intervals

between pump-recharges.

A silica capillary restrictor of 50 m in diameter and

80 cm in length maintained the pressure in the SFE system

and controlled the fluid flow rate at about 1.0 mL of pure

CO2 (in liquid) at 2500 psi and 70 C. The 25 m diameter

silica capillary proved to be so narrow that it was prone to
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plug. At this flow rate, twelve minutes was almost the

longest available extraction time. Depicted in Figure III-

1, a fractionation dynamics study on 0.0020 g FA showed that

within twelve minutes the extraction of each of the three

fractions was either totally or almost totally completed.

100

90

8 60

70

60

50

1 0 40

0 30

20

10

0 3 6 9 12 13 1B 21 24 27 30 33 36

Extraction Time Cmin)

Figure III-1. SFE fractionation dymanics of fulvic acid,
the experimental conditions are listed in Table 11-5.

The last consideration for SFE method development was

the extract collection. Based on the non-volatile nature of

FA, the fractions extracted could be easily collected by a

solvent in which FA can dissolve. No analyte loss would be

expected so long as the solvent was not blown out of the



collection vial by the expanded fluid. Methanol was chosen

to be the collection solvent because it is a suitable

solvent for FA with lower boiling point and lower toxicity

and it was the modifier in the fluid.

The SFE fractionation and the Recovery

With the developed SFE fractionation method, three

fractions of the FA were obtained. The color of the extract

solutions changed from slightly yellow, light yellow to

yellow from the first fraction to the last fraction. Two

tests were designed to confirm that the separation was

fractionation rather than mechanical division.

The fractionation dynamics as illustrated in Figure

III-1 clearly demonstrated the fractionation process of the

FA. It is known that SFE analytes can only be eluted with

the fluids whose solubility parameters are similar to the

solubility parameters of the analytes. The following SFE

experiments (Table 11-2, 11-4) illustrated this theory; when

extracting the first fraction of FA in experiment #13 with

5% methanol, no FA component was eluted because the

solubility parameter of the fluid was much lower than those

of all the FA components; when extracting the first fraction

in experiment #5 with 20% methanol, 72.2% of the total FA

was eluted within 50 minutes because the fluid solubility

parameter was close to those of most FA components but not

65
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higher than all of them. No further elution was observed

until the methanol percentage was raised and hence the fluid

solubility parameter was increased; when extracting with

100% methanol in any experiment in the third stage, all the

FA components were eluted because the fluid solubility

parameter was higher enough to dissolve all the FA

components.

Therefore, the fractionation procedure with the fluid

of stepwise increased solvent power secures the FA fractions

with increased solubility ranges. Since the solubility

parameter of a solute is determined by the solute molecular

structure, the difference in the solubility parameter among

the FA fractions suggests a difference in the structure

feature among the fractions.

The dynamics study also revealed that a 0.0020 g sample

load was almost the maximum for the fractionation with the

SFE system used for this research. This is indicated by the

sections of the dynamics curve at the ends of the first and

second fractions which are nearly (but not absolutely)

horizontal. If more FA sample was loaded for fractionation,

the extractions of the first one or two fractions would not

be finished within twelve minutes when the fluid in the

pump-cylinders was exhausted.

The total UV and fluorescence measurements of the

fractions provide further evidence of fractionation

separation. UV absorption occurs when an analyte molecule
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contains some chromophores with unsaturated functional

groups, such as carbon-carbon double or triple bonds,

carbonyl and carboxyl groups, etc. The absorption

wavelength and intensity depend on the characters of these

functional groups. Fluorescence emission occurs mostly when

the analyte molecule contains an aromatic system. The

emission wavelength and intensity also depend on its

molecular structure. Therefore, both the UV absorption and

fluorescence emission reflect the structural feature of an

analyte. If two analytes are the same compound, their UV

absorption and fluorescence behaviors as well as the ratios

of the fluorescence emission to UV absorption at any

wavelength should be identical.

For all FA fractions, the ratios of total fluorescence

emission to total UV absorption at 254 nm, and the ratios of

total UV absorption at 400 nm to 254 nm are listed in Table

III-1. It can be seen that the ratios are all different

among the fractions, which verifies that the fractions are

made up of the distinctly different components of the FA.

The data on the fractionation recovery as measured by

the gravimetric method are shown in Table 111-2. The

fractionation recovery was quite satisfactory. One reason

is the fact that the final fraction is actually extracted by

liquid methanol in which FA is quite soluble. The data in

Table 111-2 also show that the fractionation

reproducibilities are quite sufficient for
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Table III-1. The ratios of total fluorescence emission to

total UV adsorption at 254 nm and total UV adsorption at 400

nm to 254 nm, for the experimental conditions, refer to
Table 11-6

--- --------------------------------------------------------
Fraction Fraction Fraction

#1 #2 #3

Ratio of FL to UV 254nm
(x 102)

8.57 4.81 0.40

Ratio of UV 400nm to 1.13 1.99 3.00

254nm (x 10')
--- --------------------------------------------------------

Table 111-2. Mass recovery and reproducibility of

fractionation of 0.0020 g FA, the experimental conditions
are listed in Table 11-8

---------------------------------------------------------

Fraction Weight (mq)

#1 #2 #3

Experiment 1

Experiment 2

Experiment 3

a

CVb

0.4

0.5

0.4

0.43

13.4

1.1

1.1

1.1

1.1

0.0

0.5

0.5

0.5

0.5

0.0

Total

(mg)

2.0

2.1

2.0

2.03

2.8

Recovery
(%)

100

105

100

102

2.8

a = Mean

b CV= Coefficient of variation

preparativepurpose. The only drawback of this experiment is

that the analyte weights are too close to the weighing limit

of the analytical balance used. If the fluid volume had not
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volume had not been restricted by the dimension of the

pump-cylinders, more FA sample would have been used for the

sake of the additional precision and reliability.

The quantitative recovery and precise reproducibility

evidenced the feasibility of SFE fractionation of FA and the

suitability of the method developed for this study. To the

author's knowledge, this is one of the first successful FA

fractionation by SFE.

111-2. The GC Experiments

The GC method

It is widely reported in the literature that FA

component cannot be analyzed by gas chromatography (GC) due

to its non-volatile nature (5). However, a GC test was

still included in this research as a means of monitoring any

possible analyte decomposition and/or derivatization during

the extraction. If sample decomposition or derivatization

occur during the extraction, especially when FA components

react with the methanol modifier in the fluid to form

methylated ones, the reaction products will be the compounds

of lower molecular weights (in case of decomposition) or

lower polarity (in case of derivatization) which are likely

to be detected by GC (4,5).
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A GC temperature program with a broad temperature range

up to 250 C was employed, under which condition phenols and

methylated carboxylic acids of moderate molecular weight and

polarity should be eluted and produce detectable signals.

The GC Results and Discussion

Total FA and its three SFE fractions, all in the

concentrations of about 0.02% in methanol, were subjected to

the GC test, but no detectable component was eluted from

these four samples. That means that the SFE condition

utilized for the fractionation was mild, under which the

analyte decomposition and/or derivatization were negligible.

III-3. The RP-HPLC Experiments

The Optimization of the LC Chromatographic Conditions

The objective of the HPLC experiment was to

characterize the structure feature of FA by comparing the

chromatographic and spectroscopic behaviors among the FA

fractions and the total FA.

The HPLC methods were developed on the total FA sample

with the criterion of maximum chromatographic separation.

Two reversed-phase columns, Nova-Pak C18 from WATERS and

ODS-Hypersil from Hewlett Packard, were designated for this
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research because these two columns were known to achieve the

best chromatographic separation of FA (3). The RP-HPLC

experimental conditions were listed in Table 11-8.

The general principle of reversed-phase chromatography

is to achieve separation according to the polarities of the

analytes. The C18 reversed-phase stationary surface is

composed of a non-polar, hydrophobic layer of chemically

bonded alkylsilyl compounds. Analytes are retained due to

hydrophobic interactions between the analytes and the

hydrocarbonaceous stationary phase surface, and eluted in

order of decreasing polarity (increasing hydrophobicity).

The mobile phases in RP-HPLC generally consist of

mixtures of water or aqueous buffer solutions with various

water-miscible solvents, such as methanol (MeOH),

acetonitrile (ACN), tetrahydrofurane (THF), etc. In order

to attain the best separation, two analogous gradients were

utilized for the HPLC characterization, one for each column.

The two gradients were different only in the flow rate due

to the different column dimensions so that the

chromatographic results of the two columns could be

compared.

Acidic compounds can ionize in aquatic solution, and

exist in both ionized (deprotonated) and unionized

(protonated) forms. Because of the distinction in polarity

between the ionized and unionized species, their retention

behaviors may vary from each other. The ionizedspecies
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tend to elute first and the unionized one will be retained

on the column for longer time and is usually eluted as a

sharp peak.

The ionization of the acidic compounds can be adjusted

by deprotonation with a high pH mobile phase or suppression

of the ionization with a low pH mobile phase. Consequently

it is essential to determine the optimum pH of the mobile

phase for the best chromatographic separation of acidic

compounds. The influence of pH on the retention behaviors

and the optimization theory of selectivity of acidic

compounds can be found literature (6,7).

As it was reported (8) that aquatic FA possesses

different types of acidic functional groups with pKai values

from 1.7 to 7.0, a mobile phase of low pH value was

preferred. Two solutions were compared as the aquatic

mobile phase: 0.01% HAc (pH=2.8) and 8 mM phosphate buffer

(pH=2.3). By making a gradient with acetonitrile as the

organic solvent, the former solution allowed the better

chromatographic separation, and was selected as the aqueous

mobile phase. The reason for this difference between the

two solutions is probably that the HAc/ACN mobile phase

could provide both polarity and pH gradient. The buffer/ACN

mobile phase could produce less pH gradient due to the

buffer effect.

Acetonitrile was selected as an organic solvent for its

properties of lower UV cut-off wavelength, higher dielectric
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constant (solvent power) and lower viscosity.

The nature of the sample-dissolving solutions also

influenced the chromatographic results. It was found that

among the MQ water and 8 mM phosphate buffer solutions at

pH=4.0 and pH=7.0, the best separation of FA was achieved

when FA was dissolved in pH 7 buffer.

The chromatographic separations of FA were achieved on

Nova-Pak C18 and ODS-Hypersil columns using the established

method. The three dimensional plots generated by the UV/Vis

PAD detector are shown in Figure 111-2 and Figure 111-3.

Comparison the RP-HPLC Chromatograms Between Total FA and

the Fractions

The total FA and its three SFE fractions were

characterized with RP-HPLC on two columns. Both the UV/Vis

and fluorescence detectors were used to monitor the

separation. All the HPLC characterization results are

presented in Figure 111-4, Figure 111-5, and Figure 111-6.

Figure 111-4 shows the UV chromatograms of the total FA

and its three fractions on Nova-Pak column at 254 nm,

together with the UV/Vis spectra corresponding to all the

peaks detected. Figure III-5 gives the same set of the

chromatograms and spectra on Hypersil column at 230 nm. In

Figure 111-6 is the fluorescence chromatograms on the both

columns.
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It is noticeable that for both columns the

chromatographic peak patterns of the four samples are

basically the same: several peaks which appeared in the

first half of the chromatograms made up of the first group

peaks, and the second group peaks were mainly composed of a

larger and broader peak in the second half of the

chromatograms. The only differences are the peak area

ratios among the total FA sample and the fractions. The

most significant difference of this kind can be found in the

fluorescence chromatograms from the Nova-Pak column (Figure

111-6). Table 111-3 shows the ratio data of the total FA

sample and the fractions.

Also for both columns, the spectra of the corresponding

peaks with the same retention times resemble one to the

other among the four samples. One adsorption band appeared

around 260 nm in almost all the spectra corresponding to the

first peaks in the FA sample and the blank chromatograms.

Table 111-3 The fluorescence peak area ratio of the total
FA and the fractions on the Nova-Pak column, the

experimental conditions are listed in Table 11-8
--------------------------------------------------------

Peak #1 : Peak #2 : Peak #3

Total FA 1 : 1.14 : 4.81
Fraction #1 1 1.72 : 4.80
Fraction #2 1 : 1.88 : 7.54
Fraction #3 1 : 1.77 : 9.13
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Probably the impurities in the blanks should account for

this adsorption. The other two absorption bands appeared

also around 260 nm in spectra FA4 and FR4 on Hypersil

column. The rest of the spectra are all featureless.

As the mechanism of the RP-HPLC separation mentioned

earlier, the analytes are eluted according to their overall

polarities; the polar analytes are the earlier eluates and

the less polar or non-polar analytes become the later

eluates.

Figure 111-7 demonstrates this separation mechanism on

Hypersil column with three model compounds of different

acidities and polarities. The chromatographic conditions

were identical to those for FA samples on Hypersil column.

The figure shows that 1,2,4-benzenetricarboxylic acid with

pKa=2.52 is first eluted at TR=2.8 min. Vanillic acid with

pKa=4.34 is the second at TR= 9.9 min and O-cresol with

pKa=10.26 is the last eluted at TR10.5 min.

Since the polarities and acidities of these three model

compounds are likely to follow a parallel.order, the

retention data of FA can be correlated to these compounds.

For FA samples, the first group peaks showed up earlier

between 1.5 to 2.9 min and can be considered as polar as

1,2,4-benzenetricarboxylic acid. The second group peaks

were eluted later between 7.5 to 10.5 min, mostly before the

vanillic acid retention time. Thus these peaks correspond

to the components more polar than vanillic acid.
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Figure 111-7. Comparison of the elution behaviors of three
model compounds and the FA sample, the experimental
conditions are listed in Table 11-8.

Based on the hydrophilic nature of FA and the

correlation of the polarities and the HPLC elution behaviors

between the model compounds and the FA samples, it is quite

apparent that most FA components are quite comparable to

1,2,4-benzenetricarboxylic acid and vanillic acid in

polarity, and their polarity range is relatively narrow.
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When two analytes are eluted at the same time from a

RP-HPLC system, they can be considered similar in their

overall polarity. When two mixture samples are eluted and

give the same chromatographic peak 'patterns, they can be

considered similar not only in the individual component

polarity but also in the overall component composition or

the polarity range. Now that the total FA and its three

fractions gave the similar chromatographic peak patterns, it

means that although being fractionated, the four FA samples

still shared the similar component polarities and overall

polarity ranges.

In addition, the similarity of the components was

further evidenced by the resemblance of the spectra among

the corresponding peaks of the four samples.

The resemblance in both polarity and spectroscopic

property indicates the similarity in the structure features

of the component molecules, especially the characteristics

of the acidic or other polar functional groups and their

arrangement.

The resemblance of the spectra also indicates that this

SFE method, including the final solvent-removal procedure,

allows less sample structure alteration during the

operation, which could be a major problem for other

fractionation methods.

As was previously discussed, three fractions of the FA

were separated by SFE extraction according to their
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solubility difference in the fluid. Because the solubility

is primarily controlled by both the polarity and molecular

weight of the analyte, the difference in the solubility

range among the three FA fractions suggests the difference

in the polarity and/or molecular weight ranges. Since it

has already been evidenced by the HPLC characterization that

the polarity characteristics of the three FA fractions are

similar, the molecular weight variation should then account

for the solubility difference among the three fractions.

This deduction is supported by the extremely extensive

distribution of the molecular weights of Suwannee River

Fulvic Acid indicated by the value in its degree of

polydispersity (Mn/M4w=2.36) (9,10). This deduction can also

be experimentally verified later on by molecular weight

measurements of these three fractions.

If this judgment is true, it indicates that FA can be a

mixture of polyelectrolytes with an extensive molecular

weight distribution and similar characteristics and the

arrangement of the acidic or other polar functional groups.

This description reflects a polymer-like structure, which is

in agreement with the argument that there exist polymer-like

structures in FA macromolecules (11).
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CHAPTER IV

CONCLUSIONS

The overall purpose of this research project was to

fractionate fulvic acid (FA) and then characterize the

fractions for a better understanding of the structural

feature of FA. The approach was: (1) to apply SFE technique

to the fractionation of FA, (2) to use GC-FID technique for

the sample alteration monitoring and the structural

characterization, and (3) to utilize RP-HPLC technique for

the structural characterization.

Through the continual instrument modification and the

method development, a successful SFE fractionation of FA was

demonstrated for the first time. The mass recoveries and

reproducibilities were satisfactory. The fractionation

dynamics as well as the difference in the ratios of UV

absorption to fluorescence emission indicate the real

fractionation of the FA.

The fractionation method was developed using mild

operating conditions. No sample alteration was indicated by

comparing the chromatographic and spectroscopic results of

both GC-FID and RP-HPLC between FA and its fractions.

In the RP-HPLC characterization of the FA and its three

fractions, the UV/Vis, fluorescence chromatographic

86
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responses and UV/Vis spectroscopic signals were collected

from two reversed-phase columns. For both columns, the

chromatographic peak patterns of the FA and its three

fractions were basically the same. The spectra of the

corresponding peaks from these four samples also resembled

each other. Most of them were featureless.

According to the mechanisms of RP-HPLC separation and

SFE extraction, the resemblance of the chromatograms and

spectra indicated that the FA macromolecules may feature

some kind of polymer-like structure.

As a result of this research project, two major

conclusions can be made: (1) the SFE fractionation of FA is

feasible without major alteration in FA structure. Better

SFE instrumentation will facilitate the preparative

fractionation with more flexibility to gain the required

fraction number and property; (2) The SFE fractions of FA

are ready for any further structural measurement or other

tests to provide structural information; and (3) The

preliminary RP-HPLC characterization supports the argument

that there exist polymer-like structures in FA

macromolecules.
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