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Abstract 

Supercritical fluids (SF)s have several physicochemical properties that can often 

make them superior to conventional liquid solvents. These characteristics include 

relatively high densities, low viscosities, zero surface tension and high diffusivities. This 

unique combination of properties allows them to have solvating strengths that can 

approach those of pure liquids while maintaining many of the advantageous transport 

qualities of gases. In the past decade SFs have seen increased use as solvents for both 

extraction (SFE) and chromatography (SFC). A particularly exciting area of applications 

has been in the field of polymeric materials. Since polymers are not discrete molecules, 

but, rather broad distributions of very similar compounds (oligomers), they can pose 

interesting challenges for the separation chemist. SFs are uniquely suited to meet these 

challenges. The goal of the work done in this laboratory over the past few years has been 

to use SFs to extract and characterize both oligomers and additives from polymeric 

materials. 

A method for the post-polymerization fractionation of a low molecular weight, 

high density polyethylene wax using analytical scale SFE equipment was developed. 

Supercritical CO, was used to separate very narrow molecular weight distributions 

(MWD)s from the polyethylene feedstock. The resulting MWDs were characterized by 

SFC and high temperature gel permeation chromatography (GPC) and found to have 

polydispersities and molecular weights much lower than the parent wax. Supercritical



propane was used to fractionate higher MWDs from the feedstock, however its greater 

solvating strength for the polyethylene oligomers resulted in larger polydispersities. A 

dual pump SFE system was used to deliver a dynamic mixture of propane in CO). The 

resulting fractions were very similar to those achieved by pure CO, but the recoveries 

were much higher. Increasing the temperature appeared to have both a kinetic and 

thermodynamic contribution to oligomer extraction. 

Supercritical CO, was also used to extract additives from an insoluble polymeric 

nitrocellulose (NC). The primary stabilizer additive (diphenylamine) and its nitrated 

derivatives were extracted from the propellant. The SF extracted stabilizer profile was 

characterized using liquid chromatography (LC), gas chromatography (GC) and SFC. 

SFC was shown to provide separations of propellant additives that were superior to the 

existing LC method while maintaining lower temperatures than GC. Extracts from 

propellants stored at elevated surveillance temperatures contained more highly nitrated 

stabilizer derivatives. However, some question was raised as to the actual validity of 

elevated temperature programs for propellant screening due to potential differences in 

reaction mechanisms. 

A 1.C-thermospray mass spectrometry (MS) interface was modified for use wtih 

packed column SFC. The system was used as a chemical ionization (CI) source for the 

high CO, flow rates emanating from packed columns. Methane was used as a reagent gas 

(RG) for positive chemical ionization (PCI). The resulting CO, + CHy mixed RG was 

studied at CO, pump pressures typical of SFC pressure programming. The background 

ions varied widely with CO, partial pressure and source temperature, however, spectra of 

a propellant test mixture were relatively unaffected by changing RG. The system was also 

used to perform negative CI (NCI) using the mobile phase CO, as a RG. This method 

was found to be very useful for nitrated derivatives of diphenylamine. SFC-CH4-PCI-MS



confirmed the intact elution of thermally labile N-nitroso compounds thought to exist in 

propellants. SFC-CI-MS, both NCI and PCI, was used to characterize the SF extracts of 

polymeric nitrocellulose and was demonstrated to have potential for the analysis of a wide 

range of compounds found in the propellant industry. SFC-CH4-PCI was also determined 

to be compatible with methanol modified mobile phases. The mobile phases in this case 

were delivered from premixed cylinders. However, severe limitations regarding the 

reliability of premixed mobile phases in SFC were shown to exist.
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CHAPTER 1 

Supercritical Fluid Extraction 

Introduction 

From analytical to process scale, separations can be a chemist's greatest challenge. 

Removing solvents, reactants and impurities; separating and isolating mixture 

components and extracting analytes from a variety of matrices are just a few of the 

problems encountered by all chemists. These processes are usually driven by a separation 

of phases. Because most substances have very low solubilities in gases, and vapor 

pressure derived separations (i.e. distillation) require some degree of volatility - liquids 

have evolved as the most common bulk phase used in the majority of separations. The 

level of differential partitioning into the liquid phase governs how efficient the separation 

can be. These liquid-liquid and liquid-solid (soxhlet) extraction methods have remained 

relatively unchanged since the turn of the century. 

However, many separations can not be achieved using conventional methods. 

These situations may require solvent strengths not available to the solvent being used, or, 

they may be unable to fine tune the solvent strength to provide the necessary selectivity, 

or, it may be difficult to remove the solvent from the desired material once the separation 

is complete. Additionally, as a result of the Montreal Protocol, many traditional solvents 

. are in the process of being banned by 1995 (1). Fortunately, the last decade has seen a 

veritable revolution in the use of supercritical fluids (SFs) to solve many difficult 

separation problems. While early emphasis was on the use of SFs (esp. CO) to perform 

highly efficient chromatographic separations of non-volatile mixtures - more recently, 

that emphasis has shifted to the use of SFs for analytical and bulk extractions. Recent 

SFE applications at Virginia Polytechnic Institute and State University have ranged from



the demilitarization of propellant stockpiles and fractionation of polymers to the removal 

of trace organics from soils and water (2-5). The application of SFs to the area of sample 

preparation represents the greatest advance in that field in decades. The United States 

Environmental Protection Agency (EPA) and the Food and Drug Administration (FDA) 

are in the process of developing SFE methods that will replace longtime liquid-based 

sample preparation methods. These new methods will cut down on solvent consumption, 

analysis time and the number of handling steps required for many long accepted methods. 

Several instrument manufacturers have designed benchtop SFE systems that make 

the study of SF-based separations a relatively easy and inexpensive proposition. It is now 

possible to explore a variety of SFs with or without co-solvents, at various pressures and 

temperatures and flow-rates until the right conditions for the desired separation are 

achieved. These instruments, designed primarily with the analytical chemist in mind, can 

even provide the process chemist with the necessary tools to thoroughly study and 

optimize SF applications prior to expensive and timely scale-up. Some systems are 

readily adaptable to prep-scale operation, and in the cases where small quantities of 

material are desired (i.e. pharmaceuticals) they are even useful at the pilot-scale. There 

are many instances in which analytical SFE can be used to provide the industrial chemist 

with valuable information concerning potential process applications. SFs are finding 

applications in the process chemistry and analysis of foods, petrochemicals, polymers and 

_ explosives to name just a few. 

Supercritical Fluid Characteristics 

In a single component phase diagram such as the getteric one seen in Figure 1, the 

latent heat and volume change associated with the liquid-vapor equlibrium boundary
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decreases with increasing temperature, until it ends abruptly at what is referred to as the 

critical point (Cp). This point defines the critical temperature (Tc) and critical pressure 

(Pc) for a substance. Table I shows the critical parameters and associated dipole 

moments for some common SFs (6). Note that the presence of a dipole moment in a 

molecule increases the magnitude of the critical parameters, often-times to levels that are 

impractical for instrumental applications (i.e. HO). 

Hannay and Hogarth (7) first observed the unique solvent characteristics of a SF 

in 1879. They were studying the solubility of potassium iodide and cobalt chloride in 

gaseous ethanol and found that the two solutes could be dissolved by raising the pressure 

above the mixture's critical point. The degree of solubility in the SF was reported to be a 

function of pressure. Since then, SF phase behavior has been documented for a number 

of solute-SF systems (8-10). 

To understand the principles by which a SF behaves, it is beneficial to first picture 

a gas as a solvent. As is well known, a gas can be used to perform separations based on 

vapor pressure. The gas is placed in contact with the sample at elevated temperatures and 

analytes dissolve into the gas as a function of their volatility. This is routinely done in 

the case of thermal desorption and gas chromatography. However, most materials, 

especially those of polymeric origin, do not exhibit sufficiently high vapor pressures to be 

separated by thermal methods. They, like most solids, show no appreciable solubility in a 

_ gas. Under such conditions, the enthalpy of dissolution requires a stronger interaction 

between analyte and solvent in order to overcome solute-solute or solute-matrix 

interactions. Additionally, increased temperatures often result in thermal decomposition 

of the sample. However, by increasing the pressure of the gas above the critical point, it 

is possible to impart it with liquid-like densities and solvating strengths. In the vicinity 

of the critical point the density of the gas will increase rapidly with increasing pressure.



Table I 

Physical parameters of some supercritical fluids. 

  

  

  

  

  

  

  

  

    

Critical Critical Dipole 
SF Temperature Pressure Moment 

Co) (atm) (D) 
Carbon 
Dioxide 31.3 72.9 0 

Nitrous 

Oxide 36.5 72.5 0.51 

Ammonia 132.5 112.5 1.65 

Propane 96.8 43.1 0 

Xenon 16.6 58.4 0 

Methanol 240.1 82.0 1.70 

Freon 111.8 40.7 0.17 

Water 374.4 224.1 1.80          



At this point there is a dramatic rise in solubility for many compounds, with the observed 

solubility being several orders of magnitude greater than that predicted from classical 

thermodynamics of ideal gases. Figure 2 shows the actual and theoretical solubilities for 

naphthalene in SF ethylene (11). This deviation from classical predictions is the result of 

contributions from an imperfection coefficient that become very significant in in the 

vicinity of the Cp. As the partial molar volume of the solute begins to decrease 

dramatically, the average distance between molecules decreases and non-ideal gas 

behavior begins to govern the interactions between the solvent and sample - accounting 

for the tremendous "enhancement" in solubility. Now, in addition to vapor pressure, the 

mechanisms of chemical interactions between the sample and the "high pressure" gas are 

available to the chemist to generate separations. In this supercritical region, shown as the 

shaded area in Figure 1, the solvating strength is a direct function of density - which in 

turn is dependent on system pressure (at constant temperature) or temperature (at constant 

pressure). Interestingly, there is no break in the continuity of solvent strength as the SF 

goes from a gas into the supercritical region. Thus, it is possible to finetune the solvating 

strength of the SF any where in the range from the ideal gas to nearly that of the pure 

liquid. Because of the non-compressibility of liquids, this phenomenon is peculiar to the 

SF. In this region, the chemist has more means to control solvent behavior than at any 

other time. It is even possible, by adding small quantities of co-solvents to the SF, to 

. custom design a SF for a specific application. 

In the SF region a substance has other characteristics that compliment its solvent 

properties. The physical properties of a SF tend to be intermediate between those of 

liquids and gases. D: fusivities are typically an order of magnitude higher than in the 

corresponding liquid; while viscosities are usually an order of magnitude lower. These 

factors, along with zero surface tension exhibited by the SF, allow it to have many of the
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Figure 2. Real and predicted solubilities of naphthalene in CO, as a function of pressure 
(11).



advantageous mass transport characteristics of a gas while retaining liquid-like solvating 

strengths. Additionally most common SFs are gases under ambient conditions, and their 

complete removal or complete recirculation is simply a matter of decompression and/or 

recompression. And in the case of SF COs, its "detector transparency" for both flame and 

optical based detectors make it an ideal chromatographic mobile phase. 

ABCs of SFE 

The enhanced solvent properties of SFs have only recently been explored to their 

potential by separation scientists. Drawing from the advances made in LC hardware 

during the 1970s, the 1980s saw a number of instrumental developments (primarily for 

analytical chemists) that make the use of SFs in a benchtop environment a relatively easy 

and inexpensive proposition. There are now several manufacturers with instruments 

devoted to both supercritical fluid chromatography (SFC) and supercritical fluid 

extraction (SFE). The typical benchtop SFE apparatus will consist of (A) a gas supply, 

(B) a pump and controller used to pressurize the gas, (C) a temperature controlled oven, 

(D) an extraction vessel, (E) a back pressure regulator and (F) a collection device. 

For analytical SFE systems the gas supply is simply a laboratory sized cylinder 

from any number of manufacturers. Carbon dioxide, by virtue of its moderate critical 

parameters, high purity and low cost is the most common SF being used today - but many 

_ other potentially useful fluids are available (Table 1). Some gas suppliers will provide 

premixed fluids for applications where pure SF CO, is inadequate. 

From the gas supply, the SF travels from the tank to the pump where it is 

pressurized to the desired value. Two major types <f pumps are found in SFE 

instruments; syringe and piston. Syringe pumps have fixed volumes and any extraction 

in progress must be interrupted if the pump is emptied during the extraction. This



situation is becoming a serious disadvantage as extraction cells become larger so that 

more representative samples can be extracted. Piston pumps are only limited by the 

liquid volume of the gas supply cylinder. However it is necessary to cool the piston 

heads in some manner so that the non-compressible liquid phase is pumped. It appears 

that most new instruments now incorporate piston pumps in their design. The majority of 

manufacturers provide two pumps (usually as an option) with one delivering the primary 

fluid, while the other delivers the desired level of co-solvent. SFE pumps typically have 

maximum pressures between 6000 and 10,000 psi, and can provide liquid flowrates to 

several mLs per minute. The controller on many SFE instruments allows several 

extraction steps to be programmed into the method. This ability is particularly useful 

when fractionations are being performed. 

From the pump the SF travels to an extraction vessel where the sample is 

contained. The extraction vessel is housed in an oven so that the desired temperature can 

be maintained. As more applications are explored, the need for higher extraction 

temperatures is being realized. Often the most difficult part of solubilizing an analyte is 

its initial desorption from the matrix. High temperatures can help overcome this energy 

threshold thereby allowing more complete extractions to take place. Ovens provided with 

analytical SFE instruments usually have maximum temperatures from 100 - 150 °C. The 

extraction vessels contained in the oven are usually stainless steel cartridges with 

_ volumes from a fraction of a mL to greater than 10 mL, although larger vessels are 

available. At least one manufacturer provides disposeable cartridges of polymeric 

composition. All are sealed on both sides with frits (usually 0.5m) to prevent the 

entrainment of particulates. 

Back presssure in analytical SFE can be provided by a fixed restrictor (usually a 

narrow bore fused silica or stainless steel capillary). With a fixed restrictor the flow rate



cannot be controlled independently of the pressure. Thus, linear restrictors must be 

replaced with different diameters and/or lengths of tubing in order to maintain constant 

flowrates under different pressure conditions. Their narrow orifices can also be prone to 

plugging if a large amount of border-line soluble material is being extracted. Heating the 

restrictors helps to alleviate (not eliminate) plugging problems. High pressure micro- 

metering valves are becoming more popular. These backpressure regulators allow 

flowrates to be adjusted to constant levels at different pressures. They usually do not 

work well at low flow rates and their large dead volume can be difficult to rinse clean of 

extracted material - an especially undesirable characteristic for trace analysis. However, 

the valves are particularly useful to those wishing to model process methods. 

During a typical SFE application the sample is placed in the high pressure 

extraction vessel and equilibrated to the desired temperature. The extraction fluid is then 

allowed to flow into the vessel and is pressurized to the desired value. At this point either 

a Static, dynamic or combination static-dynamic extraction can be initiated. As analytes 

are dissolved in the SF they must be removed by the SF phase into a separate region. 

Normally, the analytes travel through the restrictor where the SF decompresses and the 

analytes deposit in some sort of trap. This is often a cooled liquid or solid support. In the 

case of solid supports, the analytes must be rinsed from the support in a separate step. In 

the past, poor SFE recoveries were often erroneously blamed on poor extraction 

_ efficiencies when the true culprit was incomplete trapping (or inadequate rinsing of the 

solid trap). Volatile materials typically pose the greatest difficulty in this respect. 

However, even non-volatile, polar samples extracted under certain circumstances can be 

problematic. 

To trap the extract in a liquid, the restrictor end is usually immersed in the 

collection solvent. There the decompressed SF rises rapidly to the surface, hopefully 
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leaving the extracted analyte in the liquid. Ifa liquid trap is being used, high SF flow 

rates can result in violent bubbling and physical removal of the extract by the aerosol 

following decompression of the SF in the solvent. Also, if the extract exhibits poor 

solubility in the collection solvent, poor recoveries usually result. The best recoveries 

during liquid collection of the extract usually result from a combination of low-to- 

moderate SF flow rates in a solvent known to exhibit an affinity for the compounds of 

interest. It is important to immerse the restrictor as far below the surface of the collection 

solvent as possible. Capping and generating a slight back pressure in the collection 

vessel also appear to help improve recoveries. Sometimes dual trap solvents can help 

deal with difficult combinations of analytes (12). 

In our laboratory we are frequently asked by industries to demonstrate the 

feasibilty of the SFE or supercritical fluid fractionation (SFF) process prior to their 

commercial investment in the technique. We usually try to mimic the process that the 

sponsor would like to implement at the analytical level. In a case where it is desired to 

remove a specific impurity/analyte from a bulk material our efforts usually follow a 

routine. Preliminary studies are performed by spiking the analyte on an inert matrix. 

This is often sand or Celite, a form of diatomaceous earth. In this way, the analyte's 

solubility in various pure or modified SFs is investigated at several pressure and 

temperature combinations. Although these results are rarely directly transferable to the 

actual matrix, they do provide a good starting point. In particular these studies help 

optimize the conditions under which the analytes can be quantitiatively recovered 

following removal by SFE. 

To perform a fractionation, multiple extractions on the same sample under 

different conditions are performed. It is possible to fractionate materials on the basis of 

their solubility in the SF by varying the density, temperature or co-solvent concentration 
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of the extracting medium. The level of control afforded by a SF allows samples to be 

separated according to their molecular weight, composition, degree of crystallinity, 

degree of polymerization, etc. For instance, to fractionate a polymer into different 

molecular weight distributions (MWD)s, the sample can be extracted at different densities 

at constant temperature - taking advantage of the decrease in solubility most oligomers 

exhibit with increasing size. The first extraction is done under conditions of low density - 

the extract is collected then replaced with a fresh collection vessel. A second extraction, 

at a higher density is then performed, with the extract again being collected in a fresh 

vessel. This is done, consecutively until the fractionation is complete. Programmable 

SFE pumps and fraction collectors now make this a hands-off procedure. As long as 

differential solubility in the SF exists, some degree of fractionation can usually be 

generated. 
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CHAPTER 2 

Supercritical Fluid Fractionation of Polyethylene Wax with CO? 

Introduction 

Supercritical fluids (SFs) have already received a measure of acceptance among 

analytical chemists for their ability to provide characteristics that fill a niche between 

traditional liquid and gas chromatography as well as to provide a viable alternative to 

liquid-solid extraction techniques (13-16). They are also beginning to recieve a great deal 

of attention in the area of polymer processing for the purification and/or fractionation of 

polymeric materials (11). Most industries, however, desire to see results at the analytical 

SFE level before they are willing to invest at the process scale. This work investigates 

the potential of supercritical CO, as a solvent for the fractionation of low molecular 

weight, high density polyethylene wax into narrow molecular weight distributions using 

analytical scale extractions. 

It is often desirable to generate polymeric materials with molecular weight 

distributions (MWDs) narrower than can be achieved during polymerization reactions. 

This is particularly true for the manufacture of ultra-high purity materials and in the 

determination of optimum MWD for a specific polymeric application. Because it can be 

impossible to achieve such MWDs during polymerization reactions, post-polymerization 

. fractionation is necessary. Conventional liquid-based separation techniques such as 

filtration, precipitation and distillation are the techniques most often used in the 

fractionation of polymeric materials. Due to the inability to make fine adjustments to the 

solvating power, liquids often fail to provide the necessary selectivity required to 

generate the narrowest molecular weight profiles. Supercritical fluids (SFs) have a 

number of characteristics that make them potential candidates for solving a variety of 
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separation problems associated with polymer processing. They have solute diffusivities 

an order of magnitude higher (10-4 -vs- 10-> cm?/s) and viscosities an order of magnitude 

lower (10-4 -vs- 10-3 N s/m2) than most liquids. These characteristics along with their 

zero surface tension lend them mass transport qualities far superior to conventional liquid 

solvents. In addition, a SF's solvating strength is a function of its density, which is in 

turn a function of system pressure and temperature. Thus, the solubility parameter of a 

SF can be fine tuned over a wide range of values, ranging from near gas-like at low 

densities, to that of the liquid state at high densities. For instance, the Hildebrand 

solubility parameter (a qualitative measure of solvent strength) of CO can be varied from 

1.3 to 8.7 H at 100 °C by increasing the pressure from it's critical value of 73 atm to 600 

atm. This means that separations can often be optimized to remove specific analytes or 

oligomer distributions from the matrix. 

In a case where the polymer shows limited solubility in the SF it is possible to 

remove specific analytes from the matrix free of interferences. There are a number of 

applications at the analytical scale where additives have been selectively removed from 

the polymer for subsequent analysis and quantitation (17-20). If the polymer is soluble to 

some degree in the SF then it is often possible to perform post-polymerization 

fractionation, whereby several MWDs can often be removed from the parent polymer 

with a single SF by merely changing the system's pressure and/or temperature in 

_ succession. Publications by Schoslki (11) and Krukonis (14,21) review many situations 

in which supercritical fluids were successively employed to solve difficult separation 

problems related to polymer processing. These include among others, the removal of 

unreacted monomer following free radical polymerization, the fractionation of synthetic 

polymers, and the purification of very low vapor pressure oils. SF CO was even used as 
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�s�u�c�c�e�s�s�i�v�e� �s�t�e�p� �b�e�i�n�g� �a�t� �a� �h�i�g�h�e�r� �d�e�n�s�i�t�y� �(�o�r� �c�o�-�s�o�l�v�e�n�t� �c�o�n�c�e�n�t�r�a�t�i�o�n�)� �t�h�a�n� �t�h�e� �p�r�e�v�i�o�u�s� 

�o�n�e�.� �T�h�u�s�,� �v�e�r�y� �n�a�r�r�o�w� �"�s�l�i�c�e�s�"� �c�a�n� �p�o�t�e�n�t�i�a�l�l�y� �b�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �r�a�w� �p�o�l�y�m�e�r�.� �T�h�e� 

�c�h�o�i�c�e� �o�f� �a� �s�o�l�v�e�n�t� �f�o�r� �s�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d� �f�r�a�c�t�i�o�n�a�t�i�o�n� �(�S�F�F�)� �a�f�f�e�c�t�s� �h�o�w� �n�a�r�r�o�w� �t�h�e� 

�s�l�i�c�e�s� �c�a�n� �b�e�.� �A� �s�o�l�v�e�n�t� �t�h�a�t� �e�x�h�i�b�i�t�s� �h�i�g�h� �s�o�l�v�a�t�i�n�g� �s�t�r�e�n�g�t�h� �f�o�r� �t�h�e� �p�o�l�y�m�e�r� �o�f� �i�n�t�e�r�e�s�t� 

�e�v�e�n� �a�t� �l�o�w� �d�e�n�s�i�t�i�e�s� �p�r�o�b�a�b�l�y� �w�i�l�l� �b�e� �u�n�a�b�l�e� �t�o� �e�x�h�i�b�i�t� �t�h�e� �s�e�l�e�c�t�i�v�i�t�y� �n�e�c�e�s�s�a�r�y� �t�o� 

�g�e�n�e�r�a�t�e� �v�e�r�y� �n�a�r�r�o�w� �M�W� �f�r�a�c�t�i�o�n�s� �f�r�o�m� �a� �m�a�t�e�r�i�a�l� �w�i�t�h� �a�n� �i�n�i�t�i�a�l�l�y� �b�r�o�a�d� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n� �(�M�W�D�)�.� �K�r�u�k�o�n�i�s� �(�1�4�)� �d�e�s�c�r�i�b�e�d� �m�a�n�y� �o�f� �t�h�e� �f�u�n�d�a�m�e�n�t�a�l� �p�r�i�n�c�i�p�l�e�s� 

�a�n�d� �a�p�p�l�i�c�a�t�i�o�n�s� �d�i�r�e�c�t�e�d� �t�o�w�a�r�d� �p�o�s�t�-�p�o�l�y�m�e�r�i�z�a�t�i�o�n� �f�r�a�c�t�i�o�n�a�t�i�o�n� �o�f� �i�m�p�u�r�i�t�i�e�s�,� �r�e�s�i�d�u�a�l� 

�s�o�l�v�e�n�t�s�,� �a�n�d� �u�n�r�e�a�c�t�e�d� �m�o�n�o�m�e�r� �a�n�d� �i�n�d�i�v�i�d�u�a�l� �o�l�i�g�o�m�e�r�s� �f�r�o�m� �a� �w�i�d�e� �v�a�r�i�e�t�y� �o�f� 

�p�o�l�y�m�e�r�s�.� 

�E�x�p�e�r�i�m�e�n�t�a�l� 

�E�x�t�r�a�c�t�i�o�n�.� �T�h�r�e�e� �s�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d� �e�x�t�r�a�c�t�o�r�s� �w�e�r�e� �u�s�e�d� �i�n� �t�h�e� �s�t�u�d�y�.� �I�n�i�t�i�a�l� 

�e�x�t�r�a�c�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �«�1� �a� �H�e�w�l�e�t�t� �P�a�c�k�a�r�d� �7�6�8�0� �(�A�v�o�n�d�a�l�e�,� �P�A�)� �e�x�t�r�a�c�t�o�r�,� 

�p�r�e�v�i�o�u�s�l�y� �d�e�s�c�r�i�b�e�d� �i�n� �g�r�e�a�t�e�r� �d�e�t�a�i�l� �b�y� �M�u�l�c�a�h�e�y� �e�t� �a�l�.� �(�2�5�)�,� �a�n�d� �a�n� �I�s�c�o� �S�F�X� �2�-�1�0� �S�F�E� 

�s�y�s�t�e�m�.� �T�h�e� �H�P� �7�6�8�0� �i�s� �a� �h�i�g�h�l�y� �a�u�t�o�m�a�t�e�d� �s�t�a�n�d�-�a�l�o�n�e� �o�f�f�-�l�i�n�e� �S�F�E� �s�y�s�t�e�m� �t�h�a�t� �a�l�l�o�w�s� 
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�t�h�e� �o�p�e�r�a�t�o�r� �t�o� �p�r�o�g�r�a�m� �v�a�r�i�o�u�s� �e�x�t�r�a�c�t�i�o�n� �p�a�r�a�m�e�t�e�r�s� �f�r�o�m� �a� �k�e�y�b�o�a�r�d� �w�i�t�h�o�u�t� �h�a�v�i�n�g� �t�o� 

�p�h�y�s�i�c�a�l�l�y� �i�n�t�e�r�v�e�n�e� �d�u�r�i�n�g� �t�h�e� �c�o�u�r�s�e� �o�f� �a� �m�u�l�t�i�s�t�e�p� �e�x�t�r�a�c�t�i�o�n�.� �B�o�t�h� �s�t�a�t�i�c� �a�n�d� �d�y�n�a�m�i�c� 

�e�x�t�r�a�c�t�i�o�n�s� �o�r� �a�n�y� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�e� �t�w�o� �c�a�n� �b�e� �p�e�r�f�o�r�m�e�d�.� �A�f�t�e�r� �t�h�e� �C�O�>� �p�a�s�s�e�s� 

�t�h�r�o�u�g�h� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� �(�1�.�5� �o�r� �7�.�0� �m�L�)� �i�t� �d�e�c�o�m�p�r�e�s�s�e�s� �t�h�r�o�u�g�h� �a� �v�a�r�i�a�b�l�e� �r�e�s�t�r�i�c�t�o�r� 

�w�h�i�c�h� �a�l�l�o�w�s� �b�o�t�h� �f�l�o�w�r�a�t�e� �a�n�d� �d�e�n�s�i�t�y� �t�o� �b�e� �s�i�m�u�l�t�a�n�e�o�u�s�l�y� �c�o�n�t�r�o�l�l�e�d�.� �T�h�e� 

�d�e�c�o�m�p�r�e�s�s�e�d� �S�F� �n�o� �l�o�n�g�e�r� �h�a�s� �a�n�y� �s�o�l�v�a�t�i�n�g� �s�t�r�e�n�g�t�h� �s�o� �a�n�a�l�y�t�e�s� �a�r�e� �d�e�p�o�s�i�t�e�d� �o�n� �a� 

�s�o�l�i�d� �p�h�a�s�e� �t�r�a�p� �-� �u�s�u�a�l�l�y� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �b�e�a�d�s� �o�r� �a� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �s�t�a�t�i�o�n�a�r�y� �p�h�a�s�e�.� 

�T�h�e� �u�s�e�r� �h�a�s� �c�o�n�t�r�o�l� �o�f� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�i�s� �t�r�a�p� �f�o�r� �b�o�t�h� �t�h�e� �d�e�p�o�s�i�t�i�o�n� �s�t�e�p� �a�n�d� 

�s�u�b�s�e�q�u�e�n�t� �r�i�n�s�e� �b�y� �a� �l�i�q�u�i�d� �s�o�l�v�e�n�t�.� �M�u�l�t�i�p�l�e� �d�e�n�s�i�t�y�,� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �r�i�n�s�e� �s�t�e�p�s� �c�a�n� �b�e� 

�p�r�o�g�r�a�m�m�e�d� �i�n�t�o� �a� �s�i�n�g�l�e� �e�x�t�r�a�c�t�i�o�n�,� �a�l�l�o�w�i�n�g� �a� �h�i�g�h� �d�e�g�r�e�e� �o�f� �h�a�n�d�s�-�o�f�f� �o�p�e�r�a�t�i�o�n�.� 

�T�h�e� �I�s�c�o� �(�L�i�n�c�o�l�n�,� �N�E�)� �S�F�X� �2�-�1�0� �e�x�t�r�a�c�t�o�r� �w�a�s� �u�s�e�d� �o�n�l�y� �b�r�i�e�f�l�y� �d�u�r�i�n�g� �t�h�e� 

�s�t�u�d�y�.� �I�t� �s�u�f�f�e�r�e�d� �e�x�c�e�s�s�i�v�e� �p�l�u�g�g�i�n�g� �f�r�o�m� �t�h�e� �d�i�s�s�o�l�v�e�d� �w�a�x� �a�t� �d�e�n�s�i�t�i�e�s� �g�r�e�a�t�e�r� �t�h�a�n� 

�0�.�3�5� �g�/�m�L�.� �T�h�e� �s�y�s�t�e�m� �e�m�p�l�o�y�e�d� �u�n�h�e�a�t�e�d� �l�i�q�u�i�d� �c�o�l�l�e�c�t�i�o�n� �w�h�i�c�h� �p�r�o�v�e�d� �u�n�d�e�s�i�r�a�b�l�e� 

�f�o�r� �t�h�i�s� �p�a�r�t�i�c�u�l�a�r� �a�p�p�l�i�c�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e� �I�s�c�o� �p�u�m�p�i�n�g� �s�y�s�t�e�m� �w�a�s� �m�o�d�i�f�i�e�d� �i�n�t�o� �a� 

 ��h�o�m�e�b�u�i�l�t� �e�x�t�r�a�c�t�o�r�"� �t�h�a�t� �p�r�o�v�i�d�e�d� �r�e�a�s�o�n�a�b�l�y� �t�r�o�u�b�l�e�-�f�r�e�e� �o�p�e�r�a�t�i�o�n� �t�h�r�o�u�g�h�o�u�t� �t�h�e� 

�d�e�n�s�i�t�y� �r�a�n�g�e� �o�f� �S�F� �C�O�.� 

�T�h�e� �t�h�i�r�d� �e�x�t�r�a�c�t�i�o�n� �s�c�h�e�m�e� �i�n�c�o�r�p�o�r�a�t�e�d� �a�n� �I�s�c�o� �(�L�i�n�c�o�l�n�,� �N�E�)� �2�6�0�D� �s�y�r�i�n�g�e� 

�p�u�m�p� �a�n�d� �a� �F�i�s�h�e�r� �I�s�o�t�e�m�p� �1�0�0� �o�v�e�n�.� �H�i�g�h� �p�u�r�i�t�y� �C�O�?� �(�S�c�o�t�t� �S�p�e�c�i�a�l�t�y� �G�a�s�e�s�,� 

�P�l�u�m�s�t�e�a�d�v�i�l�l�e�,� �P�A�)� �w�a�s� �r�o�u�t�e�d� �f�r�o�m� �t�h�e� �p�u�m�p� �t�o� �t�h�e� �o�v�e�n� �w�h�e�r�e� �i�t� �e�n�t�e�r�e�d� �a� �h�i�g�h� 

�.� �p�r�e�s�s�u�r�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� �(�K�e�y�s�t�o�n�e� �S�c�i�e�n�t�i�f�i�c�,� �B�e�l�l�e�f�o�n�t�e�,� �P�A�)�.� �J�u�s�t� �p�r�i�o�r� �t�o� �t�h�e� 

�e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l�,� �5�0� �c�m� �o�f� �t�h�e� �0�.�7�0� �m�m� �i�.�d�.� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �t�u�b�i�n�g� �w�a�s� �c�o�i�l�e�d� �a�n�d� �p�l�a�c�e�d� 

�i�n� �t�h�e� �o�v�e�n� �t�o� �i�n�s�u�r�e� �t�h�a�t� �t�h�e� �S�F� �h�a�d� �r�e�a�c�h�e�d� �t�h�e� �d�e�s�i�r�e�d� �e�x�t�r�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �b�e�f�o�r�e� 

�e�n�t�e�r�i�n�g� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l�.� �T�h�e� �o�u�t�l�e�t� �o�f� �c�h�e� �v�e�s�s�e�l� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �a� �s�h�o�r�t� �p�i�e�c�e� �o�f� 

�2�5� �u�m� �i�.�d�.� �f�u�s�e�d� �s�i�l�i�c�a� �t�u�b�i�n�g�.� �T�h�i�s� �t�u�b�i�n�g� �p�r�o�v�i�d�e�d� �t�h�e� �n�e�c�e�s�s�a�r�y� �b�a�c�k� �p�r�e�s�s�u�r�e� �t�o� 

�g�e�n�e�r�a�t�e� �t�h�e� �h�i�g�h� �p�r�e�s�s�u�r�e�s� �r�e�q�u�i�r�e�d� �d�u�r�i�n�g� �f�r�a�c�t�i�o�n�a�t�i�o�n� �w�i�t�h� �s�u�p�e�r�c�r�i�t�i�c�a�l� �C�O�7�.� �U�n�l�i�k�e� 
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�t�h�e� �v�a�r�i�a�b�l�e� �o�r�i�f�i�c�e� �r�e�s�t�r�i�c�t�o�r� �o�f� �t�h�e� �H�P� �7�6�8�0�,� �t�h�e� �l�i�n�e�a�r� �f�u�s�e�d� �s�i�l�i�c�a� �r�e�s�t�r�i�c�t�o�r� �d�i�d� �n�o�t� 

�a�l�l�o�w� �i�n�d�e�p�e�n�d�e�n�t� �c�o�n�t�r�o�l� �o�f� �t�h�e� �d�e�n�s�i�t�y� �a�n�d� �f�l�o�w� �r�a�t�e�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �l�o�n�g� 

�d�e�c�o�m�p�r�e�s�s�i�o�n� �z�o�n�e� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �a� �l�i�n�e�a�r� �r�e�s�t�r�i�c�t�o�r� �m�a�d�e� �i�t� �p�r�o�n�e� �t�o� �p�l�u�g�g�i�n�g� �f�r�o�m� 

�c�l�u�s�t�e�r� �f�o�r�m�a�t�i�o�n� �b�y� �n�o�n�-�v�o�l�a�t�i�l�e� �c�o�m�p�o�n�e�n�t�s� �(�2�6�a�)�.� �T�h�e� �e�x�i�t� �e�n�d� �o�f� �t�h�e� �f�i�x�e�d� �r�e�s�t�r�i�c�t�o�r� 

�w�a�s� �p�l�a�c�e�d� �n�e�a�r� �t�h�e� �b�o�t�t�o�m� �o�f� �a� �v�i�a�l� �c�o�n�t�a�i�n�i�n�g� �6� �-�1�2� �m�L� �o�f� �o�-�d�i�c�h�l�o�r�o�b�e�n�z�e�n�e� �(�o�-�D�C�B�)�.� 

�T�h�e� �v�i�a�l� �w�a�s� �c�a�p�p�e�d� �a�n�d� �t�h�e� �d�e�c�o�m�p�r�e�s�s�e�d� �S�F� �w�a�s� �a�l�l�o�w�e�d� �t�o� �e�s�c�a�p�e� �t�h�r�o�u�g�h� �a� �s�h�o�r�t� 

�p�i�e�c�e� �o�f� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �t�u�b�i�n�g� �t�h�a�t� �p�i�e�r�c�e�d� �t�h�e� �c�a�p� �a�n�d� �s�e�p�t�u�m�.� �I�n� �o�r�d�e�r� �t�o� �h�e�l�p� �e�l�i�m�i�n�a�t�e� 

�r�e�s�t�r�i�c�t�o�r� �p�l�u�g�g�i�n�g�,� �t�h�e� �c�o�l�l�e�c�t�i�o�n� �v�i�a�l� �w�a�s� �a�l�s�o� �p�o�s�i�t�i�o�n�e�d� �i�n� �t�h�e� �o�v�e�n� �a�n�d� �m�a�i�n�t�a�i�n�e�d� �a�t� 

�t�h�e� �s�a�m�e� �t�e�m�p�e�r�a�t�u�r�e�.� �A�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �l�o�w� �v�a�p�o�r� �p�r�e�s�s�u�r�e� �o�f� �o�-�D�C�B�,� �4�5� �m�i�n�u�t�e� 

�e�x�t�r�a�c�t�i�o�n�s� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �1�0�0� �°�C� �c�o�u�l�d� �b�e� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �m�i�n�i�m�a�l� �(�2�-�3� �m�L�)� 

�e�v�a�p�o�r�a�t�i�v�e� �l�o�s�s� �o�f� �t�h�e� �c�o�l�l�e�c�t�i�o�n� �s�o�l�v�e�n�t�.� �A�s� �l�o�n�g� �a�s� �t�h�e� �e�n�t�i�r�e� �e�x�t�r�a�c�t�i�o�n� �a�n�d� �c�o�l�l�e�c�t�i�o�n� 

�a�p�p�a�r�a�t�u�s� �w�a�s� �c�o�n�t�a�i�n�e�d� �w�i�t�h�i�n� �t�h�e� �o�v�e�n� �t�h�e� �f�r�a�c�t�i�o�n�a�t�i�o�n�s� �c�o�u�l�d� �p�r�o�c�e�e�d� �r�e�l�a�t�i�v�e�l�y� �f�r�e�e� 

�o�f� �p�l�u�g�g�i�n�g�.� 

�F�e�e�d�s�t�o�c�k�.� �T�h�e� �s�a�m�p�l�e� �u�s�e�d� �f�o�r� �t�h�e� �f�r�a�c�t�i�o�n�a�t�i�o�n� �w�a�s� �a� �l�o�w� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �(�<�M�n�>� �=� 

�8�0�0�)�,� �h�i�g�h� �d�e�n�s�i�t�y� �p�o�l�y�e�t�h�y�l�e�n�e� �w�a�x� �w�i�t�h� �a� �p�o�l�y�d�i�s�p�e�r�s�i�t�y� �o�f� �2�.�8� �a�n�d� �a� �d�e�g�r�e�e� �o�f� 

�c�r�y�s�t�a�l�l�i�n�i�t�y� �r�e�p�o�r�t�e�d� �a�t� �8�5�%�.� �T�h�e� �w�a�x� �w�a�s� �a�v�a�i�l�a�b�l�e� �a�s� �i�r�r�e�g�u�l�a�r� �s�h�a�p�e�d� �f�l�a�k�e�s� �3� �-� �7� �m�m� 

�i�n� �d�i�a�m�e�t�e�r� �a�n�d� �0�.�5� �m�m� �t�h�i�c�k�,� �s�p�h�e�r�i�c�a�l� �p�e�l�l�e�t�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �3� �m�m� �i�n� �d�i�a�m�e�t�e�r� �o�r� �a� �v�e�r�y� 

�f�i�n�e� �p�o�w�d�e�r�.� �A�l�l� �o�f� �t�h�e� �e�x�t�r�a�c�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �f�l�a�k�e�s� �u�n�l�e�s�s� �o�t�h�e�r�w�i�s�e� �s�t�a�t�e�d�.� 

�E�x�t�r�a�c�t� �A�n�a�l�y�s�i�s�.� �E�x�t�r�a�c�t�s� �f�r�o�m� �t�h�e� �H�P� �7�6�8�0� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �c�a�p�i�l�l�a�r�y� �s�u�p�e�r�c�r�i�t�i�c�a�l� 

�f�l�u�i�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �u�s�i�n�g� �a� �L�e�e� �S�c�i�e�n�t�i�f�i�c� �S�e�r�i�e�s� �6�0�0� �S�F�C� �(�L�e�e� �S�c�i�e�n�t�i�f�i�c�,� �I�n�c�.�,� �S�a�l�t� 

�L�a�k�e� �C�i�t�y�,� �U�T�)�.� �O�l�i�g�o�m�e�r�s� �w�e�r�e� �s�e�p�a�r�a�t�e�d� �o�n� �a� �7�m� �x� �5�0� �w�1�1� �i�.�d�.� �o�c�t�y�l� �c�o�l�u�m�n� �a�f�t�e�r� �a� 

�t�i�m�e�d� �s�p�l�i�t� �i�n�j�e�c�t�i�o�n� �o�f� �0�.�0�3� �s�e�c�o�n�d� �f�r�o�m� �a� �0�.�5� �p�L� �l�o�o�p�.� �T�h�e� �o�v�e�n� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �7�5� 

�°�C� �w�h�i�l�e� �t�h�e� �p�r�e�s�s�u�r�e� �w�a�s� �r�a�m�p�e�d� �t�o� �4�0�0� �a�t�m� �a�t� �5� �a�t�m�/�m�i�n� �a�f�t�e�r� �a�n� �i�n�i�t�i�a�l� �5� �m�i�n�u�t�e� �h�o�l�d� 
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�a�t� �1�0�0� �a�t�m�.� �D�e�t�e�c�t�i�o�n� �w�a�s� �b�y� �f�l�a�m�e� �i�o�n�i�z�a�t�i�o�n� �w�i�t�h� �t�h�e� �s�i�g�n�a�l� �i�n�t�e�g�r�a�t�e�d� �b�y� �a� �H�e�w�l�e�t�t� 

�P�a�c�k�a�r�d� �3�3�9�6� �i�n�t�e�g�r�a�t�o�r�.� �E�x�t�r�a�c�t� �s�a�m�p�l�e�s� �a�n�d� �t�h�e� �i�n�j�e�c�t�i�o�n� �s�y�r�i�n�g�e� �w�e�r�e� �s�t�o�r�e�d� �i�n� �t�h�e� 

�o�v�e�n� �p�r�i�o�r� �t�o� �i�n�j�e�c�t�i�o�n�.� �A�l�l� �s�a�m�p�l�e�s� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �o�-�D�C�B�.� �P�e�a�k�s� �w�e�r�e� �i�d�e�n�t�i�f�i�e�d� 

�u�s�i�n�g� �a� �w�a�x� �s�t�a�n�d�a�r�d� �(�S�u�p�e�l�c�o�,� �I�n�c�.�,� �B�e�l�l�e�f�o�n�t�e�,� �P�A�)� �a�n�d� �i�n�d�i�v�i�d�u�a�l� �h�y�d�r�o�c�a�r�b�o�n� 

�s�t�a�n�d�a�r�d�s�.� �P�e�a�k� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �(�M�W�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �t�h�e� �M�W� �o�f� �t�h�e� �o�l�i�g�o�m�e�r� 

�w�i�t�h� �t�h�e� �l�a�r�g�e�s�t� �e�l�u�t�e�d� �p�e�a�k� �a�r�e�a�.� 

�E�x�t�r�a�c�t�s� �f�r�o�m� �t�h�e� �I�s�c�o� �2�6�0�D� �b�a�s�e�d� �s�y�s�t�e�m� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �g�e�l� 

�p�e�r�m�e�a�t�i�o�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�G�P�C�)� �u�s�i�n�g� �a� �W�a�t�e�r�s� �A�L�C�/�G�P�C� �-�1�5�0� �(�M�i�l�l�i�p�o�r�e� 

�C�o�r�p�o�r�a�t�i�o�n�,� �M�i�l�f�o�r�d�,� �M�A�)�.� �S�i�z�e� �e�x�c�l�u�s�i�o�n� �t�o�o�k� �p�l�a�c�e� �v�i�a� �t�h�r�e�e� �C�o�l�u�m�n� �R�e�s�o�l�u�t�i�o�n�,� �I�n�c�.� 

�(�S�a�n� �J�o�s�e�,� �C�A�)� �3�0�c�m� �x� �6�.�0�m�m� �i�.�d�.� �P�e�r�m�a�g�e�l� �c�o�l�u�m�n�s� �(�p�o�r�e� �s�i�z�e� �=� �1�0�0�,� �5�0�0� �a�n�d� �1�0�0�0� �A�)� 

�w�i�t�h� �H�P�L�C� �g�r�a�d�e� �o�-�D�C�B� �(�A�l�d�r�i�c�h� �C�h�e�m�i�c�a�l� �C�o�.�,� �I�n�c�.�,� �M�i�l�w�a�u�k�e�e�,� �W�I�)� �a�t� �1�3�0� �°�C� �a�s� �t�h�e� 

�m�o�b�i�l�e� �p�h�a�s�e�.� �T�h�e� �f�l�o�w� �r�a�t�e� �w�a�s� �s�e�t� �t�o� �1�.�0� �m�L�/�m�i�n� �a�n�d� �d�e�t�e�c�t�i�o�n� �w�a�s� �b�y� �d�i�f�f�e�r�e�n�t�i�a�l� 

�r�e�f�r�a�c�t�o�m�e�t�r�y�.� �T�h�e� �G�P�C� �s�y�s�t�e�m� �w�a�s� �c�a�l�i�b�r�a�t�e�d� �u�s�i�n�g� �f�i�v�e� �P�o�l�y�s�t�y�r�e�n�e� �s�t�a�n�d�a�r�d�s� �(�A�l�d�r�i�c�h� 

�C�h�e�m�i�c�a�l� �C�o�.�,� �I�n�c�.�)� �w�i�t�h� �p�e�a�k� �M�W�s� �a�t� �5�8�0�,� �9�5�0�,� �2�9�5�0�,� �9�2�0�0� �a�m�d� �2�2�,�0�0�0� �a�m�u�)�.� �T�h�e� 

�r�e�s�u�l�t�i�n�g� �c�a�l�i�b�r�a�t�i�o�n� �c�u�r�v�e� �h�a�d� �a� �l�i�n�e�a�r�i�t�y� �o�f� �r�=� �0�.�9�9�8�.� �T�h�e� �r�e�f�r�a�c�t�o�m�e�t�e�r� �s�i�g�n�a�l� �w�a�s� 

�r�e�c�o�r�d�e�d� �a�n�d� �i�n�t�e�g�r�a�t�e�d� �w�i�t�h� �a�n� �H�P� �3�3�9�6� �I�n�t�e�g�r�a�t�o�r�.� �A�l�l� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �w�e�r�e� 

�r�e�c�o�r�d�e�d� �a�s� �p�o�l�y�s�t�y�r�e�n�e� �e�q�u�i�v�a�l�e�n�t�s�.� �P�e�a�k� �M�W�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �c�o�m�p�a�r�i�s�o�n� �w�i�t�h� 

�r�e�t�e�n�t�i�o�n� �t�i�m�e� �d�a�t�a� �o�f� �M�W� �s�t�a�n�d�a�r�d�s�.� �N�u�m�b�e�r� �a�v�e�r�a�g�e� �(�<�M�n�>�)� �a�n�d� �w�e�i�g�h�t� �a�v�e�r�a�g�e� 

�(�<�M�w�>�)� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�a�n�u�a�l� �d�i�g�i�t�i�z�a�t�i�o�n� �o�f� �t�h�e� �i�n�t�e�g�r�a�t�o�r� 

�.� �t�r�a�c�e� �(�2�6�b�)�.� �T�h�e� �p�e�a�k� �i�n�f�o�r�m�a�t�i�o�n� �p�r�o�v�i�d�e�d� �b�y� �t�h�e� �i�n�t�e�g�r�a�t�o�r� �t�r�a�c�e� �w�a�s� �p�r�o�c�e�s�s�e�d� �b�y� �"�i�n�-� 

�h�o�u�s�e�"� �s�o�f�t�w�a�r�e�.� �T�h�e� �s�o�f�t�w�a�r�e� �r�o�u�n�d�e�d� �M�W�s� �t�o� �t�h�e� �n�e�a�r�e�s�t� �1�0�0�,� �b�u�t� �u�s�e�d� �3�-�4� �s�i�g�n�i�f�i�c�a�n�t� 

�f�i�g�u�r�e�s� �f�o�r� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� �p�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s�.� �T�h�u�s�,� �t�a�b�l�e� �v�a�l�u�e�s� �m�a�y� �a�p�p�e�a�r� �t�o� �h�a�v�e� 

�s�o�m�e� �d�i�s�c�r�e�p�a�n�c�y�.� 

�D�i�f�f�e�r�e�n�t�i�a�l� �s�c�a�n�n�i�n�g� �c�a�l�o�r�i�m�e�t�r�y� �(�D�S�C�)� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a� �P�e�r�k�i�n� �E�l�m�e�r� 

�(�N�o�r�w�a�l�k�,� �C�T�)� �T�G�S�-�2� �T�h�e�r�m�o�g�r�a�v�i�m�e�t�r�i�c� �A�n�a�l�y�z�e�r�.� �F�o�r� �D�S�C� �a�n�a�l�y�s�i�s� �t�h�e� �o�-�D�C�B� �w�a�s� 
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�e�v�a�p�o�r�a�t�e�d� �f�r�o�m� �t�h�e� �e�x�t�r�a�c�t�s� �i�n� �a� �v�a�c�u�u�m� �o�v�e�n�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �p�o�l�y�e�t�h�y�l�e�n�e� �f�i�l�m� �(�2� �-� �1�0� 

�m�g�)� �w�a�s� �s�c�r�a�p�e�d� �f�r�o�m� �t�h�e� �w�a�l�l�s� �o�f� �t�h�e� �c�o�l�l�e�c�t�i�o�n� �v�i�a�l� �a�n�d� �p�l�a�c�e�d� �i�n� �a� �g�r�a�v�i�m�e�t�r�i�c� �p�a�n� �f�o�r� 

�a�n�a�l�y�s�i�s�.� �T�h�e� �s�a�m�p�l�e�s� �w�e�r�e� �s�c�a�n�n�e�d� �a�t� �a� �r�a�t�e� �o�f� �1�0�.�0�0� �°�C� �p�e�r� �m�i�n�u�t�e� �a�n�d� �p�e�a�k� �m�a�x�i�m�a� 

�w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �t�h�e� �a�s�-�r�e�c�i�e�v�e�d� �p�o�l�y�e�t�h�y�l�e�n�e�,� �t�h�e� �c�o�l�l�e�c�t�e�d� �f�r�a�c�t�i�o�n�s� �a�n�d� �r�e�s�u�l�t�i�n�g� 

�r�a�f�f�e�i�n�a�t�e�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�I�n�i�t�i�a�l�l�y� �s�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d� �e�x�t�r�a�c�t�i�o�n�s� �w�e�r�e� �d�o�n�e� �w�i�t�h� �t�h�e� �H�P� �7�6�8�0� �u�s�i�n�g� �C�O�,� �a�n�d� 

�a� �c�r�y�o�c�o�o�l�e�d� �t�r�a�p� �c�o�n�t�a�i�n�i�n�g� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �b�e�a�d�s�.� �T�w�o� �s�e�t�s� �o�f� �e�x�t�r�a�c�t�i�o�n�s� �w�e�r�e� 

�p�e�r�f�o�r�m�e�d� �a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �o�f� �6�0� �a�n�d� �8�0� �°�C�.� �F�o�r� �b�o�t�h� �e�x�t�r�a�c�t�i�o�n�s� �3�0�0� �m�g� �o�f� �s�a�m�p�l�e� �w�a�s� 

�s�u�b�j�e�c�t�e�d� �t�o� �s�u�c�c�e�s�s�i�v�e� �e�x�t�r�a�c�t�i�o�n�s� �w�i�t�h� �C�O�,� �a�t� �p�r�o�g�r�e�s�s�i�v�e�l�y� �h�i�g�h�e�r� �d�e�n�s�i�t�i�e�s� �s�u�c�h� �t�h�a�t� 

�t�h�e� �r�a�f�f�e�i�n�a�t�e� �f�r�o�m� �e�a�c�h� �e�x�t�r�a�c�t�i�o�n� �s�t�e�p� �b�e�c�a�m�e� �t�h�e� �f�e�e�d�s�t�o�c�k� �f�o�r� �t�h�e� �s�u�c�c�e�e�d�i�n�g� �o�n�e�.� �A�t� 

�6�0� �°�C� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �a�t� �0�.�2�5�,� �0�.�4�0�,� �0�.�6�0� �a�n�d� �0�.�8�5� �g�/�m�L�;� �w�h�i�l�e� �a�t� �8�0� �°�C�,� �f�i�v�e� 

�f�r�a�c�t�i�o�n�s� �f�r�o�m� �0�.�3�0� �t�o� �0�.�7�0� �g�/�m�L� �s�e�p�a�r�a�t�e�d� �b�y� �i�n�c�r�e�m�e�n�t�s� �o�f� �0�.�1�0� �g�/�m�L� �w�e�r�e� 

�a�c�c�u�m�u�l�a�t�e�d�.� �F�o�r� �e�a�c�h� �e�x�t�r�a�c�t�i�o�n� �s�t�e�p� �a� �l�i�q�u�i�d� �C�O�}� �f�l�o�w� �r�a�t�e� �o�f� �2� �m�L�/�m�i�n� �w�a�s� 

�m�a�i�n�t�a�i�n�e�d� �t�h�r�o�u�g�h� �t�h�e� �v�a�r�i�a�b�l�e� �r�e�s�t�r�i�c�t�o�r� �a�n�d� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �t�i�m�e� �w�a�s� �a�d�j�u�s�t�e�d� �a�t� �e�a�c�h� 

�d�e�n�s�i�t�y� �s�o� �t�h�a�t� �a� �c�o�n�s�t�a�n�t� �2�5� �v�e�s�s�e�l� �v�o�l�u�m�e�s� �o�f� �s�u�p�e�r�c�r�i�t�i�c�a�l� �C�O� �w�e�r�e� �f�l�u�s�h�e�d� �t�h�r�o�u�g�h� 

�t�h�e� �1�.�5� �m�L� �e�x�t�r�a�c�t�i�o�n� �t�h�i�m�b�l�e�.� �E�x�t�r�a�c�t�i�o�n� �t�i�m�e�s� �r�a�n�g�e�d� �f�r�o�m� �5� �m�i�n�u�t�e�s� �a�t� �a� �d�e�n�s�i�t�y� �o�f� 

�0�.�2�5� �g�/�m�L� �t�o� �1�6� �m�i�n�u�t�e�s� �a�t� �0�.�8�0� �g�/�m�L�.� �A�f�t�e�r� �d�e�p�o�s�i�t�i�o�n� �o�n� �t�h�e� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �b�e�a�d�s� �a�t� �5� 

�_� �°�C�,� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �t�r�a�p� �w�a�s� �r�a�i�s�e�d� �t�o� �8�0� �°�C� �w�h�i�l�e� �b�e�i�n�g� �r�i�n�s�e�d� �w�i�t�h� �o�-�D�C�B�.� �T�h�e� 

�e�x�t�r�a�c�t�s� �w�e�r�e� �t�h�e�n� �a�n�a�l�y�z�e�d� �u�s�i�n�g� �c�a�p�i�l�l�a�r�y� �S�F�C�.� �F�i�g�u�r�e� �3� �s�h�o�w�s� �t�h�e� �c�a�p�i�l�l�a�r�y� �S�F�C� 

�c�h�r�o�m�a�t�o�g�r�a�m� �f�r�o�m� �t�h�e� �6�0� �°�C�,� �0�.�6�0� �g�/�m�L� �f�r�a�c�t�i�o�n�.� �T�h�e� �p�o�l�a�r� �o�-�D�C�B� �e�l�u�t�e�s� �f�r�o�m� �t�h�e� 

�o�c�t�y�l� �c�o�l�u�m�n� �v�e�r�y� �s�l�o�w�l�y�,� �g�e�n�e�r�a�t�i�n�g� �a� �l�a�r�g�e� �s�o�l�v�e�n�t� �p�e�a�k�,� �t�h�u�s� �r�e�s�t�r�i�c�t�i�n�g� �p�e�a�k� 

�i�d�e�n�t�i�f�i�c�a�t�i�o�n� �t�o� �C�-�1�8� �a�n�d� �h�i�g�h�e�r�.� �F�o�r� �t�h�i�s� �f�r�a�c�t�i�o�n� �t�h�e� �o�l�i�g�o�m�e�r� �d�i�s�t�r�i�b�u�t�i�o�n� �w�a�s� �c�e�n�t�e�r�e�d� 

�a�r�o�u�n�d� �t�h�e� �C�-�2�6� �o�l�i�g�o�m�e�r�.� �F�i�g�u�r�e� �4� �s�h�o�w�s� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n�s� �o�f� �t�h�e� 

�2�0



� � 

� � �C
�2

�6
� 

�C
�3

�0
� 

�C
�2

�2
� 

�C
�3

�4
� � � � � � � � � � � � � � � � � � � � � � � � � 

�F�i�g�u�r�e� �3�.� �C�a�p�i�l�l�a�r�y� �S�F�C�-�F�I�D� �c�h�r�o�m�a�t�o�g�r�a�m� �o�f� �t�h�e� �6�0� �°�C�,� �0�.�6�0� �g�/�m�L� �f�r�a�c�t�i�o�n� �c�o�l�l�e�c�t�e�d� 
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�2�1



�c�o�m�b�i�n�e�d� �i�n�d�i�v�i�d�u�a�l� �f�r�a�c�t�i�o�n�s� �a�r�i�s�i�n�g� �f�r�o�m� �e�x�t�r�a�c�t�i�o�n�s� �d�o�n�e� �a�t� �8�0� �°�C�.� �T�h�e� �p�l�o�t� �s�h�o�w�s� �t�h�e� 

�S�F�C�-�F�I�D� �p�e�a�k� �a�r�e�a� �f�o�r� �e�a�c�h� �e�l�u�t�e�d� �o�l�i�g�o�m�e�r� �p�l�o�t�t�e�d� �i�n� �s�u�c�h� �a� �m�a�n�n�e�r� �a�s� �t�o� �g�r�a�p�h�i�c�a�l�l�y� 

�r�e�p�r�e�s�e�n�t� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n� �f�o�r� �e�a�c�h� �f�r�a�c�t�i�o�n�.� �I�n� �a� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �c�o�m�p�l�e�t�e� 

�f�r�a�c�t�i�o�n�a�t�i�o�n� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �f�r�a�c�t�i�o�n�s� �s�h�o�u�l�d� �"�c�o�-�a�d�d�"� �t�o� �p�r�o�d�u�c�e� �a� �d�i�s�t�r�i�b�u�t�i�o�n� �i�d�e�n�t�i�c�a�l� 

�t�o� �t�h�e� �i�n�i�t�i�a�l� �p�o�l�y�m�e�r�.� �T�h�e� �a�p�p�r�o�x�i�m�a�t�e� �p�e�a�k� �M�W� �a�p�p�e�a�r�s� �t�o� �b�e� �c�e�n�t�e�r�e�d� �a�r�o�u�n�d� �C�-�2�8� 

�w�h�i�c�h� �h�a�s� �a� �M�W� �o�f� �3�9�4� �-� �w�e�l�l� �b�e�l�o�w� �t�h�e� �p�o�l�y�m�e�r�'�s� �k�n�o�w�n� �w�e�i�g�h�t� �a�n�d� �n�u�m�b�e�r�-�a�v�e�r�a�g�e� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s�.� �F�i�g�u�r�e� �5� �s�h�o�w�s� �a� �p�l�o�t� �o�f� �e�x�t�r�a�c�t� �<�M�w�>� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� 

�f�r�a�c�t�i�o�n�a�t�i�o�n� �d�e�n�s�i�t�y� �a�t� �t�w�o� �d�i�f�f�e�r�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s�.� �T�h�e� �w�e�i�g�h�t�-�a�v�e�r�a�g�e�d� �m�o�l�e�c�u�l�a�r� 

�w�e�i�g�h�t�s� �w�e�r�e� �c�a�l�c�u�l�a�t�e�d� �t�a�k�i�n�g� �i�n� �c�o�n�s�i�d�e�r�a�t�i�o�n� �t�h�e� �m�a�s�s� �b�i�a�s� �o�f� �t�h�e� �f�l�a�m�e� �i�o�n�i�z�a�t�i�o�n� 

�d�e�t�e�c�t�o�r� �(�2�7�)�.� �I�t� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �s�h�i�f�t� �t�o�w�a�r�d� �l�o�w�e�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n�s� �w�h�e�n� 

�t�h�e� �e�x�t�r�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �i�s� �r�e�d�u�c�e�d� �f�r�o�m� �8�0� �t�o� �6�0� �°�C�.� �T�h�e� �p�l�o�t� �s�h�o�w�s� �t�h�a�t� �a�t� �a�n�y� �g�i�v�e�n� 

�d�e�n�s�i�t�y� �t�h�e� �<�M�w�>� �i�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �h�i�g�h�e�r� �a�t� �8�0� �°�C� �t�h�a�n� �i�t� �i�s� �a�t� �6�0� �°�C�.� �T�h�e� �e�f�f�e�c�t� �i�s� �e�v�e�n� 

�m�o�r�e� �p�r�o�n�o�u�n�c�e�d� �i�n� �t�h�e� �h�i�g�h�e�r� �d�e�n�s�i�t�y� �f�r�a�c�t�i�o�n�s� �f�r�o�m� �w�h�i�c�h� �t�h�e� �h�e�a�v�i�e�s�t� �o�l�i�g�o�m�e�r�s� �a�r�e� 

�e�x�p�e�c�t�e�d� �t�o� �b�e� �e�x�t�r�a�c�t�e�d� �f�r�o�m� �t�h�e� �w�a�x�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �t�o�t�a�l� �r�e�c�o�v�e�r�y� �(�m�e�a�s�u�r�e�d� 

�g�r�a�v�i�m�e�t�r�i�c�a�l�l�y�)� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �1�2� �-� �2�0�%� �w�h�e�n� �t�h�e� �f�r�a�c�t�i�o�n�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �w�a�s� 

�i�n�c�r�e�a�s�e�d� �f�r�o�m� �6�0� �t�o� �8�0� �°�C�.� �S�i�n�c�e� �t�h�e� �s�o�l�v�a�t�i�n�g� �s�t�r�e�n�g�t�h� �o�f� �C�O�2� �d�o�e�s� �n�o�t� �i�n�c�r�e�a�s�e� �m�u�c�h� 

�a�b�o�v�e� �t�h�e� �0�.�8�5� �g�/�m�L� �s�h�o�w�n� �i�n� �F�i�g�u�r�e� �5�,� �t�h�e� �r�o�l�e� �o�f� �i�n�c�r�e�a�s�e�d� �t�e�m�p�e�r�a�t�u�r�e� �i�n� �g�e�n�e�r�a�t�i�n�g� 

�h�i�g�h�e�r� �M�W� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�r�o�m� �t�h�e� �p�a�r�e�n�t� �p�o�l�y�m�e�r� �i�s� �c�l�e�a�r�l�y� �i�m�p�o�r�t�a�n�t�.� �B�o�t�h� 

�t�h�e�r�m�o�d�y�n�a�m�i�c� �a�n�d� �k�i�n�e�t�i�c� �c�o�n�t�r�i�b�u�t�i�o�n�s� �a�r�e� �p�r�o�b�a�b�l�y� �a�t� �w�o�r�k� �h�e�r�e�.� �P�o�l�y�e�t�h�y�l�e�n�e�,� �d�u�e� �t�o� 

�_� �i�t�s� �s�i�m�p�l�e�,� �r�e�g�u�l�a�r� �a�n�d� �f�l�e�x�i�b�l�e� �c�h�a�i�n�s� �c�a�n� �p�a�c�k� �t�i�g�h�t�l�y� �i�n�t�o� �a� �h�i�g�h�l�y� �c�r�y�s�t�a�l�l�i�n�e� �s�t�r�u�c�t�u�r�e�.� 

�T�h�i�s� �d�e�g�r�e�e� �o�f� �c�r�y�s�t�a�l�l�i�n�i�t�y� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �h�i�g�h� �h�e�a�t� �o�f� �f�u�s�i�o�n� �c�a�n� �g�r�e�a�t�l�y� �i�n�f�l�u�e�n�c�e� 

�d�i�s�s�o�l�u�t�i�o�n� �p�h�e�n�o�m�e�n�a�.� �I�n� �t�h�e� �c�r�y�s�t�a�l�l�i�n�e� �s�t�a�t�e�,� �s�o�l�u�t�e�-�s�o�l�u�t�e� �i�n�t�e�r�a�c�t�i�o�n�s� �c�a�n� �b�e� �d�i�f�f�i�c�u�l�t� 

�f�o�r� �a� �s�o�l�v�e�n�t� �t�o� �o�v�e�r�c�o�m�e�.� �W�h�i�l�e� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �o�l�i�g�o�m�e�r� �m�a�y� �b�e� �s�o�l�u�b�l�e� �i�n� �t�h�e� �S�F� �a�t�a� 

�g�i�v�e�n� �p�r�e�s�s�u�r�e� �a�n�d� �t�e�m�p�e�r�a�t�u�r�e� �-� �r�e�m�o�v�i�n�g� �i�t� �f�r�o�m� �t�h�e� �c�r�y�s�t�a�l�l�i�n�e� �s�o�l�i�d� �w�o�u�l�d� �c�e�r�t�a�i�n�l�y� 

�r�e�q�u�i�r�e� �m�o�r�e� �e�n�e�r�g�e�t�i�c� �c�o�n�d�i�t�i�o�n�s�.� �F�o�r� �i�n�s�t�a�n�c�e�,� �a�t�a�c�t�i�c� �p�o�l�y�p�r�o�p�y�l�e�n�e� �i�s� �q�u�i�t�e� �s�o�l�u�b�l�e� 
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�F�i�g�u�r�e� �4�.� �M�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�r�o�m� �t�h�e� �8�0� �°�C� �H�P� �7�6�8�0� �s�e�q�u�e�n�t�i�a�l� �e�x�t�r�a�c�t�i�o�n�s� 
�-� �d�e�t�e�r�m�i�n�e�d� �b�y� �p�l�o�t�t�i�n�g� �t�h�e� �c�a�p�i�l�l�a�r�y� �S�F�C�-�F�I�D� �p�e�a�k� �a�r�e�a�s� �f�o�r� �t�h�e� �e�l�u�t�e�d� �o�l�i�g�o�m�e�r�s� �a�t� 
�e�a�c�h� �e�x�t�r�a�c�t�i�o�n� �d�e�n�s�i�t�y�.� �A�l�l� �e�x�t�r�a�c�t�i�o�n�s� �w�e�r�e� �w�i�t�h� �2�5� �v�e�s�s�e�l� �v�o�l�u�m�e�s� �o�f� �S�F� �C�O�,� �a�t�a� 
�l�i�q�u�i�d� �f�l�o�w�r�a�t�e� �o�f� �2� �m�L�/�m�i�n�.� 
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�p�l�o�t�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �e�x�t�r�a�c�t�i�o�n� �d�e�n�s�i�t�y� �a�t� �6�0� �a�n�d� �8�0� �°�C�.� 
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�i�n� �C�O�,� �w�h�i�l�e� �t�h�e� �m�o�r�e� �c�r�y�s�t�a�l�l�i�n�e� �i�s�o�t�a�c�t�i�c� �p�o�l�y�p�r�o�p�y�l�e�n�e� �i�s� �p�r�a�c�t�i�c�a�l�l�y� �i�n�s�o�l�u�b�l�e� �(�2�3�)�.� 

�F�a�c�t�o�r�s� �t�h�a�t� �u�s�u�a�l�l�y� �r�e�d�u�c�e� �c�r�y�s�t�a�l�l�i�n�i�t�y� �i�n� �a� �p�o�l�y�m�e�r� �(�i�.�e� �s�h�o�r�t� �c�h�a�i�n� �b�r�a�n�c�h�i�n�g� �i�n� �P�E�)� 

�t�e�n�d� �t�o� �i�n�c�r�e�a�s�e� �i�t�s� �s�o�l�u�b�i�l�i�t�y� �i�n�a� �S�F�.� �T�h�u�s�,� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� �p�e�a�k� �M�W� �w�i�t�h� �t�e�m�p�e�r�a�t�u�r�e� �a�t� 

�c�o�n�s�t�a�n�t� �d�e�n�s�i�t�y� �c�o�u�l�d� �b�e� �a� �r�e�s�u�l�t� �o�f� �t�r�a�v�e�r�s�i�n�g� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�e�p�e�n�d�e�n�t� �m�e�l�t�i�n�g� 

�t�r�a�n�s�i�t�i�o�n�s�.� �W�i�t�h� �e�a�c�h� �i�n�c�r�e�a�s�e� �i�n� �t�e�m�p�e�r�a�t�u�r�e�,� �h�i�g�h�e�r� �M�W� �o�l�i�g�o�m�e�r�s� �p�a�s�s� �f�r�o�m� �t�h�e� 

�c�r�y�s�t�a�l�l�i�n�e� �t�o� �m�o�l�t�e�n� �s�t�a�t�e� �a�l�l�o�w�i�n�g� �t�h�e�i�r� �e�x�t�r�a�c�t�i�o�n� �b�y� �t�h�e� �S�F� �C�O�»�.� �H�o�w�e�v�e�r�,� �i�t� �w�a�s� �l�a�t�e�r� 

�d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �m�u�c�h� �a�b�o�v�e� �1�0�0� �°�C� �r�e�s�u�l�t�e�d� �i�n� �t�h�e� 

�P�E� �w�a�x� �m�e�l�t�i�n�g� �a�n�d� �m�o�v�i�n�g� �e�n� �m�a�s�s�e� �t�h�r�o�u�g�h� �t�h�e� �r�e�s�t�r�i�c�t�o�r� �w�h�e�r�e� �i�t� �w�a�s� �p�r�o�n�e� �t�o� 

�"�p�l�u�g�g�i�n�g�"� �a�s� �t�h�e� �C�O�»� �d�e�c�o�m�p�r�e�s�s�e�d�.� 

�T�h�e�r�e� �m�i�g�h�t� �a�l�s�o� �b�e� �a� �k�i�n�e�t�i�c� �c�o�n�t�r�i�b�u�t�i�o�n� �f�r�o�m� �i�n�c�r�e�a�s�e�d� �e�x�t�r�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�.� 

�O�l�i�g�o�m�e�r� �e�x�t�r�a�c�t�a�b�i�l�i�t�y� �i�n� �a� �S�F� �i�s� �b�o�t�h� �s�o�l�u�b�i�l�i�t�y� �a�n�d� �d�i�f�f�u�s�i�o�n� �c�o�n�t�r�o�l�l�e�d� �(�2�8�)�.� �T�h�i�s� 

�m�o�d�e�l� �s�a�y�s� �t�h�a�t� �i�f� �o�l�i�g�o�m�e�r� �s�o�l�u�b�i�l�i�t�y� �i�n� �t�h�e� �S�F� �i�s� �h�i�g�h� �a�n�d� �t�h�e� �f�l�o�w� �r�a�t�e� �i�s� �s�u�c�h� �t�h�a�t� �i�t�s� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n� �t�h�e� �m�o�b�i�l�e� �p�h�a�s�e� �i�s� �n�e�a�r�l�y� �z�e�r�o�,� �t�h�e�n� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �w�i�l�l� �b�e� �d�i�f�f�u�s�i�o�n� 

�c�o�n�t�r�o�l�l�e�d�.� �D�i�f�f�u�s�i�o�n� �o�f� �l�o�n�g�e�r� �c�h�a�i�n� �o�l�i�g�o�m�e�r�s� �w�i�t�h�i�n� �t�h�e� �p�o�l�y�m�e�r� �m�a�t�r�i�x� �w�i�l�l� �a�l�w�a�y�s� �b�e� 

�m�o�r�e� �l�i�m�i�t�e�d� �t�h�a�n� �f�o�r� �t�h�o�s�e� �w�i�t�h� �s�h�o�r�t�e�r� �c�h�a�i�n� �l�e�n�g�t�h�s�.� �T�h�u�s�,� �i�n�c�r�e�a�s�i�n�g� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� 

�a�t� �a� �c�o�n�s�t�a�n�t� �d�e�n�s�i�t�y� �w�i�l�l� �a�l�l�o�w� �m�o�r�e� �o�f� �t�h�e� �h�e�a�v�i�e�r� �c�o�m�p�o�n�e�n�t�s� �t�h�a�t� �a�r�e� �s�o�l�u�b�l�e� �a�t� �t�h�a�t� 

�C�O�,� �d�e�n�s�i�t�y� �t�o� �e�s�c�a�p�e� �t�h�e� �m�a�t�r�i�x� �a�n�d� �b�e� �s�o�l�v�a�t�e�d� �b�y� �t�h�e� �S�F�,� �t�h�e�r�e�b�y� �s�h�i�f�t�i�n�g� �t�h�e� �M�W�D� �t�o� 

�a� �h�i�g�h�e�r� �v�a�l�u�e�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �H�P� �S�F�E� �s�y�s�t�e�m� �w�i�t�h� �s�o�l�i�d� �p�h�a�s�e� �t�r�a�p�p�i�n�g� �w�a�s� �a�b�l�e� �t�o� �a�c�h�i�e�v�e� 

�_� �p�o�l�y�m�e�r� �f�r�a�c�t�i�o�n�a�t�i�o�n�.� �i�t� �w�a�s� �u�n�a�b�l�e� �t�o� �r�e�a�c�h� �t�h�e� �d�e�s�i�r�e�d� �M�W�s� �a�n�d� �t�h�e�r�e� �w�a�s� �a�l�s�o� �g�r�e�a�t� 

�d�i�f�f�i�c�u�l�t�y� �i�n� �m�o�v�i�n�g� �t�h�e� �e�x�t�r�a�c�t�e�d� �w�a�x� �t�h�r�o�u�g�h� �t�h�e� �t�r�a�n�s�f�e�r� �l�i�n�e�s� �f�r�o�m� �t�h�e� �e�x�t�r�a�c�t�i�o�n� 

�t�h�i�m�b�l�e� �t�o� �t�h�e� �t�h�e� �t�r�a�p� �-� �e�s�p�e�c�i�a�l�l�y� �a�t� �h�i�g�h�e�r� �d�e�n�s�i�t�i�e�s�.� �T�h�e� �r�e�a�s�o�n� �f�o�r� �t�h�i�s� �p�r�o�b�l�e�m� �w�a�s� 

�b�e�c�a�u�s�e� �t�h�e� �t�r�a�n�s�f�e�r� �!�i�n�e� �a�n�d� �s�w�i�t�c�h�i�n�g� �v�a�l�v�e� �b�e�t�w�e�e�n� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� �a�n�d� �s�o�l�i�d� 

�p�h�a�s�e� �t�r�a�p� �(�~�3�0�c�m�)� �w�a�s� �u�n�h�e�a�t�e�d� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �"�c�o�l�d� �s�p�o�t�"� �w�a�s� �v�e�r�y� �p�r�o�n�e� �t�o� 

�p�l�u�g�g�i�n�g�.� �T�h�e� �s�i�t�u�a�t�i�o�n� �w�a�s� �e�x�a�g�g�e�r�a�t�e�d� �e�v�e�n� �f�u�r�t�h�e�r� �w�h�e�n� �t�h�e� �p�o�w�d�e�r�,� �w�i�t�h� �a� �m�u�c�h� 
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�g�r�e�a�t�e�r� �s�u�r�f�a�c�e� �a�r�e�a�,� �w�a�s� �u�s�e�d� �a�s� �t�h�e� �f�e�e�d�s�t�o�c�k�.� �I�n� �g�e�n�e�r�a�l�,� �t�h�e�r�e� �w�a�s� �d�i�f�f�i�c�u�l�t�y� �w�i�t�h� 

�p�l�u�g�g�i�n�g� �w�h�e�n� �a�n�y� �o�f� �o�u�r� �c�o�m�m�e�r�c�i�a�l� �S�F�E� �s�y�s�t�e�m�s� �w�e�r�e� �u�s�e�d� �t�o� �e�x�t�r�a�c�t� �t�h�e� �w�a�x�.� �T�h�e� 

�a�d�d�i�t�i�o�n�a�l� �v�a�l�v�i�n�g� �a�n�d� �t�r�a�n�s�f�e�r� �l�i�n�e�s� �t�h�a�t� �h�e�l�p� �p�r�o�v�i�d�e� �u�s�e�r�-�f�r�i�e�n�d�l�y� �f�e�a�t�u�r�e�s� �f�o�r� �m�a�n�y� 

�S�F�E� �a�p�p�l�i�c�a�t�i�o�n�s� �s�e�r�v�e� �a�s� �"�t�r�o�u�b�l�e� �s�p�o�t�s�"� �f�o�r� �o�l�i�g�o�m�e�r�s� �e�x�h�i�b�i�t�i�n�g� �b�o�r�d�e�r�l�i�n�e� �s�o�l�u�b�i�l�i�t�y�.� 

�A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �M�W�D�s� �o�f� �t�h�e� �e�x�t�r�a�c�t�e�d� �f�r�a�c�t�i�o�n�s� �w�e�r�e� �m�u�c�h� �l�o�w�e�r� �t�h�a�n� �i�n�i�t�i�a�l�l�y� 

�h�o�p�e�d� �f�o�r�.� �T�h�i�s� �m�a�y� �i�n� �p�a�r�t� �b�e� �d�u�e� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �h�i�g�h�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �a�v�a�i�l�a�b�l�e� �f�o�r� 

�e�x�t�r�a�c�t�i�o�n� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �t�r�a�p� �r�i�n�s�e� �w�a�s� �8�0� �°�C�.� �T�h�e� �r�e�s�u�l�t�s� �w�e� �p�r�e�v�i�o�u�s�l�y� �a�c�q�u�i�r�e�d� �a�t� �8�0� 

�°�C� �c�o�m�p�a�r�e�d� �t�o� �t�h�o�s�e� �a�t� �6�0� �°�C�,� �a�l�o�n�g� �w�i�t�h� �f�i�n�d�i�n�g�s� �i�n� �o�t�h�e�r� �l�a�b�o�r�a�t�o�r�i�e�s� �(�2�8�,�2�9�)� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �t�e�m�p�e�r�a�t�u�r�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �8�0� �°�C� �m�i�g�h�t� �s�i�g�n�i�f�i�c�a�n�t�l�y� �i�m�p�r�o�v�e� �e�x�t�r�a�c�t�i�o�n� �c�a�p�a�b�i�l�i�t�i�e�s�.� 

�W�e� �w�e�r�e� �a�l�s�o� �c�o�n�c�e�r�n�e�d� �t�h�a�t� �t�h�e� �h�e�a�v�i�e�s�t� �o�l�i�g�o�m�e�r�s� �e�x�t�r�a�c�t�e�d� �a�n�d� �t�r�a�p�p�e�d� �d�u�r�i�n�g� �a� 

�f�r�a�c�t�i�o�n�a�t�i�o�n� �s�t�e�p� �m�i�g�h�t� �n�o�t� �b�e� �s�u�f�f�i�c�i�e�n�t�l�y� �d�i�s�s�o�l�v�e�d� �b�y� �t�h�e� �o�-�D�C�B� �r�i�n�s�e� �s�o�l�v�e�n�t� �a�t� 

�8�0� �°�C�.� 

�I�n� �o�r�d�e�r� �t�o� �e�l�i�m�i�n�a�t�e� �t�h�e�s�e� �c�o�n�c�e�r�n�s�,� �t�h�e� �"�h�o�m�e�b�u�i�l�t�"� �e�x�t�r�a�c�t�o�r� �d�e�s�c�r�i�b�e�d� 

�p�r�e�v�i�o�u�s�l�y� �w�a�s� �e�m�p�l�o�y�e�d�.� �T�h�e� �n�e�w� �s�y�s�t�e�m� �m�i�n�i�m�i�z�e�d� �t�r�a�n�s�f�e�r� �l�i�n�e� �d�i�s�t�a�n�c�e�s� �a�n�d� 

�a�l�l�o�w�e�d� �u�s� �t�o� �e�x�p�l�o�r�e� �h�i�g�h�e�r� �e�x�t�r�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �t�h�a�n� �w�e�r�e� �a�l�l�o�w�a�b�l�e� �w�i�t�h� �o�u�r� 

�c�o�m�m�e�r�c�i�a�l� �i�n�s�t�r�u�m�e�n�t�s�.� �T�h�u�s�,� �a�l�l� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �s�y�s�t�e�m� �c�o�u�l�d� �k�e�p�t� �a�t� �t�h�e� �s�a�m�e� 

�t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �t�h�e� �m�o�v�e�m�e�n�t� �o�f� �d�i�s�s�o�l�v�e�d� �w�a�x� �r�e�s�t�r�i�c�t�e�d� �t�o� �o�n�l�y� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� 

�e�x�i�t� �f�r�i�t� �a�n�d� �t�h�e� �r�e�s�t�r�i�c�t�o�r�.� �W�i�t�h� �t�h�e� �n�e�w� �s�y�s�t�e�m� �t�h�e� �f�r�a�c�t�i�o�n�a�t�i�o�n�s� �c�o�u�l�d� �b�e� �p�e�r�f�o�r�m�e�d� 

�w�i�t�h�o�u�t� �t�h�e� �p�e�r�s�i�s�t�e�n�t� �p�l�u�g�g�i�n�g� �t�h�a�t� �p�l�a�g�u�e�d� �o�u�r� �e�a�r�l�i�e�r�,� �m�o�r�e� �c�o�m�p�l�e�x� �c�o�m�m�e�r�c�i�a�l� 

�_� �s�y�s�t�e�m�s�.� �A�n�a�l�y�s�i�s� �o�f� �a�l�l� �e�x�t�r�a�c�t�s� �g�e�n�e�r�a�t�e�d� �b�y� �t�h�e� �"�h�o�m�e�b�u�i�l�t�"� �s�y�s�t�e�m� �w�a�s� �b�y� �h�i�g�h� 

�t�e�m�p�e�r�a�t�u�r�e� �G�P�C� �u�s�i�n�g� �o�-�D�C�B� �a�t� �1�3�0� �°�C� �a�s� �t�h�e� �m�o�b�i�l�e� �p�h�a�s�e� �r�a�t�h�e�r� �t�h�a�n� �S�F�C�.� 

�I�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �o�p�t�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �f�r�a�c�t�i�o�n�a�t�i�o�n�,� �a� �s�e�r�i�e�s� �o�f� 

�e�x�t�r�a�c�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �a�t� �f�o�u�r� �d�i� �f�e�r�e�n�t� �t�e�m�p�e�r�a�t�u�r�e�s� �(�6�0�,� �8�0�,� �1�0�0�,� �1�2�0� �°�C�)�.� �G�P�C� 

�w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �t�h�e� �0�.�6�0� �g�/�m�L� �f�r�a�c�t�i�o�n�.� �F�i�g�u�r�e� �6� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�e� �r�e�l�a�t�i�o�n�s�h�i�p� 

�b�e�t�w�e�e�n� �p�e�a�k� �M�W�s� �a�n�d� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �f�o�r� �t�h�e� �0�.�6�0� �g�/�m�L� �c�u�t�.� �A�t� �t�h�i�s� �d�e�n�s�i�t�y� 
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�P�e�a�k� �M�W� 
� � �8�0�0� 

�7�5�0� 

�7�0�0� 

�6�5�0�;� �o�e� �a� 

�6�0�0� �-� 

�T� �5�5�0� 

�T� �5�0�0� 

�4�5�0�-� � � � � 
� � �4�0�0� �:� 

�4�0� �6�0� �8�0� �1�0�0� �1�2�0� 

�E�x�t�r�a�c�t�i�o�n� �T�e�m�p�e�r�a�t�u�r�e� �(� �C�)� 

�Q�O� �0�.�6�0� �g�/�m�L� �F�r�a�c�t�i�o�n� 

�F�i�g�u�r�e� �6�.� �E�f�f�e�c�t� �o�f� �e�x�t�r�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�n� �M�W� �d�i�s�t�r�i�b�u�t�i�o�n� �a�t� �c�o�n�s�t�a�n�t� �d�e�n�s�i�t�y�.� 
�P�o�i�n�t�s� �d�e�p�i�c�t� �p�e�a�k� �M�W�s� �o�f� �t�h�e� �0�.�6�0� �g�/�m�L� �f�r�a�c�t�i�o�n� �e�x�t�r�a�c�t�e�d� �a�t� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� 
�t�e�m�p�e�r�a�t�u�r�e�s� �(�6�0�,� �8�0� �a�n�d� �1�0�0� �°�C�)�.



�t�h�e� �M�W� �d�i�s�t�r�i�b�u�t�i�o�n� �s�h�i�f�t�e�d� �t�o�w�a�r�d� �h�i�g�h�e�r� �v�a�l�u�e�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� �a�s� �w�o�u�l�d� 

�b�e� �e�x�p�e�c�t�e�d� �b�a�s�e�d� �o�n� �t�h�e� �H�P� �e�x�t�r�a�c�t�i�o�n� �r�e�s�u�l�t�s� �(�F�i�g�u�r�e� �5�)�.� �T�h�e�r�e� �w�e�r�e� �l�i�m�i�t�a�t�i�o�n�s�,� 

�h�o�w�e�v�e�r�,� �t�o� �t�h�i�s� �t�e�m�p�e�r�a�t�u�r�e� �e�n�h�a�n�c�e�m�e�n�t�.� �W�h�e�n� �t�h�e� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �t�h�e� �e�x�t�r�a�c�t�i�o�n� 

�v�e�s�s�e�l� �w�a�s� �i�n�c�r�e�a�s�e�d� �t�o� �1�2�0� �°�C�,� �t�h�e� �v�i�s�c�o�s�i�t�y� �o�f� �t�h�e� �p�o�l�y�e�t�h�y�l�e�n�e� �w�a�s� �r�e�d�u�c�e�d� �t�o� �t�h�e� �p�o�i�n�t� 

�w�h�e�r�e� �i�t� �c�o�u�l�d� �b�e� �e�n�t�r�a�i�n�e�d� �b�y� �t�h�e� �s�u�p�e�r�c�r�i�t�i�c�a�l� �C�O�»� �a�n�d� �m�e�c�h�a�n�i�c�a�l�l�y� �m�o�v�e�d� �t�h�r�o�u�g�h� �t�h�e� 

�r�e�s�t�r�i�c�t�o�r� �t�o� �t�h�e� �t�r�a�p�.� �T�h�u�s�,� �1�0�0� �°�C� �w�a�s� �c�h�o�s�e�n� �a�s� �t�h�e� �b�e�s�t� �t�e�m�p�e�r�a�t�u�r�e� �t�o� �f�r�a�c�t�i�o�n�a�t�e� �t�h�e� 

�p�a�r�t�i�c�u�l�a�r� �s�a�m�p�l�e� �i�n� �o�u�r� �p�o�s�s�e�s�s�i�o�n�.� �O�p�e�r�a�t�i�n�g� �i�n� �t�h�i�s� �r�a�n�g�e� �m�e�a�n�t� �t�h�a�t� �t�h�e� �S�F� �w�o�u�l�d� �b�e� 

�i�n�t�e�r�a�c�t�i�n�g� �w�i�t�h� �t�h�e� �P�E� �i�n� �a� �s�e�m�i�-�m�o�l�t�e�n� �s�t�a�t�e�.� �T�h�e� �f�i�n�a�l� �T�m� �f�o�r� �t�h�e� �P�E� �s�a�m�p�l�e� �w�a�s� �1�2�5� 

�°�C�.� �A�s�a� �g�e�n�e�r�a�l� �r�e�f�e�r�e�n�c�e� �p�o�i�n�t�,� �C�-�7�0�,� �w�i�t�h� �a� �M�W� �o�f� �9�8�4� �h�a�s� �a� �T�m� �o�f� �1�0�5�.�3� �°�C� �(�3�0�)�.� �A�t� 

�a� �f�r�a�c�t�i�o�n�a�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�0�0� �°�C� �a� �h�i�g�h� �p�e�r�c�e�n�t�a�g�e� �o�f� �o�l�i�g�o�m�e�r�s� �f�r�o�m� �t�h�e� �a�m�o�r�p�h�o�u�s� 

�r�e�g�i�m�e�s� �o�f� �t�h�e� �p�o�l�y�m�e�r� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �b�e� �i�n� �t�h�e� �l�i�q�u�i�d� �s�t�a�t�e�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� 

�p�o�l�y�m�e�r� �T�m� �v�a�l�u�e�s� �a�r�e� �k�n�o�w�n� �t�o� �b�e� �d�e�p�r�e�s�s�e�d� �i�n� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �a� �h�i�g�h� �p�r�e�s�s�u�r�e� �g�a�s� �-� 

�i�n�c�r�e�a�s�i�n�g� �t�h�e� �l�i�k�e�l�i�h�o�o�d� �o�f� �h�a�v�i�n�g� �a� �l�i�q�u�i�d�-�S�F� �b�o�u�n�d�a�r�y� �i�n� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� �(�1�4�)�.� 

�T�h�e� �f�i�r�s�t� �c�o�m�p�l�e�t�e� �s�e�r�i�e�s� �o�f� �e�x�t�r�a�c�t�i�o�n�s� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �I�s�c�o� �b�a�s�e�d� �s�y�s�t�e�m� 

�w�a�s� �d�o�n�e� �a�t� �d�e�n�s�i�t�i�e�s� �r�a�n�g�i�n�g� �f�r�o�m� �0�.�2�0� �g�/�m�L� �o�f� �C�O�,� �u�p� �t�o� �0�.�7�8� �g�/�m�L� �a�t� �0�.�1�0� �g�/�m�L� 

�i�n�c�r�e�m�e�n�t�s�.� �E�a�c�h� �o�f� �t�h�e� �s�e�v�e�n� �f�r�a�c�t�i�o�n�s� �w�a�s� �c�o�l�l�e�c�t�e�d� �a�f�t�e�r� �a� �3�0� �m�i�n�u�t�e� �e�x�t�r�a�c�t�i�o�n�.� �P�e�a�k� 

�M�W�s� �r�a�n�g�e�d� �f�r�o�m� �3�0�0� �f�o�r� �t�h�e� �0�.�2�0� �g�/�m�L� �c�u�t� �t�o� �1�5�0�0� �f�o�r� �t�h�e� �0�.�7�8� �g�/�m�L� �f�r�a�c�t�i�o�n�.� �T�h�e� 

�F�i�g�u�r�e� �7� �s�h�o�w�s� �t�h�e� �G�P�C�-�R�I� �t�r�a�c�e� �f�o�r� �t�h�e� �0�.�5�0� �g�/�m�L� �f�r�a�c�t�i�o�n�.� �T�h�i�s� �f�r�a�c�t�i�o�n� �h�a�d� �a� 

�b�i�m�o�d�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �w�i�t�h� �p�e�a�k� �M�W� �m�a�x�i�m�a� �a�t� �4�2�1� �a�n�d� �2�7�2�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �t�w�o� 

�_� �m�a�x�i�m�a� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �a�t� �1�0�0� �°�C� �a�n�d� �a� �C�O�,� �d�e�n�s�i�t�y� �o�f� �0�.�4�0� �g�/�m�L� �(�i�.�e�.� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �p�r�i�o�r� 

�t�o� �0�.�5�0� �g�/�m�L�)� �t�h�e� �3�0� �m�i�n�u�t�e� �e�x�t�r�a�c�t�i�o�n� �t�i�m�e� �e�m�p�l�o�y�e�d� �w�a�s� �i�n�a�d�e�q�u�a�t�e� �t�o� �r�e�m�o�v�e� �a�l�l� �t�h�e� 

�c�o�m�p�o�n�e�n�t�s� �t�h�a�t� �w�e�r�e� �s�o�l�u�b�l�e� �a�t� �t�h�i�s� �d�e�n�s�i�t�y�.� �T�h�u�s�,� �t�h�e� �0�.�4�0� �g�/�m�L� �f�r�a�c�t�i�o�n� �w�a�s� �a�l�s�o� 

�p�r�e�s�e�n�t� �i�n� �t�h�e� �0�.�5�0� �a�n�d� �a�s� �w�e� �f�o�u�n�d� �l�a�t�e�r�,� �t�h�e� �0�.�6�0� �g�/�m�L� �f�r�a�c�t�i�o�n�.� 

�T�h�e� �r�a�t�i�o� �o�f� �<�M�w�>� �t�o� �<�M�n�>� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �"�n�a�r�r�o�w�n�e�s�s�"� �o�f� �a� �p�o�l�y�m�e�r�'�s� 

�m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n� �a�n�d� �i�s� �r�e�f�e�r�r�e�d� �t�o� �a�s� �p�o�l�y�d�i�s�p�e�r�s�i�t�y�.� �B�e�f�o�r�e� �e�x�t�r�a�c�t�i�o�n� �t�h�e� 
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�F�i�g�u�r�e� �7�.� �G�P�C�-�R�I� �t�r�a�c�e� �f�o�r� �t�h�e� �0�.�5�0� �g�/�m�L� �f�r�a�c�t�i�o�n� �g�e�n�e�r�a�t�e�d� �f�r�o�m� �t�h�e� �0�.�1�0� �g�/�m�L� 
�f�r�a�c�t�i�o�n�a�t�i�o�n� �i�n�c�r�e�m�e�n�t�s�.� �T�h�e� �c�h�r�o�m�a�t�o�g�r�a�m� �d�e�p�i�c�t�s� �a� �b�i�m�o�d�a�l� �d�i�s�t�r�i�b�u�t�i�o�n� �w�i�t�h� �p�e�a�k� 
�M�W�s� �a�t� �5�4�6� �a�n�d� �2�1�0�.� 
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�w�a�x� �h�a�d� �a� �<�M�w�>� �o�f� �2�2�4�0� �a�n�d� �a� �p�o�l�y�d�i�s�p�e�r�s�i�t�y� �o�f� �2�.�8�.� �T�h�e� �p�o�l�y�d�i�s�p�e�r�s�i�t�y� �f�o�r� �a�l�l� �f�r�a�c�t�i�o�n�s� 

�c�o�l�l�e�c�t�e�d� �h�e�r�e� �e�m�p�l�o�y�i�n�g� �0�.�1�0� �g�/�m�L� �i�n�c�r�e�m�e�n�t�s� �w�a�s� �b�e�t�w�e�e�n� �1�.�2� �a�n�d� �1�.�3�.� �T�h�e� �M�W� 

�d�i�s�t�r�i�b�u�t�i�o�n� �f�o�r� �t�h�e� �r�a�f�f�e�i�n�a�t�e� �w�a�s� �n�o�t�i�c�e�a�b�l�y� �s�k�e�w�e�d� �t�o�w�a�r�d� �t�h�e� �h�e�a�v�i�e�r� �f�r�a�c�t�i�o�n�s� �s�i�n�c�e� 

�t�h�e� �l�o�w�e�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �o�l�i�g�o�m�e�r�s� �h�a�d� �b�e�e�n� �r�e�m�o�v�e�d� �b�y� �S�F�E�.� �T�h�e� �r�a�f�f�e�i�n�a�t�e� �f�r�o�m� 

�t�h�i�s� �f�r�a�c�t�i�o�n�a�t�i�o�n� �h�a�d� �a� �<�M�w�>� �o�f� �6�3�0�0� �a�n�d� �a� �p�o�l�y�d�i�s�p�e�r�s�i�t�y� �o�f� �1�.�8�4�.� 

�F�o�r� �o�u�r� �w�o�r�k�,� �b�i�m�o�d�a�l� �d�i�s�t�r�i�b�u�t�i�o�n�s� �a�n�d� �p�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �1�.�2�0� �w�e�r�e� 

�u�n�d�e�s�i�r�a�b�l�e�.� �I�n� �h�o�p�e�s� �o�f� �e�l�i�m�i�n�a�t�i�n�g� �t�h�e�s�e� �u�n�d�e�s�i�r�a�b�l�e� �q�u�a�l�i�t�i�e�s�,� �a� �s�e�c�o�n�d� �c�o�m�p�l�e�t�e� 

�f�r�a�c�t�i�o�n�a�t�i�o�n� �w�a�s� �p�e�r�f�o�r�m�e�d�,� �b�u�t� �t�h�i�s� �t�i�m�e� �t�h�e� �i�n�c�r�e�m�e�n�t� �b�e�t�w�e�e�n� �e�x�t�r�a�c�t�i�o�n�s� �w�a�s� �r�e�d�u�c�e�d� 

�t�o� �0�.�0�5� �g�/�m�L� �a�n�d� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �t�i�m�e� �w�a�s� �i�n�c�r�e�a�s�e�d� �f�r�o�m� �3�0� �t�o� �4�5� �m�i�n�u�t�e�s�.� �T�h�e� �r�e�s�u�l�t� �o�f� 

�t�h�i�s� �m�o�d�i�f�i�c�a�t�i�o�n� �t�o� �t�h�e� �r�e�s�u�l�t�i�n�g� �f�r�a�c�t�i�o�n�s� �w�a�s� �t�h�e� �e�l�i�m�i�n�a�t�i�o�n� �o�f� �b�i�m�o�d�a�l� �d�i�s�t�r�i�b�u�t�i�o�n�s�,� 

�a�n� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �n�u�m�b�e�r� �o�f� �f�r�a�c�t�i�o�n�s� �p�r�o�d�u�c�e�d�,� �a�n�d� �a� �s�u�b�s�t�a�n�t�i�a�l� �r�e�d�u�c�t�i�o�n� �i�n� 

�p�o�l�y�d�i�s�p�e�r�s�i�t�y�.� �F�i�g�u�r�e� �8� �s�h�o�w�s� �o�v�e�r�l�a�p�p�i�n�g� �G�P�C�-�R�I� �t�r�a�c�e�s� �f�o�r� �t�h�e� �0�.�2�0� �t�h�r�o�u�g�h� �0�.�7�8� 

�g�/�m�L� �f�r�a�c�t�i�o�n�s� �f�r�o�m� �t�h�e� �0�.�0�5� �g�/�m�L� �f�r�a�c�t�i�o�n�a�t�i�o�n�.� �N�o�t�e� �t�h�e� �n�a�r�r�o�w�,� �s�y�m�m�e�t�r�i�c� �p�e�a�k�s� �a�n�d� 

�t�h�e� �s�t�e�a�d�y� �t�r�e�n�d� �t�o�w�a�r�d� �h�i�g�h�e�r� �M�W� �d�i�s�t�r�i�b�u�t�i�o�n�s� �(�s�h�o�r�t�e�r� �G�P�C� �r�e�t�e�n�t�i�o�n� �t�i�m�e�s�)� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �d�e�n�s�i�t�y�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �w�e�r�e� �v�e�r�y� �m�u�c�h� �i�n� �l�i�n�e� �w�i�t�h� �o�u�r� �g�o�a�l�s� �f�o�r� �p�o�l�y�d�i�s�p�e�r�s�i�t�y� 

�a�n�d� �M�W� �r�a�n�g�e�.� �T�a�b�l�e� �I�I� �s�h�o�w�s� �t�h�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�o�r� �t�h�e�s�e� �G�P�C� �t�r�a�c�e�s� 

�i�n� �t�e�r�m�s� �o�f� �p�e�a�k� �M�W�,� �<�M�n�>�,� �<�M�v�w�>� �a�n�d� �p�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s�.� �T�h�e� �t�y�p�i�c�a�l� �p�o�l�y�d�i�s�p�e�r�s�i�t�y� �f�o�r� 

�t�h�e�s�e� �f�r�a�c�t�i�o�n�s� �w�a�s� �l�o�w�e�r�e�d� �t�o� �1�.�0�7� �a�s� �a� �r�e�s�u�l�t� �o�f� �r�e�d�u�c�i�n�g� �t�h�e� �i�n�c�r�e�m�e�n�t� �b�e�t�w�e�e�n� 

�s�u�c�c�e�s�s�i�v�e� �f�r�a�c�t�i�o�n�s� �f�r�o�m� �0�.�1�0� �t�o� �0�.�0�5� �g�/�m�L�.� �T�h�e� �0�.�2�5� �g�/�m�L� �f�r�a�c�t�i�o�n� �w�a�s� �a�p�p�a�r�e�n�t�l�y� �n�o�t� 

�_� �s�e�c�u�r�e�l�y� �c�a�p�p�e�d� �b�e�f�o�r�e� �b�e�i�n�g� �p�l�a�c�e�d� �i�n� �t�h�e� �h�i�-�t�e�m�p� �G�P�C� �o�v�e�n� �a�n�d� �e�v�a�p�o�r�a�t�e�d� �p�r�i�o�r� �t�o� 

�a�n�a�l�y�s�i�s�.� �F�i�g�u�r�e� �9� �r�e�v�e�a�l�s� �t�h�a�t� �p�e�a�k� �M�W� �v�a�r�i�e�s� �s�m�o�o�t�h�l�y� �a�n�d� �p�r�e�d�i�c�t�a�b�l�y� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� 

�e�x�t�r�a�c�t�i�o�n� �d�e�n�s�i�t�y�.� �T�h�u�s�,� �o�n�c�e� �s�u�c�h� �a� �p�l�o�t� �i�s� �g�e�n�e�r�a�t�e�d� �f�o�r� �a� �r�a�w� �p�o�l�y�m�e�r�,� �i�t� �s�h�o�u�l�d� �b�e� 

�p�o�s�s�i�b�l�e� �t�o� �e�x�t�r�a�p�o�l�a�t�e� �t�h�e� �d�e�n�s�i�t�y� �r�e�q�u�i�r�e�d� �t�o� �g�e�n�e�r�a�t�e� �a� �d�e�s�i�r�e�d� �M�W� �d�i�s�t�r�i�b�u�t�i�o�n�.� �F�i�g�u�r�e� 

�1�0� �s�h�o�w�s� �a� �p�l�o�t� �o�f� �p�e�a�k� �e�n�d�o�t�h�e�r�m�s� �i�n� �°�C� �v�e�r�s�u�s� �C�O�,� �d�e�n�s�i�t�y� �f�o�r� �t�h�e� �0�.�5�0�,� �0�.�6�0�,� �0�.�7�0� �a�n�d� 

�0�.�7�8� �g�/�m�L� �f�r�a�c�t�i�o�n�s� �a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �D�S�C�.� �A�l�l� �c�o�l�l�e�c�t�e�d� �f�r�a�c�t�i�o�n�s� �h�a�d� �e�n�d�o�t�h�e�r�m�s� 
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�F�i�g�u�r�e� �8�.� �G�P�C�-�R�I� �t�r�a�c�e�s� �f�o�r� �e�a�c�h� �d�e�n�s�i�t�y� �f�r�a�c�t�i�o�n� �c�o�l�l�e�c�t�e�d� �a�t� �t�h�e� �0�.�5�0� �g�/�m�L� �i�n�c�r�e�m�e�n�t�.� 
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�T�a�b�l�e� �I�I� 
�M�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n�f�o�r�m�a�t�i�o�n� �f�o�r� �t�h�e� �f�r�a�c�t�i�o�n�s� �c�o�l�l�e�c�t�e�d� �a�t� �0�.�0�5� �g�/�m�L� 

�i�n�c�r�e�m�e�n�t�s�.� 
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�1� �2� �3� �4� �5� �6� �8�2�6�7� 
�F�r�a�c�t�i�o�n� �|�P�r�e�s�s�u�r�e�;� �D�e�n�s�i�t�y�;� �P�e�a�k� �M�W� �|� �<�M�w�>� �|� �<�M�n�>� �|�<�M�w�>�/�<�M�n�>� 

�#� �(�a�t�m�)� �|� �(�g�/�m�L�)� 

�1� �1�0�3�.�1� �|� �0�.�2�0� �3�2�3� �3�0�0� �|� �3�0�0� �1�.�0�7� 
�2� �1�3�7�.�1� �|� �0�.�3�0� �3�3�6� �3�0�0� �|� �3�0�0� �1�.�0�7� 
�3� �|� �1�8�3�.�7� �|� �0�.�3�5� �3�7�7� �4�0�0� �|� �3�0�0� �1�.�0�8� 
�4� �|� �4�1�7�0�8� �|� �0�4�0� �|� �4�2�2� �|� �4�0�0� �|� �4�0�0�|� �1�.�0�7� 
�5� �1�8�8�.�7� �|� �0�.�4�5� �5�1�1� �5�0�0� �|� �4�0�0� �1�.�0�8� 
�6� �|� �2�0�7�9� �|� �0�.�5�0� �5�5�2� �6�0�0� �|� �5�0�0� �4�.�0�9� 
�7� �|� �2�2�9�.�1� �|� �0�.�5�5� �5�9�6� �6�0�0� �5�0�0� �1�.�0�8� 
�8� �|� �2�5�4�5� �|� �0�.�6�0� �6�4�3� �7�0�0� �|� �6�0�0� �1�.�0�7� 
�9� �|� �2�8�5�.�2� �|� �0�.�6�5� �8�4�1� �8�0�0� �|� �7�0�0� �4�.�0�7� 

�1�0� �|� �3�2�8�.�5� �|� �0�.�7�0� �9�0�7� �|� �1�0�0�0� �|� �9�0�0� �4�.�0�7� 
�4�1� �|� �3�8�9�5�!� �0�.�7�5� �|� �1�0�1�8� �|� �1�1�0�0�/�1�0�0�0�|� �1�.�0�7� 
�1�2� �|� �4�3�0�.�7� �|� �0�.�7�8� �|� �1�3�8�2� �|� �1�4�0�0�/�1�3�0�0�;� �1�.�0�6� � � � � � � � � � � � � � � � � 

�*� �C�o�l�u�m�n�s� �5� �a�n�d� �6� �(�w�e�i�g�h�t� �a�n�d� �n�u�m�b�e�r�-�a�v�e�r�a�g�e�d� �M�W�s�)� �w�e�r�e� �r�o�u�n�d�e�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �o�n�e�-� 
�h�u�n�d�r�e�d� �b�y� �t�h�e� �s�o�f�t�w�a�r�e�,� �w�h�i�l�e� �t�h�e� �u�n�r�o�u�n�d�e�d� �v�a�l�u�e�s� �w�e�r�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� 
�p�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s�.� �P�e�a�k� �M�W� �(�c�o�l�u�m�n� �7�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�s� �t�h�e� �p�o�l�y�s�t�y�r�e�n�e� �M�W� �o�f� �t�h�e� 
�r�e�t�e�n�t�i�o�n� �t�i�m�e� �f�o�r� �e�a�c�h� �f�r�a�c�t�i�o�n�.� 
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�p�e�a�k� �M�W� 
�1�6�0�0� �;� � � 

�1�4�0�0� �|� �o� 

�1�2�0�0� 

�1�0�0�0� 

�8�0�0� �r� 

�6�0�0� �-� �5� �8� 

�4�0�0�+� �7� �o� 

�2�0�0�7� � � 
�0� �0�.�2� �0�.�4� �0�.�6� �0�.�8� �1� 

�g�/�m�L� �o�f� �C�O�2� 

�F�i�g�u�r�e� �9�.� �P�l�o�t� �o�f� �p�e�a�k� �M�W�s� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �e�x�t�r�a�c�t�i�o�n� �d�e�n�s�i�t�y� �w�i�t�h� �t�h�e� �f�r�a�c�t�i�o�n�s� �b�e�i�n�g� 
�c�o�l�l�e�c�t�e�d� �a�t� �0�.�0�5� �g�/�m�L� �i�n�t�e�r�v�a�l�s�.� �E�x�t�r�a�c�t�i�o�n� �t�i�m�e� �w�a�s� �4�5� �m�i�n�u�t�e�s� �f�o�r� �e�a�c�h� �f�r�a�c�t�i�o�n�.



�T�e�m�p�e�r�a�t�u�r�e� �(� �C�)� 
� � 

� � � � � � 

�1�0�0� 

�©� 

�8�0�;� 

�©� 

�6�0� �|� �o�g� 

�©� 

�4�0�+� 

�2�0� �_�_� �|� �_�|�  �� �_�t�  ��_�t�  ��_�_�|� 

�0�2� �0�3� �0�4� �O�S� �O�0�6� �O�7� �0�8� �O�9�9� �1� 

�E�x�t�r�a�c�t�i�o�n� �D�e�n�s�i�t�y� �(�g�/�m�L�)� 

�©� �p�e�a�k� �m�a�x�i�m�u�m� 

�F�i�g�u�r�e� �1�0�.� �P�e�a�k� �m�a�x�i�m�a� �(�°�C�)� �a�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �D�S�C� �a�n�d� �p�l�o�t�t�e�d� �a�g�a�i�n�s�t� �t�h�e� �d�e�n�s�i�t�y� �t�h�e� 
�f�r�a�c�t�i�o�n� �w�a�s� �c�o�l�l�e�c�t�e�d� �a�t�.� �T�h�e� �u�n�e�x�t�r�a�c�t�e�d� �w�a�x� �h�a�d� �a� �v�a�l�u�e� �o�f� �1�1�4�.�9� �°�C� �w�h�i�l�e� �t�h�e� 
�r�a�f�f�e�i�n�a�t�e� �p�e�a�k�e�d� �a�t� �1�2�0�.�2� �°�C�.



�b�e�l�o�w� �t�h�a�t� �o�f� �t�h�e� �u�n�e�x�t�r�a�c�t�e�d� �p�o�l�y�e�t�h�y�l�e�n�e�,� �w�h�i�l�e� �t�h�e� �e�n�d�o�t�h�e�r�m� �o�f� �t�h�e� �r�a�f�f�e�i�n�a�t�e� �w�a�s� 

�h�i�g�h�e�r� �t�h�a�n� �t�h�a�t� �o�f� �t�h�e� �i�n�i�t�i�a�l� �w�a�x�.� �T�h�e� �D�S�C� �r�e�s�u�l�t�s�,� �l�i�k�e� �t�h�o�s�e� �f�r�o�m� �t�h�e� �G�P�C�,� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �t�h�e�r�e� �w�a�s� �a� �p�r�e�d�i�c�t�a�b�l�e� �t�r�e�n�d� �t�o�w�a�r�d� �h�i�g�h�e�r� �p�o�l�y�m�e�r� �M�W� �d�i�s�t�r�i�b�u�t�i�o�n�s� �w�i�t�h� 

�i�n�c�r�e�a�s�i�n�g� �e�x�t�r�a�c�t�i�o�n� �d�e�n�s�i�t�y�.� �T�o�t�a�l� �r�e�c�o�v�e�r�y� �(�m�e�a�s�u�r�e�d� �g�r�a�v�i�m�e�t�r�i�c�a�l�l�y�)� �f�o�r� �t�h�e� 

�f�r�a�c�t�i�o�n�a�t�i�o�n� �u�s�i�n�g� �0�.�0�5� �g�/�m�L� �i�n�c�r�e�m�e�n�t�s� �a�t� �1�0�0� �°�C� �w�a�s� �3�0�%�.� �I�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�p�e�r�c�e�n�t� �r�e�c�o�v�e�r�y� �f�o�r� �i�n�d�i�v�i�d�u�a�l� �f�r�a�c�t�i�o�n�s�,� �t�h�e� �s�a�m�e� �f�r�a�c�t�i�o�n�a�t�i�o�n� �w�a�s� �c�a�r�r�i�e�d� �o�u�t� �a� �s�e�c�o�n�d� 

�t�i�m�e�.� �T�h�i�s� �t�i�m�e� �t�h�e� �e�x�t�r�a�c�t�s� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �i�n� �d�r�y� �a�n�d� �p�r�e�-�w�e�i�g�h�e�d� �c�u�l�t�u�r�e� �t�u�b�e�s�.� �D�u�r�i�n�g� 

�t�h�e� �e�x�t�r�a�c�t�i�o�n�s� �t�h�e� �c�o�l�l�e�c�t�i�o�n� �t�u�b�e�s� �w�e�r�e� �c�r�y�o�c�o�o�l�e�d� �t�o� �p�r�e�v�e�n�t� �l�o�s�s� �o�f� �e�x�t�r�a�c�t�e�d� �m�a�t�e�r�i�a�l�.� 

�C�r�y�o�c�o�o�l�i�n�g� �w�i�t�h�i�n� �t�h�e� �o�v�e�n� �w�a�s� �a�c�h�i�e�v�e�d� �b�y� �w�r�a�p�p�i�n�g� �t�h�e� �b�a�s�e� �o�f� �c�o�l�l�e�c�t�i�o�n� �v�e�s�s�e�l� �w�i�t�h� 

�s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �c�a�p�i�l�l�a�r�y� �t�u�b�i�n�g� �a�n�d� �a�l�l�o�w�i�n�g� �c�r�y�o�-�g�r�a�d�e� �C�O�,� �t�o� �d�e�c�o�m�p�r�e�s�s� �i�n�s�i�d�e� �t�h�e� 

�t�u�b�i�n�g�.� �T�h�i�s� �p�r�o�v�i�d�e�d� �a� �s�u�b�s�t�a�n�t�i�a�l� �c�o�o�l�i�n�g� �e�f�f�e�c�t� �n�e�a�r� �t�h�e� �b�a�s�e� �o�f� �t�h�e� �c�o�l�l�e�c�t�i�o�n� �v�e�s�s�e�l�.� 

�T�a�b�l�e� �I�I�I� �s�h�o�w�s� �t�h�e� �r�e�c�o�v�e�r�i�e�s� �f�o�r� �e�a�c�h� �f�r�a�c�t�i�o�n�.� �T�h�e� �s�u�m� �o�f� �t�h�e� �i�n�d�i�v�i�d�u�a�l� �r�e�c�o�v�e�r�i�e�s� 

�(�1�5�6�.�7� �m�g�)� �m�a�t�c�h�e�s� �w�e�l�l� �w�i�t�h� �t�h�e� �t�o�t�a�l� �r�e�c�o�v�e�r�y� �(�1�5�9�.�0� �m�g�)�,� �d�e�t�e�r�m�i�n�e�d� �b�y� �w�e�i�g�h�i�n�g� �t�h�e� 

�e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �t�h�e� �f�r�a�c�t�i�o�n�a�t�i�o�n�.� 

�T�h�e� �p�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s� �c�a�n� �b�e� �r�e�d�u�c�e�d� �e�v�e�n� �f�u�r�t�h�e�r� �b�y� �a�g�a�i�n� �r�e�d�u�c�i�n�g� �t�h�e� �i�n�c�r�e�m�e�n�t� 

�b�e�t�w�e�e�n� �s�u�b�s�e�q�u�e�n�t� �e�x�t�r�a�c�t�i�o�n�s�.� �W�h�e�n� �t�h�e� �i�n�t�e�r�v�a�l� �b�e�t�w�e�e�n� �s�u�c�c�e�s�s�i�v�e� �e�x�t�r�a�c�t�i�o�n�s� �w�a�s� 

�f�u�r�t�h�u�r� �r�e�d�u�c�e�d� �t�o� �0�.�0�2�5� �g�/�m�L�,� �t�h�e� �p�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s� �w�e�r�e� �l�o�w�e�r�e�d� �t�o� �1�.�0�2�.� �T�h�i�s� �i�n�d�i�c�a�t�e�d� 

�t�h�a�t� �"�m�o�n�o�d�i�s�p�e�r�s�e�"� �d�i�s�t�r�i�b�u�t�i�o�n�s� �m�i�g�h�t� �b�e� �a�c�h�i�e�v�e�d� �w�i�t�h� �s�u�p�e�r�c�r�i�t�i�c�a�l� �C�O�,� �i�f� �t�h�e� �d�e�n�s�i�t�y� 

�i�n�c�r�e�m�e�n�t� �c�a�n� �b�e� �s�u�f�f�i�c�i�e�n�t�l�y� �r�e�d�u�c�e�d�.� �E�v�e�n� �t�h�o�u�g�h� �t�h�e�r�e� �w�e�r�e� �t�w�i�c�e� �a�s� �m�a�n�y� �f�r�a�c�t�i�o�n�s� 

�_� �c�o�l�l�e�c�t�e�d� �t�h�a�n� �t�h�e�r�e� �w�e�r�e� �a�t� �t�h�e� �0�.�0�5� �g�/�m�L� �i�n�c�r�e�m�e�n�t�s�,� �t�o�t�a�l� �r�e�c�o�v�e�r�i�e�s� �d�i�d� �n�o�t� �d�i�f�f�e�r� 

�s�i�g�n�i�f�i�c�a�n�t�l�y� �(�3�3�%� �p�e�r� �0�.�0�2�5� �g�/�m�L� �-�v�s�-� �3�0�%� �p�e�r� �0�.�0�5�0� �g�/�m�L�)�.� �T�h�e� �r�e�c�o�v�e�r�i�e�s� �f�o�r� 

�i�n�d�i�v�i�d�u�a�l� �f�r�a�c�t�i�o�n�s� �c�o�l�l�e�c�t�e�d� �a�t� �t�h�e� �0�.�0�2�5� �g�/�m�L� �i�n�t�e�r�v�a�l�s� �w�e�r�e� �a�p�p�r�o�x�i�m�a�t�e�l�y� �o�n�e�-�h�a�l�f� 

�t�h�o�s�e� �o�f� �t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �f�-�a�c�t�i�o�n�s� �c�o�l�l�e�c�t�e�d� �a�t� �0�.�0�5� �g�/�m�L� �i�n�c�r�e�m�e�n�t�s�.� �T�h�u�s�,� �i�t� �a�p�p�e�a�r�e�d� 

�t�h�a�t� �a�t� �a� �f�i�x�e�d� �t�e�m�p�e�r�a�t�u�r�e�,� �t�h�e�r�e� �w�a�s� �a� �m�a�x�i�m�u�m� �d�e�p�t�h� �f�r�o�m� �w�h�i�c�h� �o�l�i�g�o�m�e�r�s� �c�o�u�l�d� 

�d�i�f�f�u�s�e� �f�r�o�m� �t�h�e� �p�o�l�y�m�e�r� �p�a�r�t�i�c�l�e� �d�u�r�i�n�g� �a� �4�5� �m�i�n�u�t�e� �e�x�t�r�a�c�t�i�o�n�.� �T�h�e� �r�e�s�u�l�t� �o�f� �t�h�i�s� 
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�T�a�b�l�e� �I�T�I� 

�I�n�d�i�v�i�d�u�a�l� �r�e�c�o�v�e�r�i�e�s� �f�o�r� �f�r�a�c�t�i�o�n�s� �c�o�l�l�e�c�t�e�d� �a�t� �0�.�0�5� �g�/�m�L� �C�O�}� �i�n�t�e�r�v�a�l�s�.� 

� � 

� � � � � � � � 

�F�r�a�c�t�i�o�n� 
�(�d�e�n�s�i�t�y� �o�f� �c�u�t�)� �m�a�s�s� �o�f� �e�x�t�r�a�c�t� �(�m�g�)� �p�e�r�c�e�n�t� �o�f� �e�x�t�r�a�c�t� 

�0�.�2�0� �0�.�6� �0�.�4� 
�0�.�2�5� �2�.�6� �1�.�7� 
�0�.�3�0� �4�.�6� �2�.�9� 
�0�.�3�5� �8�.�9� �5�.�7� 
�0�.�4�0� �1�3�.�0� �8�.�3� 
�0�.�4�5� �1�8�.�6� �1�1�.�9� 
�0�.�5�0� �1�8�.�8� �1�2�.�0� 
�0�.�5�5� �1�9�.�4� �1�2�.�4� 
�0�.�6�0� �1�7�.�6� �1�1�.�2� 
�0�.�6�5� �1�7�.�2� �1�1�.�0� 
�0�.�7�0� �1�6�.�3� �1�0�.�4� 
�0�.�7�5� �1�0�.�1� �6�.�4� 
�0�.�7�8� �9�.�0� �5�.�7� 

�1�3� �F�r�a�c�t�i�o�n�s� �1�5�6�.�7� �m�g� �9�8�.�9� 
� � 
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�s�i�t�u�a�t�i�o�n� �i�s� �t�h�a�t� �a�t� �a�n�y� �g�i�v�e�n� �d�e�n�s�i�t�y� �t�h�e�r�e� �i�s� �a� �l�i�m�i�t�e�d� �p�o�p�u�l�a�t�i�o�n� �o�f� �o�l�i�g�o�m�e�r�s� �t�h�a�t� �a�r�e� 

�b�o�t�h� �s�o�l�u�b�l�e� �a�n�d� �c�a�p�a�b�l�e� �o�f� �d�i�f�f�u�s�i�n�g� �o�u�t� �o�f� �t�h�e� �m�a�t�r�i�x�.� �D�e�c�r�e�a�s�i�n�g� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �d�e�n�s�i�t�y� 

�i�n�t�e�r�v�a�l� �i�n� �s�u�c�h� �c�i�r�c�u�m�s�t�a�n�c�e�s� �r�e�s�u�l�t�s� �i�n� �n�a�r�r�o�w�e�r� �M�W�D�s� �b�u�t� �h�a�s� �l�i�t�t�l�e� �e�f�f�e�c�t� �o�n� �t�o�t�a�l� 

�r�e�c�o�v�e�r�y�.� 

�C�o�n�c�l�u�s�i�o�n�s� 

�T�h�e� �h�i�g�h� �s�e�l�e�c�t�i�v�i�t�y� �a�f�f�o�r�d�e�d� �b�y� �s�u�p�e�r�c�r�i�t�i�c�a�l� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �c�a�n� �b�e� �u�s�e�d� �t�o� 

�g�e�n�e�r�a�t�e� �v�e�r�y� �n�a�r�r�o�w� �M�W� �f�r�a�c�t�i�o�n�s� �f�r�o�m� �t�h�e� �p�o�l�y�e�t�h�y�l�e�n�e� �f�e�e�d�s�t�o�c�k�.� �H�o�w�e�v�e�r�,� �t�h�e� 

�r�e�s�u�l�t�i�n�g� �f�r�a�c�t�i�o�n�s� �a�r�e� �l�i�m�i�t�e�d� �i�n� �p�e�a�k� �M�W�s� �t�o� �l�e�s�s� �t�h�a�n� �2�0�0�0�.� �T�e�m�p�e�r�a�t�u�r�e� �w�a�s� �f�o�u�n�d� �t�o� 

�p�l�a�y� �a�n� �i�m�p�o�r�t�a�n�t� �r�o�l�e� �i�n� �t�h�e� �d�e�s�i�g�n� �o�f� �a� �t�r�o�u�b�l�e� �f�r�e�e� �e�x�t�r�a�c�t�i�o�n� �s�y�s�t�e�m� �a�s� �w�e�l�l� �a�s� �e�x�e�r�t�i�n�g� 

�a� �s�t�r�o�n�g� �i�n�f�l�u�e�n�c�e� �o�n� �t�h�e� �a�m�o�u�n�t� �a�n�d� �s�i�z�e� �o�f� �o�l�i�g�o�m�e�r�s� �r�e�m�o�v�e�d� �a�t� �a�n�y� �g�i�v�e�n� �d�e�n�s�i�t�y�.� �I�n� 

�o�r�d�e�r� �t�o� �i�m�p�r�o�v�e� �r�e�c�o�v�e�r�i�e�s� �a�n�d� �i�n�c�r�e�a�s�e� �t�h�e� �M�W� �r�a�n�g�e� �a�v�a�i�l�a�b�l�e� �t�o� �C�O�,� �i�t� �w�i�l�l� �p�r�o�b�a�b�l�y� 

�b�e� �n�e�c�e�s�s�a�r�y� �t�o� �m�o�d�i�f�y� �t�h�e� �S�F� �w�i�t�h� �s�h�o�r�t� �c�h�a�i�n� �a�l�k�a�n�e�s� �(�i�.�e�.� �p�r�o�p�a�n�e�,� �b�u�t�a�n�e�)� �t�h�a�t� �e�x�e�r�t� �a� 

�g�r�e�a�t�e�r� �s�o�l�v�a�t�i�n�g� �s�t�r�e�n�g�t�h� �f�o�r� �l�i�n�e�a�r� �p�o�l�y�e�t�h�y�l�e�n�e�s�.� 

�I�t� �m�a�y� �a�l�s�o� �b�e� �p�o�s�s�i�b�l�e� �t�o� �i�m�p�r�o�v�e� �r�e�c�o�v�e�r�i�e�s� �a�n�d� �M�W� �r�a�n�g�e� �b�y� �d�e�s�i�g�n�i�n�g� 

�e�x�t�r�a�c�t�i�o�n� �s�y�s�t�e�m�s� �b�e�t�t�e�r� �c�a�p�a�b�l�e� �o�f� �d�e�a�l�i�n�g� �w�i�t�h� �l�o�w� �v�i�s�c�o�s�i�t�y� �s�a�m�p�l�e�s�.� �T�h�i�s� �w�o�u�l�d� 

�a�l�l�o�w� �t�h�e� �u�s�e� �o�f� �e�x�t�r�a�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�s� �t�h�a�t� �a�r�e� �a�b�o�v�e� �t�h�e� �m�e�l�t�i�n�g� �p�o�i�n�t� �o�f� �p�o�l�y�e�t�h�y�l�e�n�e�.� 

�T�h�e� �e�x�t�r�a�c�t�i�o�n� �o�f� �o�l�i�g�o�m�e�r�s� �c�o�u�l�d� �t�h�e�n� �p�r�o�c�e�e�d� �f�r�e�e� �o�f� �c�r�y�s�t�a�l�l�i�n�e� �i�n�t�e�r�a�c�t�i�o�n�s�.� �T�h�i�s� �i�s� 

�p�a�r�t�i�c�u�l�a�r�l�y� �i�m�p�o�r�t�a�n�t� �f�o�r� �t�h�e� �m�o�r�e� �h�i�g�h�l�y� �c�r�y�s�t�a�l�l�i�n�e� �l�i�n�e�a�r�,� �h�i�g�h� �d�e�n�s�i�t�y� �p�o�l�y�e�t�h�y�l�e�n�e�s�.� 

�_� �A�d�d�i�t�i�o�n�a�l�l�y�,� �i�t� �h�a�s� �r�e�c�e�n�t�l�y� �c�o�m�e� �t�o� �o�u�r� �a�t�t�e�n�t�i�o�n� �t�h�a�t� �m�e�l�t�i�n�g� �t�h�e� �w�a�x� �i�n� �a�n� �e�x�t�r�a�c�t�i�o�n� 

�v�e�s�s�e�l� �f�i�l�l�e�d� �w�i�t�h� �s�a�n�d� �o�r� �s�o�m�e� �o�t�h�e�r� �i�n�e�r�t� �m�a�t�e�r�i�a�l�,� �a�n�d� �a�l�l�o�w�i�n�g� �i�t� �t�o� �c�o�o�l� �a�s� �a� �t�h�i�n� 

�s�u�r�f�a�c�e� �o�n� �t�h�e�s�e� �p�a�r�t�i�c�l�e�s� �p�r�i�o�r� �t�o� �S�F�E�,� �c�a�n� �d�r�a�m�a�t�i�c�a�l�l�y� �i�m�p�r�o�v�e� �t�h�e� �d�i�f�f�u�s�i�o�n� �o�f� �s�o�m�e� 

�o�l�i�g�o�m�e�r�s� �i�n�t�o� �t�h�e� �S�F�.� 
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�C�H�A�P�T�E�R� �3� 

�S�F�F� �o�f� �P�o�l�y�e�t�h�y�l�e�n�e� �W�a�x� �w�i�t�h� �P�r�o�p�a�n�e� �a�n�d� �C�O�>� �M�o�d�i�f�i�e�d� �P�r�o�p�a�n�e� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�S�u�p�e�r�c�r�i�t�i�c�a�l� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �w�a�s� �s�h�o�w�n� �t�o� �b�e� �a� �r�e�l�a�t�i�v�e�l�y� �w�e�a�k� �s�o�l�v�e�n�t� �f�o�r� �h�i�g�h� 

�d�e�n�s�i�t�y� �p�o�l�y�e�t�h�y�l�e�n�e�.� �A�s� �s�u�c�h�,� �i�t� �w�a�s� �a�b�l�e� �t�o� �g�e�n�e�r�a�t�e� �v�e�r�y� �n�a�r�r�o�w� �M�W�D�s�.� �H�o�w�e�v�e�r�,� �i�t�s� 

�M�W� �r�a�n�g�e� �w�a�s� �s�e�v�e�r�e�l�y� �l�i�m�i�t�e�d� �(�<�2�0�0�0�)� �-� �a�t� �l�e�a�s�t� �i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �e�x�p�e�r�i�m�e�n�t�a�l� 

�a�r�r�a�n�g�e�m�e�n�t� �d�i�s�c�u�s�s�e�d� �i�n� �C�h�a�p�t�e�r� �2�.� �T�h�e� �u�s�e� �o�f� �a� �s�t�r�o�n�g�e�r� �s�o�l�v�e�n�t� �m�a�y� �e�x�t�e�n�d� �t�h�e� 

�p�o�t�e�n�t�i�a�l� �o�f� �S�F�s� �f�o�r� �t�h�e� �f�r�a�c�t�i�o�n�a�t�i�o�n� �o�f� �p�o�l�y�e�t�h�y�l�e�n�e�s�.� �I�t� �i�s� �t�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �s�t�u�d�y� �t�o� 

�e�x�a�m�i�n�e� �S�F� �p�r�o�p�a�n�e� �a�s� �a� �s�o�l�v�e�n�t� �f�o�r� �f�r�a�c�t�i�o�n�a�t�i�n�g� �t�h�e� �s�a�m�e� �w�a�x� �s�a�m�p�l�e� �p�r�e�v�i�o�u�s�l�y� 

�s�t�u�d�i�e�d� �i�n� �C�h�a�p�t�e�r� �2�.� 

�P�r�o�p�a�n�e�,� �w�i�t�h� �c�r�i�t�i�c�a�l� �p�a�r�a�m�e�t�e�r�s� �o�f� �4�3�.�1� �a�t�m� �a�n�d� �9�6�.�8� �°�C�,� �i�s� �a�n�o�t�h�e�r� �S�F� �t�h�a�t� �c�a�n� 

�b�e� �u�s�e�d� �w�i�t�h�o�u�t� �d�i�f�f�i�c�u�l�t�y� �i�n� �a�n�a�l�y�t�i�c�a�l� �S�F�E� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n�.� �A�s� �e�a�r�l�y� �a�s� �1�9�6�3�,� �i�t� �w�a�s� 

�s�h�o�w�n� �t�o� �h�a�v�e� �p�o�w�e�r�f�u�l� �s�o�l�v�a�t�i�n�g� �a�b�i�l�i�t�y� �f�o�r� �h�i�g�h� �M�W� �o�l�i�g�o�m�e�r�s� �o�f� �p�o�l�y�e�t�h�y�l�e�n�e� �w�h�e�n� 

�r�a�i�s�e�d� �a�b�o�v�e� �i�t�s� �c�r�i�t�i�c�a�l� �t�e�m�p�e�r�a�t�u�r�e� �a�n�d� �p�r�e�s�s�u�r�e� �(�3�1�)�,� �a�n�d� �m�o�r�e� �r�e�c�e�n�t�l�y�,� �C�o�n�d�o� �e�t� �a�l�.� 

�(�3�2�)� �u�s�e�d� �p�r�o�p�a�n�e� �a�t� �1�1�8� �°�C� �a�n�d� �6�4�0� �b�a�r� �t�o� �d�i�s�s�o�l�v�e� �l�i�n�e�a�r� �p�o�l�y�e�t�h�y�l�e�n�e�s� �w�i�t�h� �M�W�s� �a�s� 

�h�i�g�h� �a�s� �1�2�0�,�0�0�0�.� �W�a�t�k�i�n�s� �e�t� �a�l�.� �(�3�3�)� �u�s�e�d� �s�u�p�e�r�c�r�i�t�i�c�a�l� �a�n�d� �n�e�a�r�-�s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e� �t�o� 

�f�r�a�c�t�i�o�n�a�t�e� �a� �h�i�g�h� �d�e�n�s�i�t�y� �p�o�l�y�e�t�h�y�l�e�n�e� �i�n�t�o� �f�o�u�r�t�e�e�n� �f�r�a�c�t�i�o�n�s� �o�f� �r�e�a�s�o�n�a�b�l�y� �l�o�w� 

�p�o�l�y�d�i�s�p�e�r�s�i�t�y� �i�n� �t�h�e� �l�i�q�u�i�d�-�S�F� �r�e�g�i�o�n�.� �H�o�w�e�v�e�r�,� �t�h�e�y� �w�e�r�e� �u�n�a�b�l�e� �t�o� �a�c�h�i�e�v�e� �c�o�m�p�a�r�a�b�l�e� 

�.� �r�e�s�u�l�t�s� �i�n� �t�h�e� �s�o�l�i�d�-�S�F� �r�e�g�i�o�n� �-� �p�r�e�s�u�m�a�b�l�y� �d�u�e� �t�o� �t�h�e� �h�i�g�h�e�r� �M�W� �a�n�d� �l�e�v�e�l� �o�f� 

�c�r�y�s�t�a�l�l�i�n�i�t�y� �w�i�t�h�i�n� �t�h�e�i�r� �s�a�m�p�l�e�.� 

�T�h�i�s� �w�o�r�k� �i�n�v�e�s�t�i�g�a�t�e�s� �t�h�e� �u�s�e� �o�f� �s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e� �a�n�d� �a� �m�i�x�t�u�r�e� �o�f� �p�r�o�p�a�n�e� 

�i�n� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �(�2�0� �%� �(�v�/�v�)� �i�n� �C�O�>�)� �t�o� �f�r�a�c�t�i�o�n�a�t�e� �a� �s�a�m�p�l�e� �o�f� �t�h�e� �l�o�w� �M�W� �h�i�g�h� 

�d�e�n�s�i�t�y� �P�E� �w�a�x� �i�n�t�o� �s�e�v�e�r�a�l� �"�c�u�t�s�"� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �a�n�d� �n�a�r�r�o�w�e�r� �M�W�D�s� �t�h�a�n� �t�h�e� �o�r�i�g�i�n�a�l� 

�p�o�l�y�m�e�r�.� �I�n� �o�r�d�e�r� �t�o� �e�v�a�l�u�a�t�e� �f�e�a�s�i�b�i�l�i�t�y�,� �w�e� �a�s�s�e�m�b�l�e�d� �a� �s�i�m�p�l�e�,� �a�n�a�l�y�t�i�c�a�l� �s�c�a�l�e� 
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�b�e�n�c�h�t�o�p� �S�F�E� �s�y�s�t�e�m� �t�h�a�t� �o�p�e�r�a�t�e�d� �a�t� �c�o�n�s�t�a�n�t� �t�e�m�p�e�r�a�t�u�r�e� �w�h�i�l�e� �t�h�e� �p�r�e�s�s�u�r�e� �w�a�s� 

�i�n�c�r�e�a�s�e�d� �i�n� �a� �s�t�e�p�w�i�s�e� �f�a�s�h�i�o�n� �t�o� �p�r�o�v�i�d�e� �a� �s�o�l�v�e�n�t� �w�i�t�h� �a� �s�l�i�g�h�t�l�y� �h�i�g�h�e�r� �s�o�l�u�b�i�l�i�t�y� 

�p�a�r�a�m�e�t�e�r� �f�o�r� �e�a�c�h� �s�u�c�c�e�s�s�i�v�e� �e�x�t�r�a�c�t�i�o�n�.� �T�h�e� �r�e�s�u�l�t�s� �r�e�p�o�r�t�e�d� �h�e�r�e� �s�h�o�u�l�d� �b�e� �u�s�e�f�u�l� 

�w�h�e�n� �c�o�n�t�e�m�p�l�a�t�i�n�g� �t�r�a�n�s�i�t�i�o�n�s� �t�o� �p�r�e�p�a�r�a�t�i�v�e� �o�r� �p�i�l�o�t� �s�c�a�l�e� �S�F�F� �o�p�e�r�a�t�i�o�n�s�.� 

�E�x�p�e�r�i�m�e�n�t�a�l� 

�E�x�t�r�a�c�t�i�o�n�.� �H�i�g�h� �d�e�n�s�i�t�y� �p�o�l�y�e�t�h�y�l�e�n�e� �f�l�a�k�e�s� �w�i�t�h� �a� �<�M�n�>� �e�q�u�a�l� �t�o� �8�0�0� �(�d�e�t�e�r�m�i�n�e�d� �b�y� 

�G�P�C�)� �w�e�r�e� �f�r�a�c�t�i�o�n�a�t�e�d� �u�s�i�n�g� �t�h�r�e�e� �d�i�f�f�e�r�e�n�t� �S�F�s�.� �T�h�e� �f�l�a�k�e�s� �w�e�r�e� �w�e�d�g�e� �s�h�a�p�e�d� �a�n�d� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �3� �-� �4� �m�m� �i�n� �d�i�a�m�e�t�e�r�.� �T�h�e� �i�n�i�t�i�a�l� �P�E� �f�e�e�d�s�t�o�c�k� �h�a�d� �a� �p�o�l�y�d�i�s�p�e�r�s�i�t�y� �o�f� �2�.�8�.� 

�T�o�t�a�l� �s�h�o�r�t� �c�h�a�i�n� �b�r�a�n�c�h�i�n�g� �f�o�r� �t�h�e� �s�a�m�p�l�e� �w�a�s� �l�e�s�s� �t�h�a�n� �0�.�5� �%� �a�n�d� �t�h�e� �d�e�g�r�e�e� �o�f� 

�c�r�y�s�t�a�l�l�i�n�i�t�y� �(�d�e�t�e�r�m�i�n�e�d� �b�y� �D�S�C�)� �w�a�s� �r�e�p�o�r�t�e�d� �a�t� �8�5� �%�.� �T�h�e� �f�i�n�a�l� �m�e�l�t�i�n�g� �t�e�m�p�e�r�a�t�u�r�e� 

�f�o�r� �t�h�e� �p�o�l�y�e�t�h�y�l�e�n�e� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �1�2�5� �°�C�.� �I�n� �t�h�i�s� �s�t�u�d�y�,� �s�u�p�e�r�c�r�i�t�i�c�a�l� �C�O�,� 

�p�r�o�p�a�n�e� �a�n�d� �p�r�o�p�a�n�e� �m�o�d�i�f�i�e�d� �C�O�,� �w�e�r�e� �d�e�l�i�v�e�r�e�d� �t�o� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� �v�i�a� �t�w�o� �I�s�c�o� 

�s�y�r�i�n�g�e� �p�u�m�p�s� �(�L�i�n�c�o�l�n�,� �N�E�)�.� �T�h�e� �2�6�0�D� �a�n�d� �1�0�0�D� �w�e�r�e� �o�p�e�r�a�t�e�d� �f�r�o�m� �a� �s�i�n�g�l�e� 

�c�o�n�t�r�o�l�l�e�r�.� �T�h�e� �i�n�s�t�r�u�m�e�n�t� �g�r�a�d�e� �(�9�9�.�5� �%� �p�u�r�i�t�y�)� �p�r�o�p�a�n�e� �(�S�c�o�t�t� �S�p�e�c�i�a�l�t�y� �G�a�s�e�s�,� 

�P�l�u�m�s�t�e�a�d�v�i�l�l�e�,� �P�A�)� �w�a�s� �s�h�i�p�p�e�d� �a�t� �1�0�0� �p�s�i� �i�n�s�i�d�e� �t�h�e� �t�a�n�k�,� �s�o� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �c�o�o�l� 

�t�h�e� �p�u�m�p� �h�e�a�d� �i�n� �o�r�d�e�r� �t�o� �e�n�s�u�r�e� �a�n� �a�d�e�q�u�a�t�e� �f�i�l�l�.� �A� �c�o�o�l�i�n�g� �j�a�c�k�e�t� �w�a�s� �p�l�a�c�e�d� �o�n� �t�h�e� 

�p�u�m�p� �c�y�l�i�n�d�e�r� �a�n�d� �c�r�y�o� �g�r�a�d�e� �C�O�,� �w�a�s� �a�l�l�o�w�e�d� �t�o� �d�e�c�o�m�p�r�e�s�s� �i�n�s�i�d�e� �t�h�e� �s�l�e�e�v�e� �o�n� �t�h�e� 

�p�u�m�p� �h�e�a�d�.� �T�h�e� �p�u�m�p� �r�e�s�e�r�v�o�i�r� �a�n�d� �i�n�l�e�t� �t�u�b�i�n�g� �w�e�r�e� �r�a�p�i�d�l�y� �c�o�o�l�e�d� �b�y� �t�h�e� 

�_� �d�e�c�o�m�p�r�e�s�s�i�n�g� �C�O�,� �s�u�c�h� �t�h�a�t� �t�h�e� �p�r�o�p�a�n�e� �w�a�s� �t�h�e�n� �d�e�l�i�v�e�r�e�d� �i�n� �t�h�e� �f�o�r�m� �o�f� �a� �l�i�q�u�i�d�.� 

�T�h�i�s� �t�e�c�h�n�i�q�u�e� �a�l�l�o�w�e�d� �p�r�o�p�a�n�e� �f�i�l�l�s� �o�f� �g�r�e�a�t�e�r� �t�h�a�n� �7�0� �%� �o�f� �t�o�t�a�l� �p�u�m�p� �v�o�l�u�m�e� �t�o� �b�e� 

�a�c�h�i�e�v�e�d�.� �S�F�C� �g�r�a�d�e� �C�O�,� �(�S�c�o�t�t� �S�p�e�c�i�a�l�t�y� �G�a�s�e�s�)� �w�i�t�h� �h�e�l�i�u�m� �h�e�a�d�s�p�a�c�e� �w�a�s� �u�s�e�d� �i�n� �t�h�e� 

�I�s�c�o� �2�6�0�D�.� �I�t� �w�a�s� �n�o�t� �n�e�c�e�s�s�a�r�y� �t�o� �c�o�o�l� �t�h�e� �p�u�m�p� �w�h�e�n� �f�i�l�l�i�n�g� �w�i�t�h� �C�O�5�.� �W�h�e�n� �u�s�e�d� �t�o� 

�p�r�o�v�i�d�e� �m�i�x�e�d� �f�l�u�i�d�s�,� �t�h�e� �o�u�t�l�e�t� �o�f� �t�h�e� �1�0�0�D� �w�a�s� �c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �o�u�t�l�e�t� �l�i�n�e� �o�f� �t�h�e� �l�a�r�g�e�r� 

�v�o�l�u�m�e� �2�6�0�D� �u�s�i�n�g� �a� �m�i�x�i�n�g� �t�e�e� �(�p�r�o�v�i�d�e�d� �b�y� �I�s�c�o�)�.� �T�h�i�s� �c�o�n�f�i�g�u�r�a�t�i�o�n� �i�n� �c�o�n�j�u�n�c�t�i�o�n� 
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�w�i�t�h� �t�h�e� �d�u�a�l� �c�o�n�t�r�o�l�l�e�r� �a�l�l�o�w�e�d� �v�/�v� �r�a�t�i�o�s� �u�p� �t�o� �5�0�%� �o�f� �t�h�e� �t�w�o� �f�l�u�i�d�s� �t�o� �b�e� �d�e�l�i�v�e�r�e�d� �t�o� 

�t�h�e� �m�i�x�i�n�g� �t�e�e�.� �F�r�o�m� �t�h�e� �m�i�x�i�n�g� �t�e�e�,� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �f�l�u�i�d� �w�a�s� �r�o�u�t�e�d� �t�o� �a�n� �o�v�e�n� 

�c�o�n�t�a�i�n�i�n�g� �a� �3�.�5� �m�L� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� �(�K�e�y�s�t�o�n�e� �S�c�i�e�n�t�i�f�i�c�,� �B�e�l�l�e�f�o�n�t�e�,� �P�A�)� �c�a�p�p�e�d� �a�t� 

�b�o�t�h� �e�n�d�s� �b�y� �0�.�5� �u�m� �f�r�i�t�s�.� �T�h�e� �v�e�s�s�e�l� �w�a�s� �o�r�i�e�n�t�e�d� �v�e�r�t�i�c�a�l�l�y� �i�n� �t�h�e� �o�v�e�n� �w�i�t�h� �t�h�e� �S�F� 

�e�n�t�e�r�i�n�g� �f�r�o�m� �t�h�e� �t�o�p�.� �J�u�s�t� �p�r�i�o�r� �t�o� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l�,� �5�0� �c�m� �o�f� �0�.�7�0� �m�m� �i�.�d�.� �s�t�a�i�n�l�e�s�s� 

�s�t�e�e�l� �t�u�b�i�n�g� �w�a�s� �c�o�i�l�e�d� �a�n�d� �p�l�a�c�e�d� �i�n� �t�h�e� �o�v�e�n� �t�o� �e�n�s�u�r�e� �t�h�a�t� �t�h�e� �S�F� �h�a�d� �r�e�a�c�h�e�d� �t�h�e� 

�d�e�s�i�r�e�d� �t�e�m�p�e�r�a�t�u�r�e� �b�e�f�o�r�e� �e�n�t�e�r�i�n�g� �t�h�e� �v�e�s�s�e�l�.� �T�h�e� �o�u�t�l�e�t� �o�f� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� �w�a�s� 

�c�o�n�n�e�c�t�e�d� �t�o� �a� �2�0� �c�m� �x� �2�5� �u�m� �i�.�d�.� �f�u�s�e�d� �s�i�l�i�c�a� �r�e�s�t�r�i�c�t�o�r� �(�P�o�l�y�m�i�c�r�o� �T�e�c�h�n�o�l�o�g�i�e�s� �I�n�c�.�,� 

�P�h�o�e�n�i�x�,� �A�Z�)�.� �T�h�e� �e�x�i�t� �e�n�d� �o�f� �t�h�e� �r�e�s�t�r�i�c�t�o�r� �w�a�s� �p�l�a�c�e�d� �n�e�a�r� �t�h�e� �b�o�t�t�o�m� �o�f� �a� �v�i�a�l� 

�c�o�n�t�a�i�n�i�n�g� �1�2� �m�L� �o�f� �o�r�t�h�o�-�d�i�c�h�l�o�r�o�b�e�n�z�e�n�e� �(�0�-�D�C�B�)�.� �T�h�e� �v�i�a�l� �w�a�s� �c�a�p�p�e�d� �a�n�d� �t�h�e� 

�d�e�c�o�m�p�r�e�s�s�e�d� �S�F� �w�a�s� �a�l�l�o�w�e�d� �t�o� �e�s�c�a�p�e� �t�h�r�o�u�g�h� �a� �p�i�e�c�e� �o�f� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �t�u�b�i�n�g� �t�h�a�t� 

�p�i�e�r�c�e�d� �t�h�e� �c�a�p� �a�n�d� �s�e�p�t�u�m�.� �T�h�e� �c�o�l�l�e�c�t�i�o�n� �v�i�a�l� �w�a�s� �p�o�s�i�t�i�o�n�e�d� �i�n� �t�h�e� �o�v�e�n� �a�n�d� �t�h�e� �v�e�n�t� 

�l�i�n�e� �f�r�o�m� �t�h�e� �t�r�a�p� �w�a�s� �r�o�u�t�e�d� �t�o� �a� �h�o�o�d� �f�o�r� �r�e�m�o�v�a�l� �o�f� �t�h�e� �f�l�a�m�m�a�b�l�e� �p�r�o�p�a�n�e� �g�a�s�.� �A�l�l� 

�e�x�t�r�a�c�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �i�n� �t�h�e� �d�y�n�a�m�i�c� �m�o�d�e� �a�n�d� �a�f�t�e�r� �t�h�e� �a�l�l�o�t�t�e�d� �t�i�m�e� �(�4�5� �m�i�n�.�)� �t�h�e� 

�c�o�l�l�e�c�t�i�o�n� �v�i�a�l� �o�f� �o�-�D�C�B� �w�a�s� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �o�v�e�n� �a�n�d� �d�i�l�u�t�e�d� �b�a�c�k� �t�o� �t�h�e� �o�r�i�g�i�n�a�l� �1�2� 

�m�L�.� �N�o�r�m�a�l�l�y� �o�n�l�y� �2� �-� �3� �m�L� �o�f� �s�o�l�v�e�n�t� �w�e�r�e� �l�o�s�t� �t�o� �e�v�a�p�o�r�a�t�i�o�n� �d�u�r�i�n�g� �e�a�c�h� �4�5� �m�i�n�.� 

�e�x�t�r�a�c�t�i�o�n�.� �L�i�q�u�i�d� �f�l�o�w� �r�a�t�e�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�e�a�s�u�r�i�n�g� �t�h�e� �v�o�l�u�m�e� �o�f� �f�l�u�i�d� �l�e�a�v�i�n�g� 

�t�h�e� �p�u�m�p� �o�v�e�r� �a� �f�i�v�e� �m�i�n�u�t�e� �p�e�r�i�o�d� �a�t� �t�h�e� �c�o�n�t�r�o�l�l�e�r�.� �W�h�e�n� �e�x�t�r�a�c�t�i�n�g� �w�i�t�h� �m�o�d�i�f�i�e�d� 

�f�l�u�i�d� �t�h�e� �t�o�t�a�l� �f�l�o�w� �i�s� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�e� �p�r�i�m�a�r�y� �a�n�d� �m�o�d�i�f�i�e�r� �f�l�u�i�d� �f�l�o�w� �r�a�t�e�s�.� 

�E�x�t�r�a�c�t� �A�n�a�l�y�s�i�s�.� �E�x�t�r�a�c�t�s� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �h�i�g�h� �t�e�m�p�e�r�a�t�u�r�e� �g�e�l� �p�e�r�m�e�a�t�i�o�n� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�G�P�C�)� �u�s�i�n�g� �a� �W�a�t�e�r�s� �A�L�C�/�G�P�C�-�1�5�0� �(�M�i�l�l�i�p�o�r�e� �C�o�r�p�o�r�a�t�i�o�n�,� �M�i�l�f�o�r�d�,� 

�M�A�)�.� �S�i�z�e� �e�x�c�l�u�s�i�o�n� �t�o�o�k� �p�l�a�c�e� �t�h�r�o�u�g�h� �a� �s�i�n�g�l�e� �3�0� �c�m� �x� �7�.�5� �m�m�,� �5�y�m�,� �5�0�0� �A� 

�p�o�l�y�s�t�y�r�e�n�e� �g�e�l� �c�o�l�u�m�n� �(�P�o�l�y�m�e�r� �L�a�b�o�r�a�t�o�r�i�e�s�,� �A�m�h�e�r�s�t�,� �M�A�)� �w�i�t�h� �H�P�L�C� �g�r�a�d�e� �o�-�D�C�B� 

�(�A�l�d�r�i�c�h� �C�h�e�m�i�c�a�l� �C�o�.�,� �I�n�c�.�,� �M�i�l�w�a�u�k�e�e�,� �W�I�)� �a�s� �t�h�e� �m�o�b�i�l�e� �p�h�a�s�e�.� �T�h�e� �f�l�o�w� �r�a�t�e� �w�a�s� �s�e�t



�t�o� �1� �m�L�/�m�i�n� �a�n�d� �d�e�t�e�c�t�i�o�n� �w�a�s� �b�y� �d�i�f�f�e�r�e�n�t�i�a�l� �r�e�f�r�a�c�t�o�m�e�t�r�y�.� �T�h�e� �G�P�C� �s�y�s�t�e�m� �w�a�s� 

�c�a�l�i�b�r�a�t�e�d� �f�o�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�e�t�e�r�m�i�n�a�t�i�o�n� �u�s�i�n�g� �f�o�u�r� �p�o�l�y�s�t�y�r�e�n�e� �s�t�a�n�d�a�r�d�s� �w�i�t�h� 

�M�W�s� �a�t� �5�8�0�,� �9�5�0�,� �2�9�5�0� �a�n�d� �2�2�,�0�0�0�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �c�a�l�i�b�r�a�t�i�o�n� �c�u�r�v�e� �w�a�s� �l�i�n�e�a�r� �o�v�e�r� �t�h�i�s� 

�r�a�n�g�e�.� �T�h�e� �r�e�f�r�a�c�t�o�m�e�t�e�r� �s�i�g�n�a�l� �w�a�s� �r�e�c�o�r�d�e�d� �a�n�d� �i�n�t�e�g�r�a�t�e�d� �w�i�t�h� �a�n� �H�P� �3�3�9�6� �i�n�t�e�g�r�a�t�o�r�.� 

�A�l�l� �c�a�l�c�u�l�a�t�e�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �v�a�l�u�e�s� �w�e�r�e� �p�o�l�y�s�t�y�r�e�n�e� �e�q�u�i�v�a�l�e�n�t� �M�W�s�.� �P�e�a�k� �M�W�s� 

�w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �c�o�m�p�a�r�i�n�g� �t�h�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �c�a�l�i�b�r�a�t�e�d� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� 

�s�t�a�n�d�a�r�d�s� �w�i�t�h� �t�h�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e�s� �o�f� �t�h�e� �v�a�r�i�o�u�s� �f�r�a�c�t�i�o�n�s�.� �N�u�m�b�e�r�-�a�v�e�r�a�g�e�d� �(�<�M�n�>�)� 

�a�n�d� �w�e�i�g�h�t�-�a�v�e�r�a�g�e�d� �(�<�M�w�>�)� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d� �b�y� �m�a�n�u�a�l� �d�i�g�i�t�i�z�a�t�i�o�n� 

�o�f� �t�h�e� �i�n�t�e�g�r�a�t�o�r� �t�r�a�c�e� �a�n�d� �r�o�u�n�d�e�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �1�0�0� �(�e�x�c�e�p�t� �d�u�r�i�n�g� �t�h�e� �c�a�l�c�u�l�a�t�i�o�n� �o�f� 

�p�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s� �-� �w�h�e�r�e� �t�h�e� �u�n�r�o�u�n�d�e�d� �v�a�l�u�e�s� �w�e�r�e� �u�s�e�d�)�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�P�r�o�p�a�n�e�.� �A� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �1�0�0� �°�C� �w�a�s� �a�l�s�o� �u�s�e�d� �f�o�r� �t�h�e� �f�r�a�c�t�i�o�n�a�t�i�o�n� �u�s�i�n�g� �p�r�o�p�a�n�e� �a�s� 

�t�h�e� �s�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d�.� �A� �t�o�t�a�l� �o�f� �e�i�g�h�t� �s�u�c�c�e�s�s�i�v�e� �e�x�t�r�a�c�t�i�o�n�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d� �w�i�t�h� 

�s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e�.� �T�h�e� �t�e�m�p�e�r�a�t�u�r�e� �(�1�0�0� �°�C�)� �t�h�a�t� �p�r�o�v�e�d� �t�o� �b�e� �n�e�a�r� �o�p�t�i�m�u�m� �f�o�r� �t�h�e� 

�C�O�,� �e�x�t�r�a�c�t�i�o�n�s� �i�s� �v�e�r�y� �c�l�o�s�e� �t�o� �t�h�e� �c�r�i�t�i�c�a�l� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �p�r�o�p�a�n�e� �(�9�6�.�8� �°�C�)�.� �N�e�a�r� �t�h�e� 

�T�c� �o�f� �a� �s�u�b�s�t�a�n�c�e�,� �s�m�a�l�!� �c�h�a�n�g�e�s� �i�n� �p�r�e�s�s�u�r�e� �c�a�n� �r�e�s�u�l�t� �i�n� �l�a�r�g�e� �c�h�a�n�g�e�s� �i�n� �d�e�n�s�i�t�y�.� 

�S�u�b�s�e�q�u�e�n�t�l�y�,� �t�h�e� �p�u�m�p� �m�u�s�t� �b�e� �c�a�p�a�b�l�e� �o�f� �d�e�l�i�v�e�r�i�n�g� �m�i�n�u�t�e� �c�h�a�n�g�e�s� �i�n� �p�r�e�s�s�u�r�e� �i�f� �f�i�n�e� 

�f�r�a�c�t�i�o�n�a�t�i�o�n� �i�s� �t�o� �t�a�k�e� �p�l�a�c�e� �i�n� �t�h�i�s� �r�e�g�i�o�n�.� �F�i�g�u�r�e� �1�1� �s�h�o�w�s� �a� �g�r�a�p�h� �o�f� �H�i�l�d�e�b�r�a�n�d� 

�_� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �(�3�4�)� �f�o�r� �t�h�e� �t�h�r�e�e� �s�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d�s� �u�s�e�d� �i�n� �t�h�i�s� �s�t�u�d�y�,� �p�l�o�t�t�e�d� �a�s� �a� 

�f�u�n�c�t�i�o�n� �o�f� �p�r�e�s�s�u�r�e� �a�t� �1�0�0� �°�C�.� �B�a�s�e�d� �o�n� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r� �a�l�o�n�e�,� �i�t� �c�a�n� �b�e� �a�s�s�u�m�e�d� 

�t�h�a�t� �s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e� �w�o�u�l�d� �b�e� �a� �m�u�c�h� �s�t�r�o�n�g�e�r� �s�o�l�v�e�n�t� �a�t� �l�o�w�e�r� �p�r�e�s�s�u�r�e�s� �t�h�a�n� �C�O�»� 

�o�r� �p�r�o�p�a�n�e�-�m�o�d�i�f�i�e�d� �C�O�»�.� �T�h�e�r�e� �w�o�u�l�d� �b�e� �a� �g�r�a�d�u�a�l� �l�e�v�e�l�i�n�g� �o�u�t� �o�f� �e�a�c�h� �f�l�u�i�d�'�s� 

�4�1



�H�i�l�d�e�b�r�a�n�d� �S�o�l�u�b�i�l�i�t�y� �P�a�r�a�m�e�t�e�r� 
� � 

� � 

� � � � 
� � 

�O� �_�t� �t� �J� �|� 

�O�o� �1�0�0� �2�0�0� �3�0�0� �4�0�0� �5�0�0� 

�P�r�e�s�s�u�r�e� �(�a�t�m�)� 

 ��=� �P�r�o�p�a�n�e� �- ��&� �C�O�2� �-�* �� �2�0�%� �P�r�o�p�a�n�e�/�C�O�2� 

�F�i�g�u�r�e� �1�1�.� �G�r�a�p�h� �s�h�o�w�i�n�g� �H�i�l�d�e�b�r�a�n�d� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �a�t� �1�0�0� �°�C� �f�o�r� �e�a�c�h� �o�f� �t�h�e� 
�s�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d�s� �u�s�e�d� �i�n� �t�h�e� �s�t�u�d�y� �p�l�o�t�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �p�u�m�p� �p�r�e�s�s�u�r�e� �(�3�4�)�.� 

�4�2



�s�o�l�v�a�t�i�n�g� �a�b�i�l�i�t�y� �a�t� �h�i�g�h�e�r� �p�r�e�s�s�u�r�e�s� �w�h�e�r�e� �t�h�e� �s�o�l�u�b�i�l�i�t�y� �p�a�r�a�m�e�t�e�r�s� �a�p�p�e�a�r� �t�o� �c�o�n�v�e�r�g�e�.� 

�G�i�v�e�n� �a� �c�o�m�p�a�r�a�b�l�e� �f�r�a�c�t�i�o�n�a�t�i�o�n� �s�c�h�e�m�e� �i�t� �w�o�u�l�d� �b�e� �a�s�s�u�m�e�d� �t�h�a�t� �a�t� �a�n�y� �g�i�v�e�n� �p�r�e�s�s�u�r�e� 

�t�h�e� �f�r�a�c�t�i�o�n� �g�e�n�e�r�a�t�e�d� �b�y� �p�r�o�p�a�n�e� �w�o�u�l�d� �h�a�v�e� �t�h�e� �h�i�g�h�e�s�t� �M�W� �f�o�l�l�o�w�e�d� �b�y� �p�r�o�p�a�n�e�-� 

�m�o�d�i�f�i�e�d� �C�O�,� �a�n�d� �t�h�e�n� �p�u�r�e� �C�O�.� �S�i�n�c�e� �t�h�e� �H�i�l�d�e�b�r�a�n�d� �v�a�l�u�e�s� �a�p�p�e�a�r� �t�o� �c�o�n�v�e�r�g�e� �a�t� 

�h�i�g�h� �p�r�e�s�s�u�r�e�s� �f�o�r� �a�l�l� �t�h�r�e�e� �S�F�s�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �r�e�s�u�l�t�i�n�g� �M�W�D�s� �w�o�u�l�d� �b�e� 

�e�x�p�e�c�t�e�d� �t�o� �b�e� �s�m�a�l�l� �a�t� �p�r�e�s�s�u�r�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �4�0�0� �a�t�m�.� �H�o�w�e�v�e�r�,� �s�u�p�e�r�c�r�i�t�i�c�a�l� �n�-�a�l�k�a�n�e�s� 

�a�r�e� �k�n�o�w�n� �t�o� �b�e� �p�o�w�e�r�f�u�l� �s�o�l�v�e�n�t�s� �f�o�r� �w�a�x�e�s�,� �a�n�d� �H�i�l�d�e�b�r�a�n�d� �s�o�l�u�b�i�l�i�t�y� �v�a�l�u�e�s� �m�i�g�h�t� �n�o�t� 

�b�e� �a� �s�u�i�t�a�b�l�e� �w�a�y� �t�o� �c�o�m�p�a�r�e� �s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e� �w�i�t�h� �a� �d�i�s�s�i�m�i�l�a�r� �S�F� �s�u�c�h� �a�s� �C�O�)�.� 

�F�o�r� �t�h�e� �S�F�F� �u�s�i�n�g� �p�r�o�p�a�n�e�,� �a� �3�0�0� �m�g� �s�a�m�p�l�e� �o�f� �t�h�e� �w�a�x� �(�f�l�a�k�e�s�)� �w�a�s� �p�l�a�c�e�d� �i�n� �a�n� 

�e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� �h�a�l�f� �f�i�l�l�e�d� �w�i�t�h� �C�e�l�i�t�e� �(�d�i�a�t�o�m�a�c�e�o�u�s� �e�a�r�t�h�)� �a�n�d� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� 

�s�u�c�c�e�s�s�i�v�e� �e�x�t�r�a�c�t�i�o�n�s� �a�t� �p�r�o�g�r�e�s�s�i�v�e�l�y� �h�i�g�h�e�r� �d�e�n�s�i�t�i�e�s� �s�u�c�h� �t�h�a�t� �t�h�e� �r�a�f�f�e�i�n�a�t�e� �f�r�o�m� �t�h�e� 

�p�r�e�v�i�o�u�s� �e�x�t�r�a�c�t�i�o�n� �b�e�c�a�m�e� �t�h�e� �f�e�e�d�s�t�o�c�k� �f�o�r� �t�h�e� �s�u�c�c�e�e�d�i�n�g� �o�n�e�.� �M�i�x�i�n�g� �t�h�e� �p�o�l�y�m�e�r� 

�w�i�t�h� �a�n� �i�n�e�r�t� �m�a�t�r�i�x� �r�e�d�u�c�e�d� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �d�i�s�s�o�l�v�e�d� �o�l�i�g�o�m�e�r�s� �e�n�t�e�r�e�d� �t�h�e� �f�r�i�t� �a�n�d� 

�r�e�s�t�r�i�c�t�o�r� �a�n�d� �t�h�u�s� �h�e�l�p�e�d� �p�r�e�v�e�n�t� �s�y�s�t�e�m� �p�l�u�g�g�i�n�g�.� �I�t� �a�l�s�o� �k�e�p�t� �t�h�e� �w�a�x� �f�r�o�m� 

�c�o�n�s�o�l�i�d�a�t�i�n�g� �i�n�s�i�d�e� �t�h�e� �v�e�s�s�e�l� �t�h�e�r�e�b�y� �i�m�p�r�o�v�i�n�g� �d�i�f�f�u�s�i�o�n� �i�n�t�o� �a�n�d� �o�u�t� �o�f� �t�h�e� �m�a�t�r�i�x� �b�y� 

�m�a�i�n�t�a�i�n�i�n�g� �s�u�r�f�a�c�e� �a�r�e�a� �a�t� �a� �m�a�x�i�m�u�m�.� �L�i�q�u�i�d� �f�l�o�w�r�a�t�e�s� �m�e�a�s�u�r�e�d� �a�t� �t�h�e� �c�y�l�i�n�d�e�r� �h�e�a�d� 

�e�x�i�t� �r�a�n�g�e�d� �b�e�t�w�e�e�n� �9�0� �a�n�d� �4�0�0� �u�L�/�m�i�n� �i�n� �t�h�e� �p�r�e�s�s�u�r�e� �r�a�n�g�e� �o�f� �4�7�.�0� �t�o� �2�5�6�.�0� �a�t�m�.� �T�h�i�s� 

�p�r�e�s�s�u�r�e� �r�a�n�g�e� �i�s� �s�i�g�n�i�f�i�c�a�n�t�l�y� �l�o�w�e�r� �t�h�a�n� �t�h�a�t� �r�e�q�u�i�r�e�d� �f�o�r� �S�F� �C�O�»�;� �a�n� �i�m�p�o�r�t�a�n�t� 

�c�o�n�s�i�d�e�r�a�t�i�o�n� �f�o�r� �p�o�t�e�n�t�i�a�l� �s�c�a�l�e�-�u�p�.� �T�h�e� �e�n�h�a�n�c�e�d� �s�o�l�u�b�i�l�i�t�y� �o�f� �t�h�e� �o�l�i�g�o�m�e�r�s� �i�n� 

�_� �s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e� �c�o�m�p�a�r�e�d� �t�o� �C�O�,� �a�l�s�o� �a�l�l�o�w�e�d� �t�h�e� �f�r�a�c�t�i�o�n�a�t�i�o�n� �t�o� �p�r�o�c�e�e�d� �f�r�e�e� �o�f� 

�t�h�e� �p�l�u�g�g�i�n�g� �t�h�a�t� �o�c�c�a�s�i�o�n�a�l�l�y� �p�l�a�g�u�e�d� �t�h�e� �C�O�>� �b�a�s�e�d� �f�r�a�c�t�i�o�n�a�t�i�o�n�s� �a�t� �h�i�g�h�e�r� �d�e�n�s�i�t�i�e�s�.� 

�T�a�b�l�e� �I�V� �s�h�o�w�s� �t�h�e� �p�r�e�s�s�u�r�e� �a�n�d� �d�e�n�s�i�t�y� �u�s�e�d� �d�u�r�i�n�g� �e�a�c�h� �s�t�e�p� �o�f� �t�h�e� �f�r�a�c�t�i�o�n�a�t�i�o�n� 

�a�n�d� �t�h�:� �r�e�s�u�l�t�i�n�g� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�a�t�a� �f�r�o�m� �e�a�c�h� �e�x�t�r�a�c�t�.� �F�r�a�c�t�i�o�n� �n�u�m�b�e�r� �2� �f�a�i�l�e�d� �t�o� 

�4�3



�T�a�b�l�e� �I�V� 

�D�e�n�s�i�t�y� �a�n�d� �p�r�e�s�s�u�r�e� �a�t� �w�h�i�c�h� �e�a�c�h� �f�r�a�c�t�i�o�n� �w�a�s� �e�x�t�r�a�c�t�e�d� �u�s�i�n�g� �s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e�.� 
�C�o�l�u�m�n�s� �4� �-� �7� �d�e�n�o�t�e� �M�W�D� �i�n�f�o�r�m�a�t�i�o�n� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �G�P�C�-�R�I� �t�r�a�c�e�s�.� 
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�1� �2� �3� �4� �5� �6� �7� 
�F�r�a�c�t�i�o�n� �|� �P�r�e�s�s�u�r�e�|� �D�e�n�s�i�t�y� �|� �P�e�a�k� �M�W�|�<�M�w�>�|�<�M�n�>�}� �<�M�w�>�/�<�M�n�>� 

�#� �(�a�t�m�)� �|� �(�g�/�m�L�)� 

�1� �4�7�.�3� �0�.�2�2� �7�3�8� �8�0�0� �|� �7�0�0� �1�.�2�1� 
�2� �|� �4�8�.�1� �0�.�2�4� 
�3� �4�9�.�1� �0�.�2�7� �7�3�8� �1�0�0�0� �|� �8�0�0� �1�.�2�4� 
�4� �4�9�.�7� �0�.�2�9� �8�7�8� �1�2�0�0� �|� �9�0�0� �1�.�3�1� 
�5� �5�1�.�1� �0�.�3�2� �1�0�4�5� �|� �1�5�0�0� �|� �1�1�0�0� �1�.�3�8� 
�6� �1�2�.�7� �0�.�3�7� �1�5�3�2� �|� �1�6�0�0� �|� �1�2�0�0� �1�.�3�0� 
�7� �1�3�7�.�9� �0�.�4�2� �2�0�0�1� �|� �2�4�0�0� �|� �1�7�0�0� �1�.�3�9� 
�8� �2�7�6�.�1� �0�.�4�7� �2�4�6�6� �|� �4�1�0�0� �|� �2�8�0�0� �1�.�4�6� � � � � � � � � � � � � � � � � � � 
� � 

�*� �C�o�l�u�m�n�s� �5� �a�n�d� �6� �(�w�e�i�g�h�t� �a�n�d� �n�u�m�b�e�r�-�a�v�e�r�a�g�e�d� �M�W�s�)� �w�e�r�e� �r�o�u�n�d�e�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �o�n�e�-� 
�h�u�n�d�r�e�d� �b�y� �t�h�e� �s�o�f�t�w�a�r�e�,� �w�h�i�l�e� �t�h�e� �u�n�r�o�u�n�d�e�d� �v�a�l�u�e�s� �w�e�r�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� 
�p�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s�.� �P�e�a�k� �M�W� �(�c�o�l�u�m�n� �7�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�s� �t�h�e� �p�o�l�y�s�t�y�r�e�n�e� �M�W� �o�f� �t�h�e� 
�r�e�t�e�n�t�i�o�n� �t�i�m�e� �f�o�r� �e�a�c�h� �f�r�a�c�t�i�o�n�.



�r�e�g�i�s�t�e�r� �a� �r�e�s�p�o�n�s�e� �o�n� �t�h�e� �G�P�C�-�R�I� �t�r�a�c�e�.� �T�h�i�s� �m�a�y� �b�e� �d�u�e� �t�o� �a�n� �i�n�a�b�i�l�i�t�y� �o�f� �t�h�e� 

�s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e� �t�o� �r�e�m�o�v�e� �a�n�y� �a�d�d�i�t�i�o�n�a�l� �o�l�i�g�o�m�e�r�s� �f�r�o�m� �t�h�e� �w�a�x� �w�i�t�h� �a� �p�r�e�s�s�u�r�e� 

�d�i�f�f�e�r�e�n�c�e� �o�f� �o�n�l�y� �0�.�7�0� �a�t�m� �(�o�r� �0�.�0�2� �g�/�m�L�)� �b�e�t�w�e�e�n� �t�h�e� �t�w�o� �f�r�a�c�t�i�o�n�s�,� �o�r�,� �a� �f�a�i�l�u�r�e� �o�f� �t�h�e� 

�p�u�m�p� �t�o� �p�r�o�v�i�d�e� �a�n� �a�c�t�u�a�l� �i�n�c�r�e�a�s�e� �i�n� �p�r�e�s�s�u�r�e� �o�v�e�r� �s�u�c�h� �a� �s�m�a�l�l� �r�a�n�g�e�.� �D�e�l�i�v�e�r�i�n�g� �s�u�c�h� 

�m�i�n�u�t�e� �s�t�e�p�s� �i�n� �d�e�n�s�i�t�y� �m�a�y� �a�l�s�o� �p�r�o�v�e� �a� �d�i�f�f�i�c�u�l�t�y� �f�o�r� �c�o�m�p�r�e�s�s�o�r�s� �a�t� �t�h�e� �p�r�o�c�e�s�s� �s�c�a�l�e�.� 

�A�t� �a� �d�e�n�s�i�t�y� �o�f� �0�.�2�7� �g�/�m�L�,� �f�r�a�c�t�i�o�n� �n�u�m�b�e�r� �3� �s�t�i�l�l� �h�a�d� �a� �p�e�a�k� �M�W� �o�f� �7�3�8�,� �b�u�t� �t�h�e� �<�M�w�>� 

�a�n�d� �<�M�n�>� �w�e�r�e� �s�l�i�g�h�t�l�y� �i�n�c�r�e�a�s�e�d�.� �B�e�g�i�n�n�i�n�g� �w�i�t�h� �f�r�a�c�t�i�o�n� �n�u�m�b�e�r� �4�,� �t�h�e� �n�e�x�t� �f�i�v�e� 

�e�x�t�r�a�c�t�s� �s�h�o�w�e�d� �a� �s�t�e�a�d�y� �a�n�d� �p�r�e�d�i�c�t�a�b�l�e� �i�n�c�r�e�a�s�e� �i�n� �p�e�a�k� �M�W�s�.� �I�n�t�e�r�e�s�t�l�y�,� �t�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �b�e�t�w�e�e�n� �e�x�t�r�a�c�t� �d�e�n�s�i�t�y� �a�n�d� �p�e�a�k� �M�W� �o�f� �t�h�e� �f�r�a�c�t�i�o�n� �p�r�o�v�e�d� �t�o� �b�e� �l�i�n�e�a�r� �i�n� 

�t�h�i�s� �r�a�n�g�e�.� �F�i�g�u�r�e� �1�2� �s�h�o�w�s� �o�v�e�r�l�a�p�p�i�n�g� �G�P�C� �t�r�a�c�e�s� �f�o�r� �f�r�a�c�t�i�o�n�s� �1�,� �5� �a�n�d� �8� �a�s� �w�e�l�l� �a�s� 

�t�h�a�t� �f�o�r� �t�h�e� �p�a�r�e�n�t� �m�a�t�e�r�i�a�l�.� �T�h�e� �G�P�C� �t�r�a�c�e�s� �d�e�p�i�c�t� �a� �g�e�n�e�r�a�l� �i�n�c�r�e�a�s�e� �i�n� �M�W� �(�d�e�c�r�e�a�s�i�n�g� 

�G�P�C� �r�e�t�e�n�t�i�o�n� �t�i�m�e�s�)� �a�n�d� �a� �b�r�o�a�d�e�n�i�n�g� �o�f� �t�h�e� �M�W�D�s� �w�i�t�h� �i�n�c�r�e�a�s�i�n�g� �d�e�n�s�i�t�y� �a�s� 

�c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �t�h�e� �t�r�e�n�d� �i�n� �p�o�l�y�d�i�s�p�e�r�s�i�t�y� �(�C�o�l�u�m�n� �7� �i�n� �T�a�b�l�e� �4�)�.� �P�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s� �a�t� 

�d�e�n�s�i�t�i�e�s� �b�e�l�o�w� �0�.�3�5� �g�/�m�L� �m�a�y� �b�e� �d�i�f�f�i�c�u�l�t� �t�o� �f�u�r�t�h�u�r� �r�e�d�u�c�e� �u�s�i�n�g� �s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e� 

�d�u�e� �t�o� �l�i�m�i�t�a�t�i�o�n�s� �i�n� �a�c�c�u�r�a�t�e�l�y� �c�h�a�n�g�i�n�g� �p�u�m�p� �p�r�e�s�s�u�r�e�s�.� �A�b�o�v�e� �t�h�e� �0�.�3�5� �g�/�m�L� �l�e�v�e�l� �a�t� 

�1�0�0� �°�C� �t�h�e� �s�l�o�p�e� �o�f� �t�h�e� �p�r�e�s�s�u�r�e�/�d�e�n�s�i�t�y� �c�u�r�v�e� �i�s� �l�e�s�s� �s�e�v�e�r�e�,� �t�h�u�s� �r�e�q�u�i�r�i�n�g� �g�r�e�a�t�e�r� 

�i�n�c�r�e�a�s�e�s� �i�n� �p�r�e�s�s�u�r�e� �t�o� �g�i�v�e� �r�i�s�e� �t�o� �a� �s�m�a�l�l� �c�h�a�n�g�e� �i�n� �d�e�n�s�i�t�y�.� �A�f�t�e�r� �e�i�g�h�t� �4�5� �m�i�n�u�t�e� 

�e�x�t�r�a�c�t�i�o�n�s� �a�t� �t�h�e� �d�e�n�s�i�t�i�e�s� �s�h�o�w�n� �i�n� �T�a�b�l�e� �I�V�,� �9�6�%� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �w�a�x� �h�a�d� �b�e�e�n� 

�r�e�m�o�v�e�d�.� �T�h�i�s� �w�a�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �t�h�r�e�e� �t�i�m�e�s� �t�h�e� �t�o�t�a�l� �r�e�c�o�v�e�r�y� �a�c�h�i�e�v�e�d� �b�y� �C�O�,�-� 

�_� �F�i�g�u�r�e� �1�3� �s�h�o�w�s� �s�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�g�r�a�p�h�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �o�f� �u�n�e�x�t�r�a�c�t�e�d� �P�E�,� �t�h�e� 

�r�a�f�f�e�i�n�a�t�e� �f�r�o�m� �p�u�r�e� �C�O�,� �e�x�t�r�a�c�t�i�o�n�s� �a�n�d� �t�h�e� �r�a�f�f�e�i�n�a�t�e� �f�r�o�m� �t�h�e� �p�u�r�e� �p�r�o�p�a�n�e� �e�x�t�r�a�c�t�i�o�n�s�.� 

�T�h�e� �p�r�o�p�a�n�e� �e�x�t�r�a�c�t�e�d� �P�E� �i�s� �c�l�e�a�r�l�y� �m�o�r�e� �p�i�t�t�e�d� �t�h�a�n� �t�h�e� �C�O�,� �e�x�t�r�a�c�t�e�d� �P�E� �i�n�d�i�c�a�t�i�n�g� �a� 

�m�u�c�h� �h�i�g�h�e�r� �d�e�g�r�e�e� �o�f� �s�u�r�f�a�c�e� �a�t�t�a�c�!�.� �f�r�o�m� �t�h�e� �s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e�.� �M�e�a�s�u�r�e�m�e�n�t�s� �o�f� 

�t�h�e� �p�a�r�t�i�c�l�e� �d�i�a�m�e�t�e�r� �o�f� �P�E� �p�e�l�l�e�t�s� �f�o�l�l�o�w�i�n�g� �s�t�a�t�i�c� �e�x�t�r�a�c�t�i�o�n� �a�t� �3�0�0� �a�t�m� �a�n�d� �1�0�0� �°�C� 
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� � 
�T�I�M�E�  � ��~�>� 

�(�D�e�c�r�e�a�s�i�n�g� �M�o�l�e�c�u�l�a�r� �W�e�i�g�h�t�  � ��>�)� 

�F�i�g�u�r�e� �1�2�.� �O�v�e�r�l�a�p�p�i�n�g� �G�P�C�-�R�I� �t�r�a�c�e�s� �f�o�r� �t�h�e� �p�o�l�y�e�t�h�y�l�e�n�e� �w�a�x� �(�a�s� �r�e�c�e�i�v�e�d�)� �a�n�d� 
�f�r�a�c�t�i�o�n�s� �c�o�l�l�e�c�t�e�d� �a�t� �t�h�e� �b�e�g�i�n�n�i�n�g� �(�#� �1�)�,� �m�i�d�d�l�e� �(�#� �5�)� �a�n�d� �t�h�e� �e�n�d� �(�#� �8�)� �o�f� �a� �S�F�F� �u�s�i�n�g� 
�p�u�r�e� �p�r�o�p�a�n�e�.� 

�4�6



�A�s� �R�e�c�e�i�v�e�d� 

�1�.�0�0� �k�x� 

�1�0�0� �%� �C�O�,� 
�1�.�0�0� �k�x� 

�1�0�0� �%� �C�3�H�g� 
�1�.�0�0�k�x� � � 

�F�i�g�u�r�e� �1�3�.� �S�c�a�n�n�i�n�g� �e�l�e�c�t�r�o�n� �m�i�c�r�o�g�r�a�p�h�s� �o�f� �t�h�e� �s�u�r�f�a�c�e� �o�f� �t�h�e� �w�a�x� �a�s� �i�t� �w�a�s� �r�e�c�e�i�v�e�d� 
�a�n�d� �a�f�t�e�r� �i�t� �w�a�s� �f�r�a�c�t�i�o�n�a�t�e�d� �w�i�t�h� �1�0�0�%� �C�O�,� �a�n�d� �1�0�0�%� �p�r�o�p�a�n�e�.� 
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�D�e�n�s�i�t�y� �a�n�d� �p�r�e�s�s�u�r�e� �a�t� �w�h�i�c�h� �e�a�c�h� �f�r�a�c�t�i�o�n� �w�a�s� �e�x�t�r�a�c�t�e�d� �u�s�i�n�g� �s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e�-� 

�T�a�b�l�e� �V� 

�m�o�d�i�f�i�e�d� �C�O�,� �(�2�0�%� �v�/�v�)�.� �C�o�l�u�m�n�s� �4� �-� �7� �d�e�n�o�t�e� �M�W�D� �i�n�f�o�r�m�a�t�i�o�n� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � 

� � � � � � � � � � � � � � � � � � 

�G�P�C�-�R�I� �t�r�a�c�e�s�.� 

�1� �2� �|� �3� �4� �5� �6� �7� 

�F�r�a�c�t�i�o�n� �|� �P�r�e�s�s�u�r�e� �|� �D�e�n�s�i�t�y� �|�P�e�a�k� �M�W�|� �<�M�w�>� �<�M�n�>� �|�<�M�w�>�/�<�M�n�>� 

�#� �:� �(�a�t�m�)� �(�g�/�m�L�)� 

�1� �1�4�7�.�6� �0�.�4�0� �4�3�8� �5�0�0� �4�0�0� �1�.�1�0� 

�2� �1�6�4�.�6� �0�.�4�5� 

�3� �1�8�6�.�1� �0�.�5�0� �4�9�1� �|� �6�0�0� �5�0�0� �1�.�1�1� 

�4� �1�9�9�.�1� �0�.�5�3� �§�2�1� �5�0�0� �5�0�0� �1�.�0�8� 

�5� �2�3�0�.�2� �0�.�5�8� �5�4�6� �6�0�0� �5�0�0� �1�.�1�0� 

�6� �2�7�5�.�8� �0�.�6�3� �6�8�8� �7�0�0� �7�0�0� �1�.�0�5� 

�7� �3�0�9�.�1� �0�.�6�8� �8�7�8� �1�0�0�0� �9�0�0� �1�.�0�9� 

�8� �3�4�8�.�2� �0�.�6�8� �9�8�6� �1�1�0�0� �1�0�0�0� �1�.�0�8� 

�9� �3�8�9�.�9� �0�.�7�0� �1�3�0�3� �1�4�0�0� �1�3�0�0� �1�.�1�2� 

�1�0� �4�2�8�.�8� �0�.�7�2� �1�4�4�6� �1�6�0�0� �1�5�0�0� �|� �1�.�0�7� � � 
� � 

�*� �C�o�l�u�m�n�s� �5� �a�n�d� �6� �(�w�e�i�g�h�t� �a�n�d� �n�u�m�b�e�r�-�a�v�e�r�a�g�e�d� �M�W�s�)� �w�e�r�e� �r�o�u�n�d�e�d� �t�o� �t�h�e� �n�e�a�r�e�s�t� �o�n�e�-� 
�h�u�n�d�r�e�d� �b�y� �t�h�e� �s�o�f�t�w�a�r�e�,� �w�h�i�l�e� �t�h�e� �u�n�r�o�u�n�d�e�d� �v�a�l�u�e�s� �w�e�r�e� �u�s�e�d� �t�o� �c�a�l�c�u�l�a�t�e� 
�p�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s�.� �P�e�a�k� �M�W� �(�c�o�l�u�m�n� �7�)� �w�a�s� �d�e�t�e�r�m�i�n�e�d� �a�s� �t�h�e� �p�o�l�y�s�t�y�r�e�n�e� �M�W� �o�f� �t�h�e� 
�r�e�t�e�n�t�i�o�n� �t�i�m�e� �f�o�r� �e�a�c�h� �f�r�a�c�t�i�o�n�.� 
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�w�i�t�h� �b�o�t�h� �p�r�o�p�a�n�e� �a�n�d� �C�O�,� �r�e�v�e�a�l�e�d� �n�o� �n�o�t�i�c�e�a�b�l�e� �s�w�e�l�l�i�n�g� �w�i�t�h� �e�i�t�h�e�r� �S�F�.� �H�o�w�e�v�e�r�,� 

�m�e�a�s�u�r�e�m�e�n�t�s� �o�f� �p�a�r�t�i�c�l�e� �m�a�s�s� �i�m�m�e�d�i�a�t�e�l�y� �a�f�t�e�r� �c�o�n�t�a�c�t� �w�i�t�h� �t�h�e� �S�F�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� 

�p�r�o�p�a�n�e� �w�a�s� �m�o�r�e� �e�f�f�e�c�t�i�v�e�l�y� �p�e�n�e�t�r�a�t�i�n�g� �t�h�e� �w�a�x� �r�e�l�a�t�i�v�e� �t�o� �S�F� �C�O�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� 

�m�u�c�h� �h�i�g�h�e�r� �M�W� �f�r�a�c�t�i�o�n�s� �a�r�e� �e�x�t�r�a�c�t�e�d� �u�s�i�n�g� �p�r�o�p�a�n�e� �a�t� �c�o�m�p�a�r�a�b�l�e� �p�r�e�s�s�u�r�e�s� �t�h�a�n� 

�C�O�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�d�u�c�e�d� �s�o�l�u�b�i�l�i�t�y� �o�f� �t�h�e� �p�o�l�y�e�t�h�y�l�e�n�e� �o�l�i�g�o�m�e�r�s� �i�n� �C�O�,� �a�l�l�o�w�s� �m�u�c�h� 

�n�a�r�r�o�w�e�r� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n�s� �t�o� �b�e� �e�x�t�r�a�c�t�e�d� �f�r�o�m� �t�h�e� �o�r�i�g�i�n�a�l� �w�a�x� �t�h�a�n� �w�h�e�n� 

�u�s�i�n�g� �s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e�.� 

�P�r�o�p�a�n�e� �M�o�d�i�f�i�e�d� �C�Q�,� �T�h�e� �d�u�a�l� �p�u�m�p� �e�x�t�r�a�c�t�i�o�n� �s�y�s�t�e�m� �a�l�l�o�w�e�d� �m�i�x�t�u�r�e�s� �o�f� �f�l�u�i�d�s� �t�o� 

�b�e� �u�s�e�d� �f�o�r� �e�x�t�r�a�c�t�i�o�n�s�.� �I�n� �o�r�d�e�r� �t�o� �s�t�u�d�y� �t�h�e� �e�f�f�e�c�t� �o�f� �p�r�o�p�a�n�e� �w�h�e�n� �u�s�e�d� �a�s� �a� �m�o�d�i�f�i�e�r� �i�n� 

�s�u�p�e�r�c�r�i�t�i�c�a�l� �C�O�>� �t�h�e� �I�s�c�o� �1�0�0�D� �w�a�s� �f�i�l�l�e�d� �w�i�t�h� �p�r�o�p�a�n�e� �a�n�d� �t�h�e� �2�6�0�D� �w�a�s� �f�i�l�l�e�d� �w�i�t�h� 

�C�O�,�.� �T�h�e� �c�o�n�t�r�o�l�l�e�r� �w�a�s� �p�r�o�g�r�a�m�m�e�d� �t�o� �d�e�l�i�v�e�r� �a� �p�r�o�p�a�n�e�:�C�O�)� �v�/�v� �r�a�t�i�o� �o�f� �2�0�%�.� �T�h�i�s� 

�w�a�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �1�2� �m�o�l�e� �p�e�r�c�e�n�t� �p�r�o�p�a�n�e� �b�e�c�a�u�s�e� �o�f� �t�h�e� �l�o�w�e�r� �l�i�q�u�i�d� �d�e�n�s�i�t�y� �o�f� �p�r�o�p�a�n�e� 

�r�e�l�a�t�i�v�e� �t�o� �C�O�»�.� �S�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d� �f�r�a�c�t�i�o�n�a�t�i�o�n� �w�a�s� �t�h�e�n� �p�e�r�f�o�r�m�e�d� �u�s�i�n�g� �t�h�e� �m�i�x�e�d� 

�f�l�u�i�d�.� �I�t� �w�a�s� �e�x�p�e�c�t�e�d� �t�h�a�t� �t�h�e� �m�i�x�t�u�r�e� �w�o�u�l�d� �p�r�o�d�u�c�e� �f�r�a�c�t�i�o�n�s� �o�f� �i�n�t�e�r�m�e�d�i�a�t�e� 

�c�o�m�p�o�s�i�t�i�o�n� �t�o� �t�h�o�s�e� �a�c�q�u�i�r�e�d� �b�y� �p�u�r�e� �p�r�o�p�a�n�e� �a�n�d� �C�O�»�.� �H�o�w�e�v�e�r�,� �t�h�e� �r�e�s�u�l�t�s� �s�h�o�w�n� �i�n� 

�T�a�b�l�e� �V� �i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e�r�e� �w�a�s� �v�e�r�y� �l�i�t�t�l�e� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �M�W�s� �a�n�d� 

�p�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s� �o�f� �t�h�e� �f�r�a�c�t�i�o�n�s� �c�o�l�l�e�c�t�e�d� �w�i�t�h� �p�r�o�p�a�n�e� �m�o�d�i�f�i�e�d� �C�O�,� �a�n�d� �t�h�o�s�e� �c�o�l�l�e�c�t�e�d� 

�w�i�t�h� �p�u�r�e� �c�a�r�b�o�n� �d�i�o�x�i�d�e�.� �F�i�g�u�r�e� �1�4� �s�h�o�w�s� �a� �p�l�o�t� �o�f� �p�e�a�k� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �a�s� �a� �f�u�n�c�t�i�o�n� 

�.� �o�f� �e�x�t�r�a�c�t�i�o�n� �d�e�n�s�i�t�y� �f�o�r� �t�h�e� �S�F�F�s� �u�s�i�n�g� �p�u�r�e� �C�O�)�,� �p�u�r�e� �p�r�o�p�a�n�e� �a�n�d� �2�0�%� �p�r�o�p�a�n�e� �i�n� 

�C�O�>�,�.� �T�h�e� �p�r�o�p�a�n�e� �m�o�d�i�f�i�e�d� �C�O�,� �f�r�a�c�t�i�o�n�s� �h�a�v�e� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t�s� �c�o�m�p�a�r�a�b�l�e� �t�o� �t�h�o�s�e� 

�a�c�h�i�e�v�e�d� �b�y� �C�O�,� �u�p� �t�o� �a� �d�e�n�s�i�t�y� �o�f� �0�.�6�5� �g�/�m�L�.� �A�b�o�v�e� �t�h�i�s� �d�e�n�s�i�t�y� �t�h�e�r�e� �w�a�s� �a� �s�h�i�f�t� �t�o� 

�h�i�g�h�e�r� �M�W�D�s� �w�i�t�h� �2�0�%� �p�r�o�p�a�n�e�.� �P�u�r�e� �p�r�o�p�a�n�e� �p�r�o�v�i�d�e�d� �a� �f�i�n�a�l� �f�r�a�c�t�i�o�n� �w�i�t�h� �a� �p�e�a�k� 

�M�W� �o�f� �2�5�0�0� �f�r�o�m� �a� �p�u�m�p� �p�r�e�s�s�u�r�e� �o�f� �o�n�l�y� �2�5�6� �a�t�m� �c�o�m�p�a�r�e�d� �t�o� �a� �f�i�n�a�l� �f�r�a�c�t�i�o�n� �o�f� 

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�4�0�0� �f�r�o�m� �C�O�,� �a�n�d� �p�r�o�p�a�n�e�-� �m�o�d�i�f�i�e�d� �C�O�,� �a�t� �4�3�0� �a�t�m�.� 
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�P�e�a�k� �M�W� 
� � �3�0�0�0� 

�2�5�0�0� �T� 

�°
� 

�2�0�0�0�F� �©� 

�1�5�0�0�;� �©� �x� 

�1�0�0�0� 

�5�0�0�}� �»� �5� �o�O� �8�E�°�F� � � � � 
� � 

�0� �0�.�2� �0�.�4� �0�.�6� �0�.�8� �1� 

�d�e�n�s�i�t�y� �(�g�/�m�L�)� 

�Q�O� �p�u�r�e� �C�O�2� �=� �2�0�%� �p�r�o�p�a�n�e� �i�n� �C�O�2� �©� �p�u�r�e� �p�r�o�p�a�n�e� 

�F�i�g�u�r�e� �1�4�.� �G�r�a�p�h� �s�h�o�w�i�n�g� �t�h�e� �p�e�a�k� �M�W�s� �f�o�r� �e�a�c�h� �e�x�t�r�a�c�t� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �c�a�l�i�b�r�a�t�e�d� 
�r�e�t�e�n�t�i�o�n� �t�i�m�e�s� �a�n�d� �p�l�o�t�t�e�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �d�e�n�s�i�t�y� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �t�h�r�e�e� 
�S�F�s�.� 
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�T�a�b�l�e� �V�I� 

�_� �T�o�t�a�l� �r�e�c�o�v�e�r�i�e�s� �d�e�t�e�r�m�i�n�e�d� �g�r�a�v�i�m�e�t�r�i�c�a�l�l�y� �f�o�r� �S�F�F�s� �u�s�i�n�g� �C�O�2�,� �p�r�o�p�a�n�e�-�m�o�d�i�f�i�e�d� �C�O� 
�a�n�d� �p�r�o�p�a�n�e�.� �F�l�o�w� �r�a�t�e�s� �a�r�e� �l�i�q�u�i�d� �f�l�o�w� �r�a�t�e�s� �d�e�t�e�r�m�i�n�e�d� �a�t� �t�h�e� �p�u�m�p� �c�o�n�t�r�o�l�l�e�r�.� 
�E�x�t�r�a�c�t�i�o�n� �t�i�m�e� �i�s� �4�5� �m�i�n�u�t�e�s� �p�e�r� �f�r�a�c�t�i�o�n� �c�o�l�l�e�c�t�e�d�.� �A�l�l� �e�x�t�r�a�c�t�i�o�n�s� �w�e�r�e� �a�t� �1�0�0� �°�C�.� 
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� � 

� � � � � � � � � � 

�S�F� �F�l�o�w� �r�a�t�e�s� �E�x�t�.� �T�i�m�e� �|� �#� �o�f� �f�r�a�c�t�i�o�n�s� �|� �T�o�t�a�l� �R�e�c�.� 
�(�u�L�/� �m�i�n�)� �(�m�i�n�)� �c�o�l�l�e�c�t�e�d� �(�%�)� 

�C�O�,� �1�0�0� �-� �4�0�0� �4�5� �1�3� �3�0� 

�2�0� �%� �v�i�v� 
�p�r�o�p�a�n�e� �i�n� �|� �2�5�0�-�4�5�0� �4�5� �1�0� �5�4� 

�C�O�?� 

�p�r�o�p�a�n�e� �9�0� �-� �4�0�0� �4�5� �8� �9�6� � � 
� � 
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�A�l�t�h�o�u�g�h� �F�i�g�u�r�e� �1�4� �s�h�o�w�e�d� �t�h�a�t� �a�d�d�i�n�g� �2�0�%� �p�r�o�p�a�n�e� �t�o� �C�O�,� �o�n�l�y� �h�a�d� �m�i�n�o�r� �e�f�f�e�c�t�s� �o�n� 

�t�h�e� �r�e�s�u�l�t�i�n�g� �M�W�D�s� �o�f� �t�h�e� �e�x�t�r�a�c�t�s�,� �t�h�e�r�e� �w�a�s� �a� �r�a�t�h�e�r� �s�u�b�s�t�a�n�t�i�a�l� �i�n�c�r�e�a�s�e� �i�n� �t�o�t�a�l� 

�r�e�c�o�v�e�r�y� �a�s� �a� �r�e�s�u�l�t� �o�f� �m�o�d�i�f�y�i�n�g� �C�O�,� �w�i�t�h� �p�r�o�p�a�n�e�.� �T�a�b�l�e� �6� �s�h�o�w�s� �t�h�a�t� �t�h�e� �m�o�d�i�f�i�e�d� 

�C�O�,� �r�e�s�u�l�t�e�d� �i�n� �a�p�p�r�o�x�i�m�a�t�e�l�y� �a�n� �8�0�%� �i�n�c�r�e�a�s�e� �i�n� �y�i�e�l�d� �o�v�e�r� �t�h�a�t� �p�r�o�v�i�d�e�d� �b�y� �p�u�r�e� �C�O�.� 

�T�h�e� �i�m�p�r�o�v�e�d� �r�e�c�o�v�e�r�y� �w�a�s� �p�r�o�b�a�b�l�y� �a� �r�e�s�u�l�t� �o�f� �e�n�h�a�n�c�e�d� �s�u�r�f�a�c�e� �a�t�t�a�c�k� �b�y� �p�r�o�p�a�n�e� 

�w�h�i�l�e� �o�v�e�r�a�l�l� �s�o�l�v�e�n�t� �s�t�r�e�n�g�t�h� �c�h�a�n�g�e�d� �l�i�t�t�l�e� �f�r�o�m� �t�h�a�t� �o�f� �p�u�r�e� �C�O�>� �b�e�l�o�w� �0�.�6�5� �g�/�m�L�.� 

�H�o�w�e�v�e�r�,� �a�b�o�v�e� �0�.�6�5� �g�/�m�L�,� �a�s� �a� �r�e�s�u�l�t� �o�f� �m�u�c�h� �g�r�e�a�t�e�r� �f�l�o�w� �r�a�t�e�s� �t�h�r�o�u�g�h� �t�h�e� �f�i�x�e�d� 

�r�e�s�t�r�i�c�t�o�r�,� �t�h�e� �t�o�t�a�l� �m�a�s�s� �o�f� �p�r�o�p�a�n�e� �i�n� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� �w�a�s� �a�p�p�a�r�e�n�t�l�y� �g�r�e�a�t� �e�n�o�u�g�h� 

�t�o� �b�e�g�i�n� �i�n�f�l�u�e�n�c�i�n�g� �t�h�e� �a�b�i�l�i�t�y� �o�f� �t�h�e� �o�v�e�r�a�l�l� �f�l�u�i�d� �t�o� �s�o�l�v�a�t�e� �h�e�a�v�i�e�r� �o�l�i�g�o�m�e�r�s�.� �T�h�i�s� 

�s�i�t�u�a�t�i�o�n� �r�e�s�u�l�t�e�d� �i�n� �s�h�i�f�t�i�n�g� �t�h�e� �r�e�s�u�l�t�i�n�g� �M�W�s� �t�o� �h�i�g�h�e�r� �v�a�l�u�e�s� �t�h�a�n� �t�h�o�s�e� �a�c�q�u�i�r�e�d� �f�r�o�m� 

�p�u�r�e� �C�O�»�.� �M�e�a�s�u�r�e�m�e�n�t�s� �o�f� �p�a�r�t�i�c�l�e� �d�i�m�e�n�s�i�o�n�s� �(�a�n�d� �m�a�s�s�)� �b�e�f�o�r�e� �a�n�d� �a�f�t�e�r� �s�t�a�t�i�c� 

�e�x�t�r�a�c�t�i�o�n� �w�i�t�h� �s�u�p�e�r�c�r�i�t�i�c�a�l� �C�O�,� �i�n�d�i�c�a�t�e�d� �i�t� �w�a�s� �p�r�o�b�a�b�l�y� �o�n�l�y� �a�b�l�e� �t�o� �p�e�n�e�t�r�a�t�e� �t�h�e� 

�o�u�t�e�r�m�o�s�t� �r�e�g�i�o�n� �o�f� �t�h�e� �p�o�l�y�m�e�r� �f�l�a�k�e�.� �P�r�o�p�a�n�e�,� �a�l�r�e�a�d�y� �s�e�e�n� �t�o� �b�e� �a� �b�e�t�t�e�r� �s�o�l�v�e�n�t� �f�o�r� 

�t�h�e� �w�a�x�,� �p�r�o�b�a�b�l�y� �a�l�l�o�w�e�d� �a� �g�r�e�a�t�e�r� �p�e�r�c�e�n�t�a�g�e� �o�f� �o�l�i�g�o�m�e�r�s� �t�o� �b�e� �"�l�o�o�s�e�n�e�d�"� �f�r�o�m� �t�h�i�s� 

�r�e�g�i�o�n� �a�n�d� �t�h�e�n� �e�x�t�r�a�c�t�e�d� �f�r�o�m� �t�h�e� �v�e�s�s�e�l�.� �T�h�u�s�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� 

�p�r�o�p�a�n�e� �(�a�t� �l�e�a�s�t� �a�t� �t�h�e� �1�2� �m�o�l�e� �p�e�r�c�e�n�t� �l�e�v�e�l�)� �i�n� �C�O�)� �a�l�l�o�w�e�d� �f�o�r� �i�m�p�r�o�v�e�d� �r�e�c�o�v�e�r�y� �o�f� 

�o�l�i�g�o�m�e�r�s� �o�u�t� �o�f� �t�h�e� �m�a�t�r�i�x� �w�i�t�h�o�u�t� �s�u�b�s�t�a�n�t�i�a�l�l�y� �c�h�a�n�g�i�n�g� �t�h�e� �s�o�l�v�a�t�i�n�g� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� 

�o�v�e�r�a�l�l� �S�F�.� �T�h�i�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� �i�t� �m�a�y� �b�e� �p�o�s�s�i�b�l�e� �t�o� �i�m�p�r�o�v�e� �r�e�c�o�v�e�r�i�e�s� �w�h�i�l�e� 

�m�a�i�n�t�a�i�n�i�n�g� �t�h�e� �n�a�r�r�o�w� �M�W�D�s� �p�r�o�v�i�d�e�d� �f�r�o�m� �p�u�r�e� �C�O�,� �b�y� �u�s�i�n�g� �p�r�o�p�a�n�e� �a�s� �a� �m�o�d�i�f�i�e�r� �-� 

�.� �b�u�t� �o�n�l�y� �b�y� �u�s�i�n�g� �h�i�g�h�e�r� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �p�r�o�p�a�n�e� �i�n� �t�h�e� �C�O�,� �w�o�u�l�d� �f�r�a�c�t�i�o�n�s� �w�i�t�h� 

�s�u�b�s�t�a�n�t�i�a�l�l�y� �h�i�g�h�e�r� �M�W�D�s� �l�i�k�e�l�y� �b�e� �a�c�h�i�e�v�e�d�.� 

�C�o�n�c�l�u�s�i�o�n�s� 

�B�o�t�h� �C�O�,� �(�C�h�a�p�t�e�r� �2�)� �a�n�d� �p�r�o�p�a�n�e� �p�r�o�v�e�d� �a�b�l�e� �t�o� �f�r�a�c�t�i�o�n�a�t�e� �t�h�e� �l�o�w� �M�W� �P�E� 

�s�a�m�p�l�e� �i�n�t�o� �n�u�m�e�r�o�u�s� �c�u�t�s� �o�f� �p�r�o�g�r�e�s�s�i�v�e�l�y� �h�i�g�h�e�r� �M�W�s�.� �W�h�e�t�h�e�r� �t�o� �u�s�e� �s�u�p�e�r�c�r�i�t�i�c�a�l� 
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�C�O�,� �p�r�o�p�a�n�e� �o�r� �a� �c�o�m�b�i�n�a�t�i�o�n� �o�f� �t�h�e� �t�w�o� �w�o�u�l�d� �d�e�p�e�n�d� �o�n� �t�h�e� �d�e�s�i�r�e�d� �p�r�o�d�u�c�t�.� �F�o�r� 

�v�e�r�y� �f�i�n�e� �c�u�t�s� �o�f� �a�l�m�o�s�t� �"�m�o�n�o�d�i�s�p�e�r�s�e�"� �d�i�s�t�r�i�b�u�t�i�o�n�s� �i�n� �t�h�e� �s�u�b� �2�0�0�0� �M�W� �r�a�n�g�e�,� �C�O�,� 

�w�o�u�l�d� �b�e� �t�h�e� �m�o�s�t� �d�e�s�i�r�a�b�l�e� �s�u�p�e�r�c�r�i�t�i�c�a�l� �s�o�l�v�e�n�t�.� �H�o�w�e�v�e�r�,� �p�u�r�e� �C�O�,� �r�e�s�u�l�t�e�d� �i�n� �t�o�t�a�l� 

�r�e�c�o�v�e�r�i�e�s� �o�f� �~�3�3�%� �a�n�d� �r�e�q�u�i�r�e�d� �p�r�e�s�s�u�r�e�s� �g�r�e�a�t�e�r� �t�h�a�n� �6�0�0�0� �P�S�I� �t�o� �g�e�n�e�r�a�t�e� �f�r�a�c�t�i�o�n�s� �a�t� 

�t�h�e� �h�i�g�h� �e�n�d� �o�f� �i�t�s� �r�a�n�g�e�.� �M�o�d�i�f�y�i�n�g� �t�h�e� �C�O�,� �w�i�t�h� �p�r�o�p�a�n�e� �(�a�t� �l�e�a�s�t� �2�0� �%� �v�/�v�)� �a�p�p�e�a�r�e�d� 

�t�o� �b�e� �a� �m�e�a�n�s� �o�f� �i�m�p�r�o�v�i�n�g� �r�e�c�o�v�e�r�i�e�s� �w�i�t�h�o�u�t� �s�a�c�r�i�f�i�c�i�n�g� �t�h�e� �"�n�a�r�r�o�w�n�e�s�s�"� �o�f� �t�h�e� �M�W� 

�d�i�s�t�r�i�b�u�t�i�o�n�.� �I�t� �m�i�g�h�t� �a�l�s�o� �b�e� �p�o�s�s�i�b�l�e� �t�o� �i�m�p�r�o�v�e� �e�x�t�r�a�c�t�i�o�n� �y�i�e�l�d�s� �b�y� �u�s�i�n�g� �f�e�e�d�s�t�o�c�k� �o�f� 

�a� �s�m�a�l�l�e�r� �p�a�r�t�i�c�l�e� �s�i�z�e� �a�n�d�/�o�r� �o�p�e�r�a�t�i�n�g� �i�n� �t�h�e� �l�i�q�u�i�d�-�S�F� �r�e�g�i�o�n�.� �A�n�o�t�h�e�r� �u�n�e�x�p�l�o�r�e�d� 

�a�l�t�e�r�n�a�t�i�v�e� �m�i�g�h�t� �b�e� �t�h�e� �u�s�e� �o�f� �n�-�b�u�t�a�n�e� �a�s� �a� �m�o�d�i�f�i�e�r�.� �I�t� �w�o�u�l�d� �b�e� �e�x�p�e�c�t�e�d� �t�o� �b�e� �a� 

�s�t�r�o�n�g�e�r� �s�o�l�v�e�n�t� �f�o�r� �t�h�e� �h�e�a�v�i�e�r� �o�l�i�g�o�m�e�r�s� �a�n�d� �t�h�e� �r�e�s�u�l�t�i�n�g� �C�O�>�/�n�-�b�u�t�a�n�e� �m�i�x�t�u�r�e�s� �w�o�u�l�d� 

�h�a�v�e� �m�u�c�h� �l�o�w�e�r� �c�r�i�t�i�c�a�l� �t�e�m�p�e�r�a�t�u�r�e�s� �(� �<� �9�0� �°�C�)� �t�h�a�n� �p�u�r�e� �n�-�b�u�t�a�n�e� �(�T�c� �=� �1�5�5�.�2� �°�C�)�.� 

�I�n� �o�r�d�e�r� �t�o� �g�e�n�e�r�a�t�e� �M�W� �f�r�a�c�t�i�o�n�s� �h�i�g�h�e�r� �t�h�a�n� �1�5�0�0�,� �a�n�d�/�o�r� �t�o� �d�o� �s�o� �a�t� �m�u�c�h� 

�r�e�d�u�c�e�d� �p�r�e�s�s�u�r�e�s�,� �s�u�p�e�r�c�r�i�t�i�c�a�l� �p�r�o�p�a�n�e� �w�o�u�l�d� �p�r�o�b�a�b�l�y� �b�e� �t�h�e� �s�o�l�v�e�n�t� �o�f� �c�h�o�i�c�e�.� �W�i�t�h� 

�p�u�r�e� �p�r�o�p�a�n�e�,� �g�e�n�e�r�a�t�i�n�g� �c�o�n�s�i�s�t�e�n�t�l�y� �g�o�o�d� �f�r�a�c�t�i�o�n�s� �b�e�l�o�w� �1�0�0�0� �M�W� �m�a�y� �d�e�p�e�n�d� �o�n� �t�h�e� 

�p�u�m�p�'�s� �a�b�i�l�i�t�y� �t�o� �a�c�c�u�r�a�t�e�l�y� �r�e�n�d�e�r� �m�i�n�u�t�e� �c�h�a�n�g�e�s� �i�n� �p�r�e�s�s�u�r�e� �(�u�n�l�e�s�s� �a� �h�i�g�h�e�r� 

�t�e�m�p�e�r�a�t�u�r�e� �i�s� �u�s�e�d�)�.� �T�h�e�r�e� �w�a�s� �a�l�s�o� �a� �b�r�o�a�d�e�n�i�n�g� �o�f� �M�W�D�s� �w�h�e�n� �u�s�i�n�g� �s�u�p�e�r�c�r�i�t�i�c�a�l� 

�p�r�o�p�a�n�e� �f�o�r� �t�h�e� �f�r�a�c�t�i�o�n�a�t�i�o�n�.� �T�h�i�s� �s�i�t�u�a�t�i�o�n� �c�o�u�l�d� �p�r�o�b�a�b�l�y� �b�e� �m�i�t�i�g�a�t�e�d� �a�t� �d�e�n�s�i�t�i�e�s� 

�a�b�o�v�e� �0�.�3�5� �g�/�m�L� �(�1�0�0� �°�C�)� �b�y� �r�e�d�u�c�i�n�g� �t�h�e� �i�n�c�r�e�m�e�n�t� �b�e�t�w�e�e�n� �s�u�c�c�e�s�s�i�v�e� �e�x�t�r�a�c�t�i�o�n�s�,� 

�a�l�t�h�o�u�g�h� �i�t� �m�a�y� �n�e�v�e�r� �b�e� �p�o�s�s�i�b�l�e� �t�o� �r�e�d�u�c�e� �p�o�l�y�d�i�s�p�e�r�s�i�t�i�e�s� �t�o� �t�h�e� �r�a�n�g�e� �a�v�a�i�l�a�b�l�e� �t�o� �p�u�r�e� 

�-� �C�O�>�.� 
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�C�H�A�P�T�E�R� �4� 

�S�u�p�e�r�c�r�i�t�i�c�a�l� �F�l�u�i�d� �E�x�t�r�a�c�t�i�o�n� �a�n�d� �C�h�r�o�m�a�t�o�g�r�a�p�h�y� �o�f� �P�o�l�y�m�e�r�i�c� �A�d�d�i�t�i�v�e�s� 

�I�n�t�r�o�d�u�c�t�i�o�n� 

�I�n� �t�h�e� �p�r�e�v�i�o�u�s� �t�w�o� �c�h�a�p�t�e�r�s� �S�F�s� �w�e�r�e� �u�s�e�d� �t�o� �s�e�l�e�c�t�i�v�e�l�y� �r�e�m�o�v�e� �o�l�i�g�o�m�e�r�s� �o�f� 

�d�i�f�f�e�r�e�n�t� �m�o�l�e�c�u�l�a�r� �w�e�i�g�h�t� �d�i�s�t�r�i�b�u�t�i�o�n�s� �f�r�o�m� �t�h�e� �p�a�r�e�n�t� �p�o�l�y�m�e�r�.� �I�n� �s�u�c�h� �c�a�s�e�s� �t�h�e� 

�p�o�l�y�m�e�r� �m�u�s�t� �s�h�o�w� �s�o�m�e� �d�e�g�r�e�e� �o�f� �s�o�l�u�b�i�l�i�t�y� �i�n� �t�h�e� �s�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d�.� �B�u�t� �t�h�e�r�e� �a�r�e� 

�m�a�n�y� �i�n�s�t�a�n�c�e�s� �w�h�e�r�e� �c�e�r�t�a�i�n� �p�o�l�y�m�e�r�s� �s�h�o�w� �n�o� �a�p�p�r�e�c�i�a�b�l�e� �s�o�l�u�b�i�l�i�t�y� �i�n� �t�h�e� �S�F�.� �T�h�i�s� 

�s�i�t�u�a�t�i�o�n� �o�f�t�e�n� �a�f�f�o�r�d�s� �a� �u�n�i�q�u�e� �o�p�p�o�r�t�u�n�i�t�y� �f�o�r� �t�h�e� �a�n�a�l�y�s�t� �t�o� �u�s�e� �S�F�s� �t�o� �e�x�t�r�a�c�t� �a�d�d�i�t�i�v�e�s� 

�f�r�o�m� �t�h�e� �p�o�l�y�m�e�r� �f�o�r� �s�u�b�s�e�q�u�e�n�t� �q�u�a�l�i�t�a�t�i�v�e� �a�n�d�/�o�r� �q�u�a�n�t�i�t�a�t�i�v�e� �a�n�a�l�y�s�i�s� �w�i�t�h�o�u�t� 

�i�n�t�e�r�f�e�r�e�n�c�e�s� �f�r�o�m� �c�o�-�e�x�t�r�a�c�t�e�d� �o�l�i�g�o�m�e�r�s�.� �M�o�s�t� �l�i�q�u�i�d� �s�o�l�v�e�n�t�s� �l�a�c�k� �t�h�e� �k�i�n�d� �o�f� 

�s�e�l�e�c�t�i�v�i�t�y� �n�e�c�e�s�s�a�r�y� �t�o� �r�e�m�o�v�e� �s�p�e�c�i�f�i�c� �a�n�a�l�y�t�e�s� �w�h�i�l�e� �l�e�a�v�i�n�g� �t�h�e� �b�u�l�k� �o�f� �m�a�t�r�i�x� 

�u�n�d�i�s�t�u�r�b�e�d�.� �S�F�s� �h�a�v�e� �p�r�o�v�e�n� �i�d�e�a�l� �f�o�r� �e�x�t�r�a�c�t�i�n�g� �a�n�t�i�o�x�i�d�a�n�t�s�,� �p�l�a�s�t�i�c�i�z�e�r�s�,� �e�t�c�.� �f�r�o�m� 

�i�n�s�o�l�u�b�l�e� �p�o�l�y�m�e�r�s� �(�3�5�-�3�7�)�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� �a�d�v�a�n�t�a�g�e�o�u�s� �s�o�l�v�a�t�i�n�g� �a�n�d� �t�r�a�n�s�p�o�r�t� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �S�F�s�,� �a�s� �w�e�l�l� �a�s� �t�h�e�i�r� �s�u�p�e�r�i�o�r� �d�e�t�e�c�t�o�r� �c�o�m�p�a�t�i�b�i�l�i�t�y�,� �m�a�k�e� �S�F�C� �a�n� 

�e�x�c�e�l�l�e�n�t� �c�h�o�i�c�e� �f�o�r� �s�e�p�a�r�a�t�i�n�g� �t�h�e�s�e� �m�o�d�e�r�a�t�e�l�y� �p�o�l�a�r� �a�n�d� �o�f�t�e�n� �t�h�e�r�m�a�l�l�y� �l�a�b�i�l�e� 

�p�o�l�y�m�e�r�i�c� �a�d�d�i�t�i�v�e�s�.� �I�n� �t�h�i�s� �c�h�a�p�t�e�r�,� �t�h�e� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �S�F� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �t�o� �t�h�e� 

�e�x�t�r�a�c�t�i�o�n� �a�n�d� �s�e�p�a�r�a�t�i�o�n� �o�f� �p�o�l�y�m�e�r� �a�d�d�i�t�i�v�e�s� �f�r�o�m� �U�.�S�.� �m�i�l�i�t�a�r�y� �e�x�p�l�o�s�i�v�e�s� �i�s� 

�i�n�v�e�s�t�i�g�a�t�e�d�.� 

�S�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t�,� �w�h�i�c�h� �c�o�n�t�a�i�n�s� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �(�F�i�g�u�r�e� �1�5�)� �a�s� �t�h�e� �o�n�l�y� 

�e�n�e�r�g�e�t�i�c� �c�o�m�p�o�n�e�n�t�,� �h�a�s� �b�e�e�n� �k�n�o�w�n� �f�o�r� �m�o�r�e� �t�h�a�n� �1�0�0� �y�e�a�r�s�.� �T�h�e� �s�m�o�k�e�l�e�s�s� �p�o�w�d�e�r� 

�f�i�s�r�t� �p�r�e�p�a�r�e�d� �b�y� �V�o�l�k�s�m�a�n� �i�n� �A�u�s�t�r�i�a� �b�u�r�n�e�d� �s�o� �f�a�s�t� �t�h�a�t� �i�t� �d�a�m�a�g�e�d� �o�r� �b�u�r�s�t� �o�p�e�n� 

�c�a�n�n�o�n�s� �(�3�8�)�.� �I�n� �1�8�8�4�,� �V�i�e�l�l�e� �o�f� �F�r�a�n�c�e� �i�n�v�e�n�t�e�d� �t�h�e� �f�i�r�s�t� �s�m�o�k�e�l�e�s�s� �p�r�o�g�r�e�s�s�i�v�e�-�b�u�r�n�i�n�g� 

�p�o�w�d�e�r� �u�s�i�n�g� �a� �f�o�r�m� �o�f� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �t�h�a�t� �w�a�s� �s�o�l�u�b�l�e� �i�n� �a� �m�i�x�t�u�r�e� �o�f� �e�t�h�e�r� �a�n�d� �a�l�c�o�h�o�l� 
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�F�i�g�u�r�e� �1�5�.� �S�t�r�u�c�t�u�r�e�s� �o�f� �a� �2�-�m�o�n�o�s�u�b�s�t�i�t�u�t�e�d� �(�A�)� �a�n�d� �a� �2�,�3�-�d�i�s�u�b�s�t�i�t�u�t�e�d� �(�B�)� 
�a�n�h�y�d�r�o�g�l�u�c�o�s�e� �u�n�i�t�s� �o�f� �c�e�l�l�u�l�o�s�e�.� �T�h�e�r�e� �a�r�e� �e�i�g�h�t� �p�o�s�s�i�b�l�e� �s�u�b�s�t�i�t�u�t�i�o�n�s�.� 
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�t�e�r�m�e�d� �"�p�y�r�o�c�e�l�l�u�l�o�s�e�"�.� �N�o�t� �s�u�r�p�r�i�s�i�n�g�l�y�,� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �i�s� �i�n�h�e�r�e�n�t�l�y� �u�n�s�t�a�b�l�e� �a�n�d� �a�s� �i�t� 

�a�g�e�s� �i�t� �r�e�l�e�a�s�e�s� �N�O�»�.� �T�h�e� �p�r�e�s�e�n�c�e� �o�f� �N�O�,� �r�a�d�i�c�a�l�s� �i�n� �t�h�e� �p�r�o�p�e�l�l�a�n�t� �c�a�n� �a�u�t�o�c�a�t�a�l�y�z�e� 

�f�u�r�t�h�u�r� �t�h�e�r�m�o�l�y�s�i�s� �o�f� �t�h�e� �p�r�o�p�e�l�l�a�n�t�.� �I�f� �n�i�t�r�i�c� �e�s�t�e�r� �d�e�c�o�m�p�o�s�i�t�i�o�n� �c�o�n�t�i�n�u�e�s� �u�n�a�b�a�t�e�d�,� 

�e�x�c�e�s�s� �h�e�a�t� �g�e�n�e�r�a�t�i�o�n� �i�n� �t�h�e� �p�r�o�p�e�l�l�a�n�t� �c�a�n� �r�e�s�u�l�t� �i�n� �a�n� �"�e�x�p�l�o�s�i�v�e� �i�n�c�i�d�e�n�t�"�.� 

�I�n� �G�e�r�m�a�n�y�,� �d�i�p�h�e�n�y�l�a�m�i�n�e� �(�D�P�A�)� �w�a�s� �u�s�e�d� �a�s� �a� �s�t�a�b�i�l�i�z�e�r� �t�o� �b�i�n�d� �N�C� 

�d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s�,� �s�i�g�n�i�f�i�c�a�n�t�l�y� �r�e�d�u�c�i�n�g� �a�u�t�o�c�a�t�a�l�y�s�i�s� �r�a�t�e�s�,� �a�s� �e�a�r�l�y� �a�s� �1�8�9�6� �(�3�9�)�.� 

�T�h�e� �o�r�i�g�i�n�a�l� �U�n�i�t�e�d� �S�t�a�t�e�s� �"�p�y�r�o�"� �s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t� �t�h�a�t� �w�a�s� �f�i�r�s�t� �u�s�e�d� �i�n� �1�8�9�7� �b�y� �t�h�e� 

�N�a�v�y� �c�o�n�t�a�i�n�e�d� �n�o� �s�t�a�b�i�l�i�z�e�r� �u�n�t�i�l� �1�9�0�9�,� �w�h�e�n� �0�.�5�%� �D�P�A� �w�a�s� �i�n�c�o�r�p�o�r�a�t�e�d�.� �O�l�d�e�r� 

�p�y�r�o�c�e�l�l�u�l�o�s�e� �p�o�w�d�e�r� �c�o�n�t�a�i�n�i�n�g� �o�n�l�y� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �(�9�9�%�,� �1�2�.�6�%� �n�i�t�r�o�g�e�n�)� �a�n�d� �D�P�A� 

�(�1�%�)� �w�a�s� �v�e�r�y� �h�a�r�d� �a�n�d� �h�y�d�r�o�s�c�o�p�i�c�,� �w�h�i�c�h� �m�a�d�e� �s�o�l�v�e�n�t� �r�e�m�o�v�a�l� �d�i�f�f�i�c�u�l�t�.� �T�h�e� 

�i�n�t�r�o�d�u�c�t�i�o�n� �o�f� �g�e�l�a�t�i�n�i�z�e�r�s� �o�f� �c�o�m�p�a�r�a�t�i�v�e�l�y� �l�o�w� �e�n�e�r�g�y� �s�u�c�h� �a�s� �a� �2�,�4� �d�i�n�i�t�r�o�t�o�l�u�e�n�e� �(�2�,�4�-� 

�D�N�T�)� �a�n�d� �d�i�-�n�-�b�u�t�y�l�p�h�t�h�a�l�a�t�e� �(�D�B�P�)� �m�a�d�e� �t�h�e� �r�e�m�o�v�a�l� �o�f� �r�e�s�i�d�u�a�l� �s�o�l�v�e�n�t� �m�u�c�h� �e�a�s�i�e�r�,� 

�a�n�d� �t�h�e� �w�o�r�k�i�n�g� �p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �m�i�x�t�u�r�e�s� �w�e�r�e� �m�a�d�e� �m�o�r�e� �s�u�i�t�a�b�l�e� �t�o� �t�h�e� �o�p�e�r�a�t�i�o�n�s� �o�f� 

�m�a�n�u�f�a�c�t�u�r�e�.� 

�T�h�e� �c�h�e�m�i�c�a�l� �s�t�a�b�i�l�i�t�y� �o�f� �s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �e�x�a�m�i�n�i�n�g� �i�t�'�s� 

�b�e�h�a�v�i�o�r� �a�t� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�.� �R�e�c�e�n�t�l�y�,� �a�n� �e�x�c�e�l�l�e�n�t� �r�e�v�i�e�w� �o�f� �s�t�a�b�i�l�i�t�y� �t�e�s�t� �m�e�t�h�o�d�s� 

�f�o�r� �g�u�n� �p�r�o�p�e�l�l�a�n�t�s� �h�a�s� �a�p�p�e�a�r�e�d� �(�4�0�)�.� �T�h�e� �c�u�r�r�e�n�t� �m�e�t�h�o�d� �e�m�p�l�o�y�e�d� �b�y� �t�h�e� �U�.�S�.� �N�a�v�y� 

�a�n�d� �A�r�m�y� �i�s� �a� �p�r�o�p�e�l�l�a�n�t� �l�i�f�e� �c�o�n�t�i�n�u�o�u�s� �s�u�r�v�e�i�l�l�a�n�c�e� �t�e�s�t� �a�t� �6�5�.�5� �°�C� �(�4�1�)�.� �I�n� �t�h�i�s� �r�e�g�a�r�d�,� 

�m�a�n�y� �a�t�t�e�m�p�t�s� �h�a�v�e� �b�e�e�n� �m�a�d�e� �t�o� �c�o�r�r�e�l�a�t�e� �t�h�e� �s�t�a�b�i�l�i�t�y� �o�f� �s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t�s� �w�i�t�h� 

�_� �S�t�a�b�i�l�i�z�e�r� �c�o�n�t�e�n�t� �(�4�2�)�.� �I�t� �i�s� �w�e�l�l� �k�n�o�w�n� �t�h�a�t� �D�P�A� �s�t�a�b�i�l�i�z�e�s� �b�y� �b�i�n�d�i�n�g� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� 

�d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s� �a�n�d� �c�o�n�v�e�r�t�i�n�g� �t�h�e�m� �i�n�t�o� �s�t�a�b�l�e� �c�o�m�p�o�u�n�d�s�.� �T�h�e� �m�a�i�n� �r�e�a�c�t�i�o�n� 

�p�r�o�d�u�c�t�s� �o�f� �N�O�,� �a�n�d� �D�P�A� �a�r�e� �2�-�n�i�t�r�o�d�i�p�h�e�n�y�l�a�m�i�n�e� �(�2�-�N�D�P�A�)�,� �4�-�n�i�t�r�o�d�i�p�h�e�n�y�l�a�m�i�n�e� �(�4�-� 

�N�D�P�A�)� �a�n�d� �N�-�n�i�t�r�o�s�o�d�i�p�h�e�n�y�l�a�m�i�n�e� �(�V�N�O�D�P�A�)�.� �M�o�r�e� �h�i�g�h�l�y� �n�i�t�r�a�t�e�d� �d�i�,� �t�r�i� �a�n�d� �t�e�t�r�a�-� 

�n�i�t�r�a�t�e�d� �d�e�r�i�v�a�t�i�v�e�s� �a�r�e� �a�l�s�o� �e�x�p�e�c�t�e�d� �t�h�r�o�u�g�h� �t�h�e� �n�a�t�u�r�a�l� �a�g�i�n�g� �o�f� �D�P�A� �s�t�a�b�i�l�i�z�e�d� 
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�s�m�o�k�e�l�e�s�s� �p�o�w�d�e�r�s�.� �F�i�g�u�r�e�s� �1�6� �a�n�d� �1�7� �s�h�o�w� �t�h�e� �s�t�r�u�c�t�u�r�e�s� �o�f� �s�e�v�e�r�a�l� �o�f� �t�h�e� �m�o�s�t� 

�c�o�m�m�o�n� �s�t�a�b�i�l�i�z�e�r� �d�e�r�i�v�a�t�i�v�e�s� �a�n�d� �a�d�d�i�t�i�v�e�s� �f�o�u�n�d� �i�n� �N�C� �g�u�n� �p�r�o�p�e�l�l�a�n�t� �e�x�t�r�a�c�t�s�.� �T�h�e� 

�a�c�t�u�a�l� �m�e�c�h�a�n�i�s�m� �f�o�r� �n�i�t�r�a�t�i�o�n� �i�s� �n�o�t� �w�e�l�l� �u�n�d�e�r�s�t�o�o�d�.� �T�h�e�r�e� �a�p�p�e�a�r�s� �t�o� �b�e� �e�v�i�d�e�n�c�e� �f�o�r� 

�b�o�t�h� �d�i�r�e�c�t� �n�i�t�r�a�t�i�o�n� �o�f� �t�h�e� �r�i�n�g� �a�s� �w�e�l�l� �a�s� �i�n�d�i�r�e�c�t� �n�i�t�r�a�t�i�o�n� �t�h�r�o�u�g�h� �t�h�e� �f�o�r�m�a�t�i�o�n� �N�-� 

�n�i�t�r�o�s�o� �i�n�t�e�r�m�e�d�i�a�t�e�s�.� �I�n� �t�h�e� �i�n�d�i�r�e�c�t� �m�e�t�h�o�d�,� �t�h�e� �N�-�N�O� �g�r�o�u�p� �r�e�a�r�r�a�n�g�e�s� �v�i�a� �a�n� 

�i�n�t�r�a�m�o�l�e�c�u�l�a�r� �F�i�s�h�e�r�-�H�e�p�p� �m�e�c�h�a�n�i�s�m� �a�n�d� �t�h�e�n� �o�x�i�d�i�z�e�s� �t�o� �N�O�,� �(�4�3�)�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �t�h�e� 

�c�a�p�a�c�i�t�y� �t�h�a�t� �t�h�e�s�e� �n�i�t�r�a�t�e�d� �p�r�o�d�u�c�t�s� �h�a�v�e� �f�o�r� �f�u�r�t�h�e�r� �s�t�a�b�i�l�i�z�i�n�g� �a�c�t�i�v�i�t�y� �i�s� �h�e�a�v�i�l�y� �d�e�b�a�t�e�d� 

�n�o�w�a�d�a�y�s�.� �I�t� �i�s� �w�e�l�l� �k�n�o�w�n� �t�h�a�t� �t�h�e� �l�e�s�s� �h�i�g�h�l�y� �n�i�t�r�a�t�e�d� �d�e�r�i�v�a�t�i�v�e�s� �o�f� �D�P�A� �h�a�v�e� 

�e�x�c�e�l�l�e�n�t� �N�C� �s�t�a�b�i�l�i�z�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �N�N�O�D�P�A� �i�s� �t�h�o�u�g�h�t� �t�o� �b�e� �t�h�e� �p�r�i�m�a�r�y� 

�i�n�t�e�r�m�e�d�i�a�t�e� �b�e�f�o�r�e� �t�h�e� �n�i�t�r�o� �d�e�r�i�v�a�t�i�v�e�s� �a�r�e� �f�o�r�m�e�d�.� �L�i�n�u�s� �P�a�u�l�i�n�g� �i�d�e�n�t�i�f�i�e�d� �N�N�O�D�P�A� 

�a�s� �a� �v�a�l�i�d� �s�t�a�b�i�l�i�z�e�r� �i�n� �1�9�4�6� �(�4�4�)� �e�v�e�n� �t�h�o�u�g�h� �t�h�e� �s�t�a�b�i�l�i�z�i�n�g� �m�e�c�h�a�n�i�s�m� �i�s� �a�p�p�a�r�e�n�t�l�y� �a� 

�t�w�o� �s�t�e�p� �p�r�o�c�e�s�s�.� �C�u�r�r�e�n�t�l�y�,� �t�h�e� �N�a�v�y� �c�o�n�s�i�d�e�r�s� �i�t� �a�s� �a� �N�C� �s�t�a�b�i�l�i�z�e�r�,� �w�h�i�l�e� �t�h�e� �A�r�m�y� 

�i�g�n�o�r�e�s� �i�t�s� �r�o�l�e�.� �I�t� �i�s� �o�u�r� �c�o�n�t�e�n�t�i�o�n� �t�h�a�t� �a�n�y� �m�o�l�e�c�u�l�e� �p�o�s�s�e�s�s�i�n�g� �t�h�e� �a�b�i�l�i�t�y� �t�o� �b�i�n�d� �N�C� 

�d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s�,� �w�h�e�t�h�e�r� �d�i�r�e�c�t�l�y� �o�r� �i�n�d�i�r�e�c�t�l�y�,� �c�a�n� �b�e� �t�h�o�u�g�h�t� �t�o� �h�a�v�e� �s�t�a�b�i�l�i�z�i�n�g� 

�q�u�a�l�i�t�i�e�s�.� �T�h�i�s� �s�u�b�j�e�c�t� �h�a�s� �b�e�e�n� �t�h�e� �s�o�u�r�c�e� �o�f� �m�u�c�h� �d�e�b�a�t�e� �a�m�o�n�g� �t�h�e� �p�r�o�p�e�l�l�a�n�t� 

�c�o�m�m�u�n�i�t�y� �t�h�r�o�u�g�h�o�u�t� �t�h�e� �p�a�s�t� �d�e�c�a�d�e� �(�4�5�-�4�8�)�.� 

�T�h�e� �m�o�s�t� �i�m�p�o�r�t�a�n�t� �m�e�t�h�o�d�s� �c�u�r�r�e�n�t�l�y� �u�s�e�d� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �c�h�a�n�g�e� �i�n� �s�t�a�b�i�l�i�z�e�r� 

�c�o�n�t�e�n�t� �a�r�e� �v�o�l�u�m�e�t�r�i�c� �b�r�o�m�i�n�a�t�i�o�n�,� �G�C� �a�n�d� �m�o�r�e� �r�e�c�e�n�t�l�y�,� �L�C� �m�e�t�h�o�d�s� �w�i�t�h� �l�a�r�g�e�l�y� 

�n�o�n�s�p�e�c�i�f�i�c� �d�e�t�e�c�t�o�r�s� �(�i�.�e�.� �f�l�a�m�e� �i�o�n�i�z�a�t�i�o�n� �(�F�I�D�)� �a�n�d� �u�l�t�r�a�v�i�o�l�e�t� �(�U�V�)� �(�4�5�-�4�8�)�.� �S�a�m�p�l�e� 

�.� �p�r�e�p�a�r�a�t�i�o�n� �h�a�s� �u�s�u�a�l�l�y� �c�o�n�s�i�s�t�e�d� �o�f� �l�i�q�u�i�d�-�s�o�l�i�d� �s�o�x�h�l�e�t� �e�x�t�r�a�c�t�i�o�n� �u�s�i�n�g� �l�a�r�g�e� �v�o�l�u�m�e�s� �o�f� 

�m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �a�t� �a�m�b�i�e�n�t� �o�r� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�s� �f�o�r� �3�6� �h�o�u�r�s� �-� �f�o�l�l�o�w�e�d� �b�y� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �t�h�e� �r�e�s�u�l�t�i�n�g� �s�o�l�u�t�i�o�n�.� �S�F�E� �i�s� �a� �v�i�a�b�l�e� �a�l�t�e�r�n�a�t�i�v�e� �t�o� �t�h�i�s� �t�y�p�e� �o�f� �s�a�m�p�l�e� 

�p�r�e�p�a�r�a�t�i�o�n�,� �o�f�f�e�r�i�n�g� �b�o�t�h� �g�r�e�a�t�e�r� �s�p�e�e�d�,� �e�a�s�e� �o�f� �o�p�e�r�a�t�i�o�n�,� �a�n�d� �r�e�d�u�c�t�i�o�n�s� �i�n� �c�h�l�o�r�i�n�a�t�e�d� 

�s�o�l�v�e�n�t�s�.� �S�F�C� �i�s� �c�u�r�r�e�n�t�l�y� �a�n� �a�l�t�e�r�n�a�t�i�v�e� �s�e�p�a�r�a�t�i�o�n� �m�e�t�h�o�d� �t�o� �b�o�t�h� �h�i�g�h�-�p�e�r�f�o�r�m�a�n�c�e� 

�l�i�q�u�i�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�L�C�)� �a�n�d� �G�C� �(�4�9�a�)�.� �T�h�i�s� �m�e�t�h�o�d� �o�f�f�e�r�s� �a�t�t�r�a�c�t�i�v�e� �f�e�a�t�u�r�e�s�,� �w�h�i�c�h� 
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�m�a�k�e� �i�t� �s�u�i�t�a�b�l�e� �f�o�r� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �m�o�d�e�r�a�t�e�l�y� �p�o�l�a�r�,� �t�h�e�r�m�a�l�l�y� �l�a�b�i�l�e� �o�r� �n�o�n�v�o�l�a�t�i�l�e� 

�c�o�m�p�o�u�n�d�s�.� �I�t� �a�l�s�o� �h�a�s� �t�h�e� �a�b�i�l�i�t�y� �t�o� �b�e� �i�n�t�e�r�f�a�c�e�d� �w�i�t�h� �a� �w�i�d�e� �a�r�r�a�y� �o�f� �G�C� �a�n�d� �L�C� 

�d�e�t�e�c�t�o�r�s�,� �a�n�d� �a�p�p�e�a�r�s� �t�o� �b�e� �m�o�r�e� �a�m�e�n�a�b�l�e� �t�o� �s�p�e�c�t�r�o�m�e�t�r�i�c� �d�e�t�e�c�t�i�o�n� �(�b�o�t�h� �i�n�f�r�a�r�e�d� �a�n�d� 

�m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y�)� �t�h�a�n� �L�C�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �i�t� �o�f�f�e�r�s� �g�r�e�a�t�e�r� �s�p�e�e�d� �a�n�d� �e�a�s�e� �o�f� �m�e�t�h�o�d� 

�d�e�v�e�l�o�p�m�e�n�t� �t�h�a�n� �L�C�.� 

�T�h�e� �w�o�r�k� �i�n� �t�h�i�s� �c�h�a�p�t�e�r� �d�e�s�c�r�i�b�e�s� �t�h�e� �u�s�e� �o�f� �S�F�s� �f�o�r� �b�o�t�h� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �(�S�F�E�)� 

�a�n�d� �s�u�b�s�e�q�u�e�n�t� �s�e�p�a�r�a�t�i�o�n� �(�S�F�C�)� �o�f� �p�r�o�p�e�l�l�a�n�t� �a�d�d�i�t�i�v�e�s� �a�n�d� �s�t�a�b�i�l�i�z�e�r� �d�e�r�i�v�a�t�i�v�e�s� �f�r�o�m� 

�m�i�l�i�t�a�r�y� �e�x�p�l�o�s�i�v�e�s�.� �T�h�e�s�e� �p�r�e�l�i�m�i�n�a�r�y� �s�t�u�d�i�e�s� �a�r�e� �q�u�a�l�i�t�a�t�i�v�e� �i�n� �n�a�t�u�r�e� �a�n�d� �d�e�s�i�g�n�e�d� �t�o� 

�d�e�m�o�n�s�t�r�a�t�e� �p�o�t�e�n�t�i�a�l� �f�e�a�s�i�b�i�l�i�t�y� �r�e�l�a�t�i�v�e� �t�o� �c�o�n�v�e�n�t�i�o�n�a�l� �m�e�t�h�o�d�s�.� �T�h�e� �U�.�S�.� �m�i�l�i�t�a�r�y� �i�s� 

�i�n�t�e�r�e�s�t�e�d� �i�n� �S�F�s� �f�r�o�m� �a� �v�a�r�i�e�t�y� �o�f� �p�e�r�s�p�e�c�t�i�v�e�s�.� �T�h�e�y� �a�r�e� �c�o�n�c�e�r�n�e�d� �w�i�t�h� �u�p�g�r�a�d�i�n�g� 

�c�u�r�r�e�n�t� �p�r�o�p�e�l�l�a�n�t� �s�u�r�v�e�i�l�l�a�n�c�e� �p�r�o�c�e�d�u�r�e�s� �-� �i�n� �h�o�p�e�s� �o�f� �r�e�d�u�c�i�n�g� �t�h�e� �n�u�m�b�e�r� �o�f� 

�"�i�n�c�i�d�e�n�t�s�"� �i�n� �a�n� �a�g�i�n�g� �a�r�s�e�n�a�l�.� �M�a�n�y� �o�f� �t�h�e� �a�d�d�i�t�i�v�e�s� �a�n�d� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s� �a�r�e� 

�a�l�s�o� �s�e�r�i�o�u�s� �e�n�v�i�r�o�n�m�e�n�t�a�l� �p�o�l�l�u�t�a�n�t�s� �a�n�d� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�o� �h�a�v�e� �g�o�o�d� �a�n�a�l�y�t�i�c�a�l� �p�r�o�t�o�c�o�l�s� 

�t�o� �m�o�n�i�t�o�r� �t�h�e�i�r� �m�o�v�e�m�e�n�t�s� �t�h�r�o�u�g�h� �s�o�i�l�s� �a�n�d� �w�a�t�e�r�s�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �m�e�t�h�o�d�s� �t�o� 

�"�f�i�n�g�e�r�p�r�i�n�t�"� �e�x�p�l�o�s�i�v�e� �r�e�s�i�d�u�e�s� �a�r�e� �i�m�p�o�r�t�a�n�t� �t�o� �a�i�d� �i�n� �f�o�r�e�n�s�i�c� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �o�f� �t�e�r�r�o�r�i�s�t� 

�b�o�m�b�i�n�g�s�.� �T�h�e�y� �a�r�e� �e�v�e�n� �h�o�p�e�f�u�l� �t�h�a�t� �S�F� �m�e�t�h�o�d�s� �t�h�a�t� �c�a�n� �r�e�m�o�v�e� �s�t�a�b�i�l�i�z�e�r� �f�o�r� �a�n�a�l�y�s�i�s� 

�m�i�g�h�t� �a�l�s�o� �b�e� �a�b�l�e� �t�o� �r�e�i�n�t�r�o�d�u�c�e� �s�t�a�b�i�l�i�z�e�r� �i�n�t�o� �h�i�g�h�l�y� �d�e�s�t�a�b�i�l�i�z�e�d� �p�r�o�p�e�l�l�a�n�t�s� �r�e�n�d�e�r�i�n�g� 

�t�h�e�m� �s�a�f�e� �t�o� �h�a�n�d�l�e�.� 

�_� �E�x�p�e�r�i�m�e�n�t�a�l� 

�N�i�t�r�a�t�e�d� �d�e�r�i�v�a�t�i�v�e�s� �o�f� �b�o�t�h� �D�P�A� �a�n�d� �N�N�O�D�P�A� �w�e�r�e� �p�r�e�p�a�r�e�d� �b�y� �S�t�e�r�o�i�d�s� �L�T�D� 

�(�C�h�i�c�a�g�o�,� �I�L�)�.� �S�t�a�n�d�a�r�d�s� �a�n�d� �e�x�t�r�a�c�t�s� �w�e�r�e� �d�i�s�s�o�l�v�e�d� �i�n� �e�i�t�h�e�r� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �(�J�.�T�.� 

�B�a�k�e�r�)� �o�r� �m�e�t�h�a�n�o�l� �(�F�i�s�h�e�r� �S�c�i�e�n�t�i�f�i�c�)�.� �P�r�o�p�e�l�l�a�n�t� �s�a�m�p�l�e�s� �t�h�a�t� �h�a�d� �u�n�d�e�r�g�o�n�e� 

�a�c�c�e�l�e�r�a�t�e�d� �a�g�i�n�g� �w�e�r�e� �m�a�d�e� �a�v�a�i�l�a�b�l�e� �t�o� �u�s� �b�y� �G�e�o�r�g�e� �N�a�u�f�l�e�t�t�,� �N�a�v�a�l� �O�r�d�n�a�n�c�e� �S�t�a�t�i�o�n�,� 

�I�n�d�i�a�n� �H�e�a�d�,� �M�D�.



�A� �N�i�c�o�l�e�t� �L�C�/�9�5�6�0� �t�e�r�n�a�r�y� �g�r�a�d�i�e�n�t� �s�y�s�t�e�m� �w�a�s� �u�s�e�d� �f�o�r� �L�C� �s�e�p�a�r�a�t�i�o�n�s�.� �T�h�e� 

�d�e�t�e�c�t�o�r� �w�a�s� �a� �v�a�r�i�a�b�l�e� �w�a�v�e�l�e�n�g�t�h� �U�V� �(�S�p�e�c�t�r�o�f�l�o�w� �7�5�7�)� �b�y� �K�r�a�t�o�s� �n�o�r�m�a�l�l�y� �s�e�t� �a�t� �2�5�4� 

�n�m�.� �A� �R�h�e�o�d�y�n�e� �i�n�j�e�c�t�o�r� �w�i�t�h� �a� �1�0�-�u�L� �l�o�o�p� �s�u�p�p�l�i�e�d� �t�h�e� �2�5�0� �x� �4�.�6� �m�m� �I�B�M� �C�-�1�8� 

�c�o�l�u�m�n� �w�i�t�h� �s�a�m�p�l�e�.� �A�l�l� �c�h�r�o�m�a�t�o�g�r�a�m�s� �w�e�r�e� �r�e�c�o�r�d�e�d� �o�n� �a� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �(�H�P�)� 

�(�A�v�o�n�d�a�l�e�,� �P�A�)� �3�3�9�4�A� �i�n�t�e�g�r�a�t�o�r�.� 

�A�n� �H�P� �5�8�9�0� �S�e�r�i�e�s� �I�I� �G�C� �e�q�u�i�p�p�e�d� �w�i�t�h� �c�o�o�l�-�o�n�-�c�o�l�u�m�n� �a�n�d� �s�p�l�i�t�-�s�p�l�i�t�l�e�s�s� 

�i�n�j�e�c�t�i�o�n� �w�a�s� �u�s�e�d�.� �T�h�e� �s�y�s�t�e�m� �w�a�s� �c�o�n�t�r�o�l�l�e�d� �b�y� �a�n� �H�P� �V�e�c�t�r�a� �C�h�e�m� �S�t�a�t�i�o�n�,� 

�e�m�p�l�o�y�i�n�g� �a�n� �H�P� �7�6�7�3� �a�u�t�o�i�n�j�e�c�t�o�r� �w�i�t�h� �a�n� �o�u�t�p�u�t� �t�o� �a�n� �H�P� �D�e�s�k�j�e�t� �P�l�u�s� �p�r�i�n�t�e�r�.� �A�n� 

�H�P�-�5� �(�2�5�m� �x� �2�0�0�p�m�,� �2�0�0�u�m� �i�.�d�.� �a�n�d� �d�f�=�0�.�3�3�p�m�)� �c�o�l�u�m�n� �w�i�t�h� �a� �m�a�x�i�m�u�m� �t�e�m�p�e�r�a�t�u�r�e� 

�r�a�t�i�n�g� �o�f� �3�2�0� �°�C� �w�a�s� �u�s�e�d� �w�i�t�h� �h�e�l�i�u�m� �(�A�I�R�C�O�)� �a�s� �t�h�e� �c�a�r�r�i�e�r� �g�a�s�.� �I�n�j�e�c�t�i�o�n�s� �w�e�r�e� �1� �u�L� 

�s�p�l�i�t�l�e�s�s� �w�i�t�h� �t�h�e� �i�n�j�e�c�t�o�r� �a�t� �3�5�0� �°�C� �a�n�d� �6�5� �°�C� �f�o�r� �c�o�o�l�-�o�n�-�c�o�l�u�m�n� �w�i�t�h� �F�I�D�.� �F�o�r� 

�a�d�d�i�t�i�o�n�a�l� �G�C� �c�o�n�f�i�r�m�a�t�i�o�n�,� �a�n� �H�P� �5�9�7�0� �m�a�s�s� �s�e�l�e�c�t�i�v�e� �d�e�t�e�c�t�o�r� �(�M�S�D�)� �w�a�s� �u�s�e�d� �i�n� �b�o�t�h� 

�s�c�a�n�n�i�n�g� �a�n�d� �s�e�l�e�c�t�e�d� �i�o�n� �m�o�n�i�t�o�r�i�n�g� �(�S�I�M�)� �m�o�d�e�s�.� 

�A� �S�u�p�r�e�x� �2�0�0�A� �(�P�i�t�t�s�b�u�r�g�h�,� �P�A�)� �w�a�s� �e�m�p�l�o�y�e�d� �f�o�r� �S�F�C� �w�i�t�h� �b�o�t�h� �o�p�e�n�-�t�u�b�u�l�a�r� 

�a�n�d� �m�i�c�r�o�b�o�r�e� �p�a�c�k�e�d� �c�o�l�u�m�n�s�.� �I�t� �i�s� �h�i�g�h� �p�r�e�s�s�u�r�e� �s�y�r�i�n�g�e� �p�u�m�p� �s�y�s�t�e�m� �c�a�p�a�b�l�e� �o�f� 

�d�e�l�i�v�e�r�i�n�g� �l�i�n�e�a�r� �o�r� �a�s�y�m�p�t�o�t�i�c� �p�r�e�s�s�u�r�e� �a�n�d� �d�e�n�s�i�t�y� �g�r�a�d�i�e�n�t�s�.� �A� �V�a�l�c�o� �(�H�o�u�s�t�o�n�,� �T�X�)� 

�e�l�e�c�t�r�o�n�i�c� �i�n�j�e�c�t�o�r� �w�i�t�h� �a� �0�.�1� �L� �i�n�t�e�r�n�a�l� �l�o�o�p� �w�a�s� �u�s�e�d� �f�o�r� �s�a�m�p�l�e� �i�n�j�e�c�t�i�o�n�.� �A�n� �H�P� 

�3�3�9�4�A� �i�n�t�e�g�r�a�t�o�r� �c�o�n�v�e�r�t�e�d� �t�h�e� �S�F�C�-�F�I�D� �s�i�g�n�a�l� �t�o� �a� �c�h�r�o�m�a�t�o�g�r�a�m�.� �T�h�e� �S�u�p�r�e�x� �M�P�S� 

�2�2�5�,� �a� �s�l�i�g�h�t� �v�a�r�i�a�t�i�o�n� �o�f� �t�h�e� �2�0�0�A�,� �w�a�s� �u�s�e�d� �f�o�r� �o�n�-�l�i�n�e� �S�F�E�-�S�F�C�.� 

�A� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �7�6�8�0� �e�x�t�r�a�c�t�o�r� �w�a�s� �u�s�e�d� �f�o�r� �s�e�p�a�r�a�t�i�n�g� �c�o�m�p�o�n�e�n�t�s� �f�r�o�m� 

�s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t�.� �H�i�g�h� �p�u�r�i�t�y� �c�a�r�b�o�n� �d�i�o�x�i�d�e� �w�a�s� �p�r�o�v�i�d�e�d� �b�y� �S�c�o�t�t� �S�p�e�c�i�a�l�t�y� 

�G�a�s�e�s� �(�P�l�u�m�s�t�e�a�d�v�i�l�l�e�,� �P�A�)�.� �I�t� �w�o�u�l�d� �h�a�v�e� �b�e�e�n� �b�e�n�e�f�i�c�i�a�l� �t�o� �g�r�i�n�d� �t�h�e� �s�i�n�g�l�e� �b�a�s�e� 

�s�a�m�p�l�e�s� �p�r�i�o�r� �t�o� �S�F�E�,� �h�o�w�e�v�e�r�,� �w�e� �w�e�r�e� �r�e�l�u�c�t�a�n�t� �t�o� �d�o� �t�h�i�s� �f�o�r� �s�a�f�e�t�y� �r�e�a�s�o�n�s�.� �I�n�s�t�e�a�d�,� 

�r�a�z�o�r� �s�l�i�c�e�d� �p�r�o�p�e�l�l�a�n�t� �s�t�r�i�p�s� �(�3�0�0� �m�g�)� �w�e�r�e� �l�o�a�d�e�d� �i�n� �a� �7� �m�L� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l�.� �T�h�e� 

�f�l�o�w� �o�f� �l�i�q�u�i�d� �C�O�»� �w�a�s� �2� �m�L�/�m�i�n� �f�o�r� �3�0� �m�i�n�.� �T�h�e� �v�e�s�s�e�l� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �a�t� �6�0� �°�C� �a�n�d� 

�6�1



�3�8�5� �a�t�m�,� �t�h�e�r�e�b�y� �y�i�e�l�d�i�n�g� �a� �s�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d� �o�f� �0�.�8�5� �g�/�m�L� �d�e�n�s�i�t�y�.� �E�x�t�r�a�c�t�e�d� �m�a�t�e�r�i�a�l� 

�w�a�s� �t�r�a�p�p�e�d� �o�n� �s�t�a�i�n�l�e�s�s�-�s�t�e�e�l� �b�e�a�d�s� �(�1�0�0� �j�u�m�)� �a�t� �5� �°�C�,� �t�h�e�n� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �t�r�a�p� �w�i�t�h� 

�1�.�5� �m�L� �o�f� �C�H�7�C�l�.� 

�R�e�s�u�l�t�s� �a�n�d� �D�i�s�c�u�s�s�i�o�n� 

�T�h�e� �g�o�a�l�s� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� �w�e�r�e� �t�o� �e�v�a�l�u�a�t�e� �t�h�e� �u�s�e�f�u�l�n�e�s�s� �o�f� �S�F�E� �a�n�d� �S�F�C� �f�o�r� 

�s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t� �s�u�r�v�e�i�l�l�a�n�c�e� �a�n�d� �t�o� �i�d�e�n�t�i�f�y� �p�r�o�p�e�l�l�a�n�t� �d�e�c�o�m�p�o�s�i�t�i�o�n� �p�r�o�d�u�c�t�s� 

�p�r�o�d�u�c�e�d� �v�i�a� �a�c�c�e�l�e�r�a�t�e�d� �a�g�i�n�g� �p�r�o�t�o�c�o�l�s�.� �F�i�v�e� �s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t� �s�a�m�p�l�e�s� 

�m�a�n�u�f�a�c�t�u�r�e�d� �i�n� �1�9�4�2�-�1�9�4�3�,� �o�r�i�g�i�n�a�l�l�y� �c�o�n�t�a�i�n�i�n�g� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�%� �D�P�A� �s�t�a�b�i�l�i�z�e�r� �w�e�r�e� 

�h�e�a�t�e�d� �f�o�r� �1�-�5� �y�e�a�r�s� �a�t� �6�5�.�5� �°�C� �t�o� �"�s�i�m�u�l�a�t�e�"� �a�g�i�n�g�.� �S�F�E� �u�s�i�n�g� �p�u�r�e� �C�O�»� �w�a�s� �e�m�p�l�o�y�e�d� 

�i�n� �o�r�d�e�r� �t�o� �i�s�o�l�a�t�e� �a�n�d� �c�o�n�c�e�n�t�r�a�t�e� �n�o�n�p�o�l�y�m�e�r�i�c� �c�o�m�p�o�n�e�n�t�s� �i�n� �e�a�c�h� �o�f� �t�h�e� �a�g�e�d� 

�p�r�o�p�e�l�l�a�n�t�s� �a�s� �w�e�l�l� �a�s� �t�h�e� �c�o�n�t�r�o�l� �s�a�m�p�l�e�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �p�r�o�p�e�l�l�a�n�t�s� �w�i�t�h� �i�d�e�n�t�i�c�a�l� 

�h�i�s�t�o�r�i�e�s� �c�o�u�l�d� �n�o�t� �b�e� �l�o�c�a�t�e�d�.� �T�h�e� �c�o�n�t�r�o�l� �p�r�o�p�e�l�l�a�n�t� �h�a�d� �a�g�e�d� �a�t� �r�o�o�m� �t�e�m�p�e�r�a�t�u�r�e� �s�i�n�c�e� 

�1�9�4�3�.� �T�h�r�e�e� �o�f� �t�h�e� �h�e�a�t�e�d� �s�a�m�p�l�e�s� �(�3�1�0�,� �1�2�3�0� �a�n�d� �1�5�0�0� �d�a�y�s�)� �t�h�a�t� �h�a�d� �a�l�s�o� �b�e�e�n� 

�p�r�e�p�a�r�e�d� �i�n� �t�h�e� �e�a�r�l�y� �1�9�4�0�s� �c�o�n�t�a�i�n�e�d� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �d�e�r�i�v�e�d� �f�r�o�m� �c�o�t�t�o�n� �l�i�n�t�e�r�,� �w�h�i�l�e� �i�n� 

�t�w�o� �s�a�m�p�l�e�s� �(�6�1�5� �a�n�d� �9�1�5� �d�a�y�s�)� �w�o�o�d� �p�u�l�p� �s�e�r�v�e�d� �a�s� �t�h�e� �c�e�l�l�u�l�o�s�e� �s�o�u�r�c�e�.� �T�h�e� �p�e�r�c�e�n�t� 

�c�e�l�l�u�l�o�s�e� �n�i�t�r�a�t�i�o�n� �w�a�s� �t�h�e� �s�a�m�e� �(�~�1�3�.�1�6�%�)� �i�n� �a�l�l� �s�a�m�p�l�e�s�.� 

�F�i�g�u�r�e� �1�8� �s�h�o�w�s� �t�h�e� �G�C�-�F�I�D� �t�r�a�c�e� �o�f� �t�h�e� �p�r�o�p�e�l�l�a�n�t� �c�o�n�t�r�o�l� �e�x�t�r�a�c�t�.� �N�u�m�e�r�o�u�s� 

�c�o�m�p�o�n�e�n�t�s� �h�a�v�e� �b�e�e�n� �e�x�t�r�a�c�t�e�d� �e�v�e�n� �t�h�o�u�g�h� �s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t� �i�s� �s�u�p�p�o�s�e�d� �t�o� 

�_� �i�n�i�t�i�a�l�l�y� �c�o�n�t�a�i�n� �o�n�l�y� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �(�N�C�-�e�n�e�r�g�e�t�i�c� �c�o�m�p�o�n�e�n�t� �a�t� �~�8�5�%�)�,� �2�,�4�-� 

�d�i�n�i�t�r�o�t�o�l�u�e�n�e� �(�D�N�T�-�p�l�a�s�t�i�c�i�z�e�r� �a�t� �~�1�0�%�)�,� �d�i�b�u�t�y�l�p�h�t�h�a�l�a�t�e� �(�D�B�T�-�p�l�a�s�t�i�c�i�z�e�r� �a�t� �~�4�%�)� �a�n�d� 

�d�i�p�h�e�n�y�l�a�m�i�n�e� �(�D�P�A�-�s�t�a�b�i�l�i�z�e�r� �a�t� �~�1�%�)�.� �P�e�a�k� �a�s�s�i�g�n�m�e�n�t�s� �w�e�r�e� �b�a�s�e�d� �u�p�o�n� �(�A�)� 

�r�e�t�e�n�t�i�o�n� �t�i�m�e� �c�o�m�p�a�r�i�s�o�n�s� �w�i�t�h� �k�n�o�w�n� �c�o�m�p�o�u�n�d�s� �a�n�d� �(�B�)� �t�h�e� �m�a�s�s� �s�p�e�c�t�r�u�m� �o�f� 
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�e�a�c�h� �e�l�u�t�e�d� �c�o�m�p�o�n�e�n�t�.� �O�b�v�i�o�u�s�l�y�,� �c�e�r�t�a�i�n� �i�n�g�r�e�d�i�e�n�t�s� �m�u�s�t� �n�o�t� �h�a�v�e� �b�e�e�n� �p�u�r�e� �d�u�r�i�n�g� 

�t�h�e� �m�a�n�u�f�a�c�t�u�r�i�n�g� �s�t�e�p�,� �a�s� �s�u�g�g�e�s�t�e�d� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �2�,�3�-�D�N�T� �a�l�o�n�g� �w�i�t�h� �2�,�4�-�D�N�T�,� 

�a�n�d� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �b�o�t�h� �D�B�P� �a�n�d� �d�i�e�t�h�y�l�p�h�t�h�a�l�a�t�e� �(�D�E�P�)�.� �F�u�r�t�h�u�r�m�o�r�e�,� �r�e�a�c�t�i�o�n� �o�f� �t�h�e� 

�s�t�a�b�i�l�i�z�e�r� �h�a�s� �a�l�r�e�a�d�y� �c�o�m�m�e�n�c�e�d� �a�s� �e�v�i�d�e�n�c�e�d� �b�y� �t�h�e� �p�r�e�s�e�n�c�e� �o�f� �s�e�v�e�r�a�l� �n�i�t�r�a�t�e�d� �D�P�A�s� 

�(�p�e�a�k�s� �7�-�1�1�)�.� �S�u�r�p�r�i�s�i�n�g�l�y�,� �t�h�e�r�e� �w�a�s� �s�t�i�l�l� �s�o�m�e� �D�P�A� �a�n�d�/�o�r� �N�N�O�D�P�A� �p�r�e�s�e�n�t� �i�n� �t�h�e� �5�0� 

�y�e�a�r� �o�l�d� �p�r�o�p�e�l�l�a�n�t�.� 

�E�x�t�r�a�c�t� �a�n�a�l�y�s�i�s� �v�i�a� �G�C�-�F�I�D� �o�f� �t�h�e� �s�a�m�p�l�e� �h�e�a�t�e�d� �3�1�5� �d�a�y�s� �(�F�i�g�u�r�e� �1�9�)� �s�u�g�g�e�s�t�e�d� 

�a� �b�u�i�l�d�u�p� �o�f� �d�i�n�i�t�r�a�t�e�d� �D�P�A�s� �(�2�,�2�'�-�d�i�N�D�P�A�,� �2�,�4�-�d�i�N�D�P�A� �a�n�d� �2�,�4�'�-�d�i�N�D�P�A�)� �a�t� �t�h�e� 

�e�x�p�e�n�s�e� �o�f� �D�P�A� �a�n�d� �i�t�s� �N�-�n�i�t�r�o�s�o� �d�e�r�i�v�a�t�i�v�e� �-� �w�h�i�c�h� �a�r�e� �n�o�w� �a�l�m�o�s�t� �c�o�m�p�l�e�t�e�l�y� �a�b�s�e�n�t� 

�f�r�o�m� �t�h�e� �c�h�r�o�m�a�t�o�g�r�a�m�.� �A�l�s�o�,� �r�e�l�a�t�i�v�e� �c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �2�-�N�D�P�A� �a�n�d� �4�-�N�D�P�A� �a�p�p�e�a�r�e�d� 

�t�o� �d�e�c�r�e�a�s�e� �f�o�l�l�o�w�i�n�g� �s�t�o�r�a�g�e� �a�t� �6�5�.�5� �°�C� �f�o�r� �3�1�5� �d�a�y�s�.� �P�e�a�k� �n�u�m�b�e�r� �4� �m�a�y� �a�l�s�o� �b�e� �a�n� 

�u�n�d�e�t�e�r�m�i�n�e�d� �s�t�a�b�i�l�i�z�e�r� �d�e�r�i�v�a�t�i�v�e� �a�s� �e�v�i�d�e�n�c�e�d� �b�y� �i�t�s� �l�a�r�g�e� �i�n�c�r�e�a�s�e� �i�n� �p�e�a�k� �a�r�e�a� �i�n� �t�h�e� 

�"�a�g�e�d�"� �e�x�t�r�a�c�t�.� �A�f�t�e�r� �9�1�5� �d�a�y�s� �a�t� �6�5�.�5� �°�C�,� �n�o� �m�o�n�o�n�i�t�r�a�t�e�d� �D�P�A� �w�a�s� �p�r�e�s�e�n�t� �a�n�d� �a�t� �t�h�e� 

�e�n�d� �o�f� �1�5�0�0� �d�a�y�s� �e�v�e�n� �a�l�l� �t�r�a�c�e�s� �o�f� �d�i�n�i�t�r�a�t�e�d� �D�P�A� �h�a�d� �d�i�s�a�p�p�e�a�r�e�d� �(�T�a�b�l�e� �V�I�I�)�.� �B�a�s�e�d� 

�o�n� �t�h�e� �t�w�o� �c�h�r�o�m�a�t�o�g�r�a�m�s�,� �S�F�E� �m�a�y� �i�n�d�e�e�d� �s�e�r�v�e� �a�s� �t�h�e� �s�a�m�p�l�e� �p�r�e�p�a�r�a�t�i�o�n� �s�t�e�p� �f�o�r� �t�h�e� 

�d�e�s�i�g�n� �o�f� �a� �p�r�a�c�t�i�c�a�l� �m�e�t�h�o�d� �t�o� �m�o�n�i�t�o�r� �s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t�s�.� 

�A�l�t�h�o�u�g�h� �w�e� �d�i�d� �n�o�t� �d�o� �a�n�y� �s�p�e�c�i�f�i�c� �c�o�m�p�a�r�i�s�o�n�s� �w�i�t�h� �s�o�x�h�l�e�t� �e�x�t�r�a�c�t�i�o�n�s�,� �w�e� 

�w�e�r�e� �t�o�l�d� �b�y� �t�h�e� �p�r�o�j�e�c�t� �s�p�o�n�s�o�r�s� �t�h�a�t� �S�F�E� �w�i�t�h� �p�u�r�e� �C�O�,� �r�e�m�o�v�e�d� �t�h�e� �s�a�m�e� �a�d�d�i�t�i�v�e�s� 

�a�n�d� �s�t�a�b�i�l�i�z�e�r� �d�e�r�i�v�a�t�i�v�e�s� �f�r�o�m� �t�h�e� �N�C� �a�s� �w�o�u�l�d� �e�x�p�e�c�t�e�d� �f�r�o�m� �l�i�q�u�i�d�-�s�o�l�i�d� �e�x�t�r�a�c�t�i�o�n� �(�3�6� 

�_� �h�o�u�r�s�)� �(�4�9�b�)�.� �S�u�p�e�r�c�r�i�t�i�c�a�l� �f�l�u�i�d� �e�x�t�r�a�c�t�s� �w�e�r�e� �a�l�s�o� �m�u�c�h� �"�c�l�e�a�n�e�r�"� �t�h�a�n� �l�i�q�u�i�d� �e�x�t�r�a�c�t�s�.� 

�L�i�q�u�i�d� �(�i�.�e�.� �m�e�t�h�y�l�e�n�e� �c�h�l�o�r�i�d�e� �o�r� �a�c�e�t�o�n�i�t�r�i�l�e�)� �e�x�t�r�a�c�t�s� �a�l�s�o� �d�i�s�s�o�l�v�e� �s�o�m�e� �N�C� �o�l�i�g�o�m�e�r�s�,� 

�p�a�r�t�i�c�u�l�a�r�l�y� �f�r�o�m� �o�l�d�e�r�,� �m�o�r�e� �d�e�c�o�m�p�o�s�e�d� �e�x�p�l�o�s�i�v�e�s�.� �T�h�i�s� �m�a�t�e�r�i�a�l� �m�u�s�t� �t�h�e�n� �b�e� �f�i�l�t�e�r�e�d� 

�f�r�o�m� �t�h�e� �e�x�t�r�a�c�t� �p�r�i�o�r� �t�o� �L�C� �a�n�a�l�y�s�i�s� �S�F�E� �s�a�m�p�l�e�s� �r�e�q�u�i�r�e�d� �n�o� �f�i�l�t�e�r�i�n�g�.
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�T�a�b�l�e� �V�I�I�.� 

�F�a�t�e� �o�f� �s�t�a�b�i�l�i�z�e�r� �i�n� �D�P�A� �s�t�a�b�i�l�i�z�e�d� �s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t� �f�o�l�l�o�w�i�n�g� �s�t�o�r�a�g�e� �a�t� �6�5�.�5� �°�C� 
�f�o�r� �3�1�5� �-� �1�5�0�0� �d�a�y�s�.� 
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�+� �=� �s�i�g�n�i�f�i�c�a�n�t� �p�e�a�k� �p�r�e�s�e�n�t� 

�P�r�e�p�a�r�e�d� �C�o�n�t�r�o�l� �3�1�5� �]� �6�1�5� �|�}� �9�1�5� �|� �1�2�3�5� �|� �1�5�0�0� 
�C�o�n�t�r�o�l� �5�0� �Y�r�s� �L�a�t�e�r� �D�a�y�s� �|� �D�a�y�s� �|� �D�a�y�s� �|� �D�a�y�s� �|� �D�a�y�s� 

�D�P�A� �D�P�A� �0� �0� �0� �0� �0� 

�N�N�O�D�P�A� �0� �0� �0� �0� �0� 

�2�-�N�D�P�A� �-� �0� �0� �0� �0� 

�4�-�N�D�P�A� �-� �0� �0� �0� �0� 

�2�,�2�'�-�d�i�I�N�D�P�A� �+� �-� �-� �-� �0� 

�2�,�4�-�d�i�N�D�P�A� �+� �-� �-� �-� �0� 

�2�,�4�'�-�d�i�N�D�P�A� �+� �-� �-� �-� �0� 

�0� �=� �n�o�t� �p�r�e�s�e�n�t� 

�-� �=� �s�m�a�l�l� �p�e�a�k� �d�e�t�e�c�t�e�d� 
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�T�h�e� �f�o�c�u�s� �o�f� �t�h�i�s� �p�h�a�s�e� �o�f� �t�h�e� �p�r�o�j�e�c�t� �w�a�s� �q�u�a�l�i�t�a�t�i�v�e� �a�n�a�l�y�s�i�s�,� �h�o�w�e�v�e�r�,� �w�e� �d�i�d� �d�o� 

�a� �p�r�e�l�i�m�i�n�a�r�y� �i�n�v�e�s�t�i�g�a�t�i�o�n� �a�s� �t�o� �t�h�e� �a�b�i�l�i�t�y� �o�f� �S�F� �C�O�>� �t�o� �q�u�a�n�t�i�t�a�t�i�v�e�l�y� �r�e�m�o�v�e� �s�t�a�b�i�l�i�z�e�r� 

�d�e�r�i�v�a�t�i�v�e�s�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �w�e�r�e� �l�e�s�s� �p�r�o�m�i�s�i�n�g�.� �A� �s�i�n�g�l�e� �b�a�s�e� �g�u�n� �p�r�o�p�e�l�l�a�n�t� 

�m�a�n�u�f�a�c�t�u�r�e�d� �i�n� �1�9�8�8� �b�y� �O�l�i�n� �C�o�r�p�o�r�a�t�i�o�n� �(�S�t�.� �M�a�r�k�s�,� �F�L�)� �w�a�s� �e�x�t�r�a�c�t�e�d� �u�s�i�n�g� �S�F� �C�O�,� 

�u�n�d�e�r� �s�i�m�i�l�a�r� �c�o�n�d�i�t�i�o�n�s� �a�s� �t�h�e� �a�f�o�r�e�m�e�n�t�i�o�n�e�d� �s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t�s�.� �T�h�e� �t�r�a�p�p�i�n�g� 

�c�o�n�d�i�t�i�o�n�s� �w�e�r�e� �f�i�r�s�t� �o�p�t�i�m�i�z�e�d� �f�o�r� �1�0�0�%� �r�e�c�o�v�e�r�i�e�s�,� �t�h�e�n� �t�h�e� �s�a�m�p�l�e� �w�a�s� �s�u�b�j�e�c�t�e�d� �t�o� 

�t�h�r�e�e� �c�o�n�s�e�c�u�t�i�v�e� �S�F� �e�x�t�r�a�c�t�i�o�n�s�.� �T�h�e� �t�o�t�a�l� �r�e�c�o�v�e�r�y� �o�f� �t�h�e� �t�h�r�e�e� �e�x�t�r�a�c�t�i�o�n�s� �f�o�r� �D�P�A�,� �2�-� 

�N�D�P�A�,� �2�,�4�-�D�N�T� �a�n�d� �D�B�P� �w�e�r�e� �m�u�c�h� �l�o�w�e�r� �t�h�a�n� �t�h�e� �m�a�n�u�f�a�c�t�u�r�e�r�'�s� �s�p�e�c�i�f�i�c�a�t�i�o�n�s�.� �T�h�e� 

�e�x�t�r�a�c�t�i�o�n� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e�d� �a� �s�e�v�e�r�e�l�y� �d�i�f�f�u�s�i�o�n� �l�i�m�i�t�e�d� �e�x�t�r�a�c�t�i�o�n� �f�r�o�m� �t�h�e� �v�e�r�y� �d�e�n�s�e� 

�p�o�l�y�m�e�r�i�c� �N�C� �m�a�t�r�i�x�.� �A�s� �m�e�n�t�i�o�n�e�d� �e�a�r�l�i�e�r�,� �w�e� �d�i�d� �n�o�t� �g�r�i�n�d� �s�a�m�p�l�e�s� �p�r�i�o�r� �t�o� �S�F�E� �d�u�e� 

�t�o� �o�u�r� �c�o�n�c�e�r�n�s� �f�o�r� �s�a�f�e�t�y�.� �F�i�n�e�r� �p�a�r�t�i�c�l�e�s�,� �a�n�d� �t�h�e� �s�u�b�s�e�q�u�e�n�t� �l�a�r�g�e� �i�n�c�r�e�a�s�e� �i�n� �s�u�r�f�a�c�e� 

�a�r�e�a�,� �w�o�u�l�d� �g�r�e�a�t�l�y� �e�n�h�a�n�c�e� �t�h�e� �r�a�t�e� �o�f� �s�o�l�u�t�e� �d�i�f�f�u�s�i�o�n� �i�n�t�o� �t�h�e� �S�F�.� �H�o�w�e�v�e�r�,� �p�r�o�p�e�l�l�a�n�t� 

�g�r�i�n�d�i�n�g� �i�s� �a� �r�o�u�t�i�n�e� �p�r�o�c�e�s�s� �a�t� �a�l�l� �U�.�S�.� �a�r�s�e�n�a�l�s�.� �I�t� �i�s� �a�l�s�o� �o�u�r� �o�p�i�n�i�o�n� �t�h�a�t� �i�f� �a�n�a�l�y�t�i�c�a�l� 

�p�r�o�t�o�c�o�l�s� �a�r�e� �d�e�v�e�l�o�p�e�d� �b�a�s�e�d� �o�n� �d�e�r�i�v�a�t�i�v�e� �r�a�t�i�o�s�,� �i�t� �m�a�y� �n�o�t� �b�e� �n�e�c�e�s�s�a�r�y� �t�o� �a�c�h�i�e�v�e� 

�q�u�a�n�t�i�t�a�t�i�v�e� �e�x�t�r�a�c�t�i�o�n�s� �a�s� �l�o�n�g� �a�s� �t�h�e� �p�a�r�t�i�a�l� �e�x�t�r�a�c�t�i�o�n�s� �a�r�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �t�h�e� �b�u�l�k�.� 

�B�u�t� �c�l�e�a�r�l�y�,� �m�o�r�e� �d�a�t�a� �a�r�e� �n�e�e�d�e�d� �r�e�g�a�r�d�i�n�g� �q�u�a�n�t�i�t�a�t�i�o�n� �a�n�d� �p�r�e�c�i�s�i�o�n�.� 

�S�F�E� �a�l�s�o� �h�a�s� �t�h�e� �a�b�i�l�i�t�y� �t�o� �r�e�c�l�a�i�m� �c�o�m�p�o�n�e�n�t�s� �f�r�o�m� �u�n�u�s�e�a�b�l�e� �p�r�o�p�e�l�l�a�n�t� �s�t�o�c�k�s� 

�c�u�r�r�e�n�t�l�y� �i�n� �s�t�o�r�a�g�e�.� �A� �5�0�0� �g�r�a�m� �c�a�p�a�c�i�t�y� �p�i�l�o�t�-�s�c�a�l�e� �S�F�E� �f�a�c�i�l�i�t�y� �t�o� �e�v�a�l�u�a�t�e� �t�h�e�s�e� 

�o�p�t�i�o�n�s� �i�s� �c�u�r�r�e�n�t�l�y� �u�n�d�e�r� �c�o�n�s�t�r�u�c�t�i�o�n� �a�t� �t�h�e� �U�.�S�.� �N�a�v�a�l� �O�r�d�n�a�n�c�e� �S�t�a�t�i�o�n�,� �I�n�d�i�a�n� �H�e�a�d�,� 

�_� �M�D� �u�n�d�e�r� �t�h�e� �d�i�r�e�c�t�i�o�n� �o�f� �R�o�b�e�r�t� �F�a�r�n�c�o�m�b� �(�4�9�b�)�.� �A�s� �p�a�r�t� �o�f� �t�h�e� �j�u�s�t�i�f�i�c�a�t�i�o�n� �f�o�r� �t�h�i�s� 

�p�r�o�g�r�a�m�,� �w�e� �p�e�r�f�o�r�m�e�d� �a�n�a�l�y�t�i�c�a�l� �e�x�t�r�a�c�t�i�o�n�s� �o�n� �s�e�v�e�r�a�l� �s�a�m�p�l�e�s� �o�f� �d�o�u�b�l�e� �b�a�s�e� 

�p�r�o�p�e�l�l�a�n�t� �(�p�r�o�p�e�l�l�a�n�t� �c�o�n�t�a�i�n�i�n�g� �n�i�t�r�o�g�l�y�c�e�r�i�n� �i�n� �a�d�d�i�t�i�o�n� �t�o� �n�i�t�r�o�c�e�l�l�u�l�o�s�e�)� �a�n�d� �f�o�u�r� 

�s�a�m�p�l�e�s� �o�f� �p�e�l�l�e�t�i�z�e�d� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� �(�P�N�C�)� �a�n�d� �t�h�e�n� �a�n�a�l�y�z�e�d� �b�y� �G�C�-�M�S�.� �A� �H�P� �M�o�d�e�l� 

�7�6�8�0� �S�F�E� �a�n�d� �p�u�r�e� �C�O�,� �w�a�s� �u�s�e�d�.� �I�t� �w�a�s� �d�e�s�i�r�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�a�t� �c�o�m�p�o�u�n�d�s� �c�o�u�l�d� �b�e� 

�r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� �p�r�o�p�e�l�l�a�n�t� �m�a�t�r�i�x� �w�i�t�h� �p�u�r�e� �C�O�>�.� 
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�T�h�e� �d�o�u�b�l�e� �b�a�s�e� �s�a�m�p�l�e�s� �(�P�B�X�N�-�1�0�3�,� �P�B�X�N�-�1�0�6�,� �P�B�X� �W�-�1�1�3�,� �P�B�X� �W�-�1�1�4�,� 

�P�B�X�W�-�1�1�5� �a�n�d� �P�o�l�a�r�i�s� �A�3� �F�i�r�s�t� �S�t�a�g�e�)� �w�e�r�e� �e�x�t�r�a�c�t�e�d� �a�t� �3�5�0� �a�t�m� �a�n�d� �5�0� �°�C� �f�o�r� �o�n�l�y� �1�0� 

�m�i�n�u�t�e�s�.� �S�a�m�p�l�e�s� �r�a�n�g�i�n�g� �i�n� �s�i�z�e� �f�r�o�m� �2�0�0�-�3�0�0� �m�g� �w�e�r�e� �p�l�a�c�e�d� �i�n� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l�.� 

�T�h�e� �S�F� �C�O�,� �f�l�o�w�i�n�g� �a�t� �4� �m�L�/�m�i�n� �w�a�s� �d�e�c�o�m�p�r�e�s�s�e�d� �t�h�r�o�u�g�h� �t�h�e� �o�u�t�l�e�t� �r�e�s�t�r�i�c�t�o�r� �o�n�t�o� �a�n� 

�o�c�t�a�d�e�c�y�l�s�i�l�i�c�a� �t�r�a�p� �c�o�o�l�e�d� �t�o� �5� �°�C�.� �A�f�t�e�r� �c�o�m�p�l�e�t�i�o�n� �o�f� �t�h�e� �1�0� �m�i�n�u�t�e� �e�x�t�r�a�c�t�i�o�n� �t�h�e� �t�r�a�p� 

�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �r�a�i�s�e�d� �t�o� �4�0� �°�C� �a�n�d� �r�i�n�s�e�d� �w�i�t�h� �1�.�8� �m�L� �o�f� �a�c�e�t�o�n�i�t�r�i�l�e�.� �R�i�n�s�e�s� �w�e�r�e� 

�c�o�l�l�e�c�t�e�d� �i�n� �a�u�t�o�s�a�m�p�l�e�r� �v�i�a�l�s� �a�n�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�e�d� �u�s�i�n�g� �G�C�-�M�S�.� �S�a�m�p�l�e� �P�B�X� �W�-�1�1�5� 

�w�a�s� �e�x�t�r�a�c�t�e�d� �t�h�r�e�e� �c�o�n�s�e�c�u�t�i�v�e� �t�i�m�e�s� �t�o� �p�r�o�v�i�d�e� �a�n� �i�n�d�i�c�a�t�i�o�n� �o�f� �t�h�e� �d�e�g�r�e�e� �o�f� 

�c�o�m�p�l�e�t�e�n�e�s�s� �o�f� �t�h�e� �e�x�t�r�a�c�t�i�o�n�.� �N�o�t� �s�u�r�p�r�i�s�i�n�g�l�y�,� �t�h�e�s�e� �m�u�l�t�i�p�l�e� �e�x�t�r�a�c�t�i�o�n�s� �i�n�d�i�c�a�t�e�d� �t�h�a�t� 

�t�h�e� �i�n�i�t�i�a�l� �1�0� �m�i�n�u�t�e� �e�x�t�r�a�c�t�i�o�n� �w�a�s� �f�a�r� �f�r�o�m� �c�o�m�p�l�e�t�e� �-� �a�s� �e�v�i�d�e�n�c�e�d� �b�y� �t�h�e� �c�o�n�t�i�n�u�e�d� 

�r�e�m�o�v�a�l� �o�f� �e�x�t�r�a�c�t� �i�n� �s�e�c�o�n�d� �a�n�d� �t�h�i�r�d� �e�x�t�r�a�c�t�i�o�n�s�.� �H�o�w�e�v�e�r�,� �i�n� �t�h�e� �p�r�o�p�o�s�e�d� �p�r�o�c�e�s�s� 

�o�p�e�r�a�t�i�o�n�,� �S�F� �C�Q�,� �w�i�l�l� �b�e� �c�o�n�t�i�n�o�u�s�l�y� �r�e�c�i�r�c�u�l�a�t�e�d� �t�h�r�o�u�g�h� �t�h�e� �s�y�s�t�e�m�.� �T�h�u�s�,� �c�o�m�p�l�e�t�e� 

�e�x�t�r�a�c�t�i�o�n� �i�n� �a� �s�h�o�r�t� �p�e�r�i�o�d� �o�f� �t�i�m�e� �i�s� �n�o�t� �s�o� �i�m�p�o�r�t�a�n�t� �a�s� �i�t� �w�o�u�l�d� �b�e� �f�o�r� �a�n�a�l�y�t�i�c�a�l� 

�s�u�r�v�e�i�l�l�a�n�c�e� �p�u�r�p�o�s�e�s�.� 

�T�h�e� �P�N�C� �s�a�m�p�l�e�s� �w�e�r�e� �a�l�s�o� �e�x�t�r�a�c�t�e�d� �u�n�d�e�r� �t�h�e� �d�e�s�c�r�i�b�e�d� �c�o�n�d�i�t�i�o�n�s� �a�n�d� 

�e�v�a�l�u�a�t�e�d� �f�o�r� �l�o�t�-�t�o�-�l�o�t� �d�i�f�f�e�r�e�n�c�e�s�.� �G�C�-�M�S� �w�i�t�h� �t�h�e� �H�P� �5�8�9�0� �G�C� �a�n�d� �t�h�e� �H�P� �5�9�7�0� �M�S�D� 

�w�a�s� �p�e�r�f�o�r�m�e�d� �w�i�t�h� �1� �u�L� �s�p�l�i�t�l�e�s�s� �i�n�j�e�c�t�i�o�n�s� �o�n�t�o� �a� �5�0�m� �x� �0�.�2�m�m� �i�.�d�.�,� �5�%� �p�h�e�n�y�l� �m�e�t�h�y�l� 

�s�i�l�i�c�o�n�e� �c�o�l�u�m�n�.� �A�l�t�h�o�u�g�h� �s�t�a�n�d�a�r�d�s� �w�e�r�e� �n�o�t� �p�r�o�v�i�d�e�d�,� �s�o�m�e� �p�e�a�k�s� �w�e�r�e� �t�e�n�t�a�t�i�v�e�l�y� 

�i�d�e�n�t�i�f�i�e�d� �f�r�o�m� �t�h�e�i�r� �m�a�s�s� �s�p�e�c�t�r�a�.� �T�h�r�e�e� �o�f� �t�h�e� �f�o�u�r� �P�N�C� �e�x�t�r�a�c�t�s� �y�i�e�l�d�e�d� �i�d�e�n�t�i�c�a�l� �T�I�C� 

�_� �t�r�a�c�e�s�.� �T�w�o�,� �a�p�p�a�r�e�n�t�l�y� �i�s�o�m�e�r�i�c� �p�e�a�k�s� �o�f� �t�h�e� �d�o�u�b�l�e� �b�a�s�e� �s�t�a�b�i�l�i�z�e�r�,� �e�t�h�y�l� �c�e�n�t�r�a�l�i�t�e�,� 

�w�e�r�e� �i�d�e�n�t�i�f�i�e�d� �i�n� �t�h�e� �c�h�r�o�m�a�t�o�g�r�a�m�s� �(�F�i�g�u�r�e� �2�0�a�)�.� �T�h�e� �f�o�u�r�t�h� �P�N�C� �e�x�t�r�a�c�t� �(�F�i�g�u�r�e� �2�0�b�)� 

�c�o�n�t�a�i�n�e�d� �o�n�l�y� �o�n�e� �e�t�h�y�]� �c�e�n�t�r�a�l�i�t�e� �p�e�a�k�.� �T�h�i�s� �c�o�n�s�t�i�t�u�t�e�d� �t�h�e� �o�n�l�y� �l�o�t�-�t�o�-�l�o�t� �v�a�r�i�a�t�i�o�n� 

�d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �S�F� �e�x�t�r�a�c�t�s�.� 
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 � � � � �T�i�m�e� �(�m�i�n�.� �)� 
� � 

�F�i�g�u�r�e� �2�0� �a�-�b�.� �G�C�-�T�I�C� �t�r�a�c�e�s� �o�f� �t�w�o� �S�F� �C�O�,� �_� �e�x�t�r�a�c�t�s� �o�f� �p�e�l�l�e�t�i�z�e�d� �n�i�t�r�o�c�e�l�l�u�l�o�s�e� 

�s�h�o�w�i�n�g� �l�o�t�-�t�o�-�l�o�t� �d�i�f�f�e�r�e�n�c�e�s�.� �(�A�)� �t�w�o� �i�s�o�m�e�r�s ��o�f� �e�t�h�y�l� �c�e�n�t�r�a�l�i�t�e�,� �(�B�)� �s�i�n�g�l�e� �i�s�o�m�e�r� �o�f� 
�e�t�h�y�l� �c�e�n�t�r�a�l�i�t�e�.



�I�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �d�o�u�b�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t�s�,� �b�i�s� �(�2�,�2�-�d�i�n�i�t�r�o�p�r�o�p�y�l�)� �a�c�e�t�a�l� �a�n�d� �b�i�s� 

�(�2�,�2�-�d�i�n�i�t�r�o�p�r�o�p�y�l�)� �f�o�r�m�a�l� �a�r�e� �e�x�t�r�a�c�t�e�d� �f�r�o�m� �P�B�X�N�-�1�0�6� �(�F�i�g�u�r�e� �2�1�)�.� �I�n� �a�d�d�i�t�i�o�n�.� �a� �t�r�a�c�e� 

�q�u�a�n�t�i�t�y� �o�f� �N�-�p�h�e�n�y�l�-�B�-�n�a�p�h�t�h�y�l�a�m�i�n�e� �w�a�s� �i�d�e�n�t�i�f�i�e�d� �a�t� �1�5�.�5�0� �m�i�n�u�t�e�s� �i�n� �t�h�e� �T�I�C�.� �F�i�g�u�r�e� 

�2�2� �s�h�o�w�s� �t�h�a�t� �t�h�r�e�e� �c�o�m�p�o�n�e�n�t�s� �a�r�e� �c�l�e�a�r�l�y� �e�x�t�r�a�c�t�e�d� �f�r�o�m� �P�B�X�N�-�1�0�3�,� �t�w�o� �o�f� �t�h�e�m� 

�i�d�e�n�t�i�f�i�e�d� �a�s� �t�r�i�e�t�h�y�l�e�n�e� �g�l�y�c�o�l� �d�i�n�i�t�r�a�t�e� �a�n�d� �t�h�e� �s�t�a�b�i�l�i�z�e�r� �e�t�h�y�l� �c�e�n�t�r�a�l�i�t�e�.� �T�h�e� �P�o�l�a�r�i�s� �A�3� 

�F�i�r�s�t� �S�t�a�g�e� �e�x�t�r�a�c�t� �(�F�i�g�u�r�e� �2�3�)� �a�l�s�o� �e�x�h�i�b�i�t�e�d� �t�h�r�e�e� �p�e�a�k�s� �i�n� �i�t�'�s� �T�I�C� �p�r�o�f�i�l�e�.� �T�h�e�s�e� �w�e�r�e� 

�i�d�e�n�t�i�f�i�e�d� �a�s� �2�-�n�i�t�r�o�d�i�p�h�e�n�y�l�a�m�i�n�e�,� �e�t�h�y�l� �c�e�n�t�r�a�l�i�t�e� �a�n�d� �1�,�3�-�b�e�n�z�e�n�e�d�i�o�l�.� �S�a�m�p�l�e�s� 

�P�B�X�W�-�1�1�4� �a�n�d� �P�B�X�W�-�1�1�5� �(�F�i�g�u�r�e� �2�4�)� �p�r�o�v�e�d� �t�o� �h�a�v�e� �v�e�r�y� �s�i�m�i�l�a�r� �e�x�t�r�a�c�t�s�.� �T�h�e� �o�n�l�y� 

�i�d�e�n�t�i�f�i�a�b�l�e� �p�e�a�k�s� �f�r�o�m� �t�h�e� �T�I�C� �p�r�o�f�i�l�e� �w�e�r�e� �t�h�o�s�e� �o�f� �i�s�o�d�e�c�y�l�p�e�l�a�r�g�o�n�a�t�e� �a�n�d� �i�t�s� �i�s�o�m�e�r�s� 

�a�t� �1�4� �m�i�n�u�t�e�s� �i�n�t�o� �t�h�e� �c�h�r�o�m�a�t�o�g�r�a�m�.� 

�C�o�n�c�e�r�n�i�n�g� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �e�x�t�r�a�c�t�e�d� �c�o�m�p�o�n�e�n�t�s� �f�r�o�m� �t�h�e� �s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t�s�,� 

�G�C� �p�r�o�v�i�d�e�d� �w�h�a�t� �w�a�s� �b�e�l�i�e�v�e�d� �a�t� �t�h�e� �t�i�m�e� �t�o� �b�e� �t�h�e� �b�e�s�t� �s�e�p�a�r�a�t�i�o�n�.� �H�o�w�e�v�e�r�,� �t�o� �e�l�u�t�e� 

�t�h�e� �m�o�r�e� �h�i�g�h�l�y� �n�i�t�r�a�t�e�d� �D�P�A�s� �(�t�r�i� �a�n�d� �t�e�t�r�a�)�,� �i�t� �w�a�s� �n�e�c�e�s�s�a�r�y� �t�o� �p�r�o�g�r�a�m� �t�h�e� �o�v�e�n� �t�o� �3�2�0� 

�°�C�.� �T�e�m�p�e�r�a�t�u�r�e�s� �t�h�i�s� �h�i�g�h�,� �c�a�n� �c�a�u�s�e� �p�r�o�b�l�e�m�s� �w�i�t�h� �e�x�c�e�s�s�i�v�e� �b�l�e�e�d� �a�n�d� �r�e�s�u�l�t� �i�n� 

�s�h�o�r�t�e�n�e�d� �c�o�l�u�m�n� �l�i�f�e� �-� �p�a�r�t�i�c�u�l�a�r�l�y� �i�f� �t�h�i�c�k�e�r� �s�t�a�t�i�o�n�a�r�y� �p�h�a�s�e�s� �a�r�e� �t�o� �b�e� �u�s�e�d�.� 

�F�u�r�t�h�e�r�m�o�r�e�,� �i�t� �i�s� �w�a�s� �s�u�s�p�e�c�t�e�d�,� �a�n�d� �l�a�t�e�r� �c�o�n�f�i�r�m�e�d� �i�n� �o�u�r� �w�o�r�k� �t�h�a�t� �G�C� �d�o�e�s� �n�o�t� �a�l�l�o�w� 

�o�n�e� �t�o� �d�i�r�e�c�t�l�y� �s�e�p�a�r�a�t�e� �N�-�n�i�t�r�o�s�o� �c�o�m�p�o�u�n�d�s� �f�r�o�m� �t�h�e�i�r� �D�P�A� �a�n�a�l�o�g�s� �(�5�0�)�.� �D�a�v�i�d�s�o�n� 

�(�5�1�)� �r�e�p�o�r�t�e�d� �t�h�e� �t�h�e�r�m�a�l� �d�e�n�i�t�r�o�s�a�t�i�o�n� �o�f� �N�N�O�D�P�A� �a�n�d� �s�u�b�s�e�q�u�e�n�t� �e�l�u�t�i�o�n� �o�f� �t�h�i�s� 

�c�o�m�p�o�u�n�d� �a�s� �D�P�A�.� �H�e� �b�a�s�e�d� �h�i�s� �c�o�n�c�l�u�s�i�o�n� �o�n� �t�h�e� �f�a�c�t� �t�h�a�t� �D�P�A� �a�n�d� �N�N�O�D�P�A� �e�l�u�t�e�d� 

�_� �f�r�o�m� �t�h�e� �G�C� �b�o�t�h� �h�a�d� �i�d�e�n�t�i�c�a�l� �m�a�s�s� �s�p�e�c�t�r�a�.� �L�a�t�e�r� �w�o�r�k� �b�y� �A�l�l�e�y� �a�n�d� �H�a�y�e�s� �(�5�2�)� 

�i�n�d�i�c�a�t�e�d� �t�h�a�t� �N�N�O�D�P�A� �a�n�d� �D�P�A� �r�e�m�a�i�n�e�d� �s�t�r�u�c�t�u�r�a�l�l�y� �i�n�t�a�c�t�,� �b�u�t� �s�i�m�p�l�y� �c�o�-�e�l�u�t�e�d� 

�u�n�d�e�r� �G�C� �c�o�n�d�i�t�i�o�n�s�.� �T�h�e�i�r� �c�o�n�c�l�u�s�i�o�n� �w�a�s� �b�a�s�e�d� �o�n� �a� �d�i�f�f�e�r�e�n�c�e� �o�f� �r�e�s�p�o�n�s�e� �f�a�c�t�o�r�s� �o�f� 

�a�b�o�u�t� �5�0�%� �b�e�t�w�e�e�n� �D�P�A� �a�n�d� �N�N�O�D�P�A�.� �T�h�e�y� �b�e�l�i�e�v�e�d� �t�h�a�t� �t�h�e� �F�I�D� �f�l�a�m�e� �w�a�s� �d�e�t�e�c�t�i�n�g� 

�t�w�o� �d�i�f�f�e�r�e�n�t� �c�o�m�p�o�u�n�d�s� �w�i�t�h� �d�i�f�f�e�r�e�n�t� �r�e�s�p�o�n�s�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �T�h�e�i�r� �i�n�j�e�c�t�o�r� 

�t�e�m�p�e�r�a�t�u�r�e� �w�a�s� �1�0�5� �°�C�.� �W�e� �h�a�v�e� �r�e�p�e�a�t�e�d� �t�h�i�s� �e�x�p�e�r�i�m�e�n�t� �a�n�d� �w�e�r�e� �a�b�l�e� �t�o� �r�e�p�r�o�d�u�c�e� 
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�F�i�g�u�r�e� �2�1�.� �G�C�-�T�I�C� �o�f� �S�F� �C�O�,� �e�x�t�r�a�c�t� �o�f� �d�o�u�b�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t� �s�a�m�p�l�e� �P�B�X�N�-�1�0�6�.� �(�A�)� 
�b�i�s�-�2�,�2�'�-� �d�i�n�i�t�r�o�p�r�o�p�y�l� �a�c�e�t�a�l�,� �(�B�)� �b�i�s�-�2�,�2�'�-� �d�i�n�i�t�r�o�p�r�o�p�y�l� �f�o�r�m�a�l�,� �(�C�)� �N�-�p�h�e�n�y�l�-�B�-� 
�n�a�p�h�t�h�a�l�e�n�e�.
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�T�i�m�e� �(�m�i�n�.� �)� � � 
� � 

�F�i�g�u�r�e� �2�2�.� �G�C�-�T�I�C� �o�f� �S�F� �C�O�)� �e�x�t�r�a�c�t� �o�f� �d�o�u�b�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t� �s�a�m�p�l�e� �P�B�X�N�-�1�0�3�.� �(�A�)� 

�t�r�i�e�t�h�y�l�e�n�e� �g�l�y�c�o�l� �d�i�n�i�t�r�a�t�e�,� �(�B�)� �e�t�h�y�l� �c�e�n�t�r�a�l�i�t�e�.� 

�7�2



� � 

� � 
� � � � 

�t� 

�i� �T�I�C� �A�g� �m�o�d�.� �n�e�o� �r�a�a�c�a� �n� �i� 
�i� �8� �e�e� �"�a� �t�o�t� �e�t� �o�w�!� �h�e�e� �*� �t�o�t� �M�t� �e�t� �f�e� �P�o� �i� 

�t� �-� �-�_�  �� �4� �i� �&�S� �a�r�t�a�c�t�d� �c� �i� 
�t� �-� �i� �-� �i� �}� 

�i� �1� �!� 
�|� �j� �i� 
�t� �z� �1� 
�;� �a�A� �a�e� �1� �|� 

�b�.�d�e� �+�5�7� 
�!� �4� 

�1� 
�7� �a�r�.�s�s� �!� �©�,� �O�n� �T�s� �|� �i� 

�|� �1� �i� 
 �� �4� 
�|� �4� 
�i� �8� �a�r�a�c�4� 

�|� �~�~� �3� 
�t�  �� 
�i�n�.� �i� 
 �� �1� �'� 
�f�o�e�,� �-� �-�1� 
�i�e� �5�.�8�6�+�5�7� 
�1� �0� �4� 
�i� �7� �7�1� �4� 

�a� �a�c�i�c�d� 
�f� �2� �.�b�O�o�T�I� �{�=� �{� 
�c�o�o� �7� 

�i� �4� 
�i� �2� �a�r�u�w�l�a� 

 �� �F�.� �c�h� �T�s� �t� �:� 
�+� �a� �i� 

�!� �4� �i� 
�!� �~� �a�c�e�?� �f� 
�i� �c�.� �B�E� �+�5�4� 
�i� �4� �f� 

�4� �b� �i�i� 
�i� �a�c�.�c�i� �n�i� �P�.�E�h� �T�o�y� �a� �|� �i� 

�4� �m�h� �b�i�j� 
 ��  �� �o�o�,� �s� �;� 

�4� �p�o�y�,� �f�o�u� �~� 
�t� �*�,� �-�-� �=� �/� �H�y� �P�e�t� �t�k� �o�n�i� �a�f� �W�h�t� �P�O� �M�b�t� �B�i�t�t�y�d�a�o�m� �:� �A�s� �i� �m�M� �a�t�a�a�s� �w�n�a�,� �i�W�)� �w�h�e�n� �f�l�e�e�:� �m�e�l� �i�c�y� 
�i� �a� �m�e�t� �t�e�t� �.�  �� 

�i� �b� �u� �i� �é� �i�4� �i�t� �L�o� �g�g� 
�i� �T�i�m�e� �m�i�n�.�)� 
�t�L� 

� � 

�F�i�g�u�r�e� �2�3�.� �G�C�-�T�I�C� �o�f� �S�F� �C�O�,� �e�x�t�r�a�c�t� �o�f� �d�o�u�b�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t� �s�a�m�p�l�e� �P�o�l�a�r�i�s� �A�3� 
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�t�h�e�i�r� �r�e�s�u�l�t�s� �a�t� �t�h�e� �l�o�w� �i�n�j�e�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e�.� �H�o�w�e�v�e�r�,� �w�e� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �b�y� �r�a�i�s�i�n�g� �t�h�e� 

�t�h�e� �i�n�j�e�c�t�i�o�n� �t�e�m�p�e�r�a�t�u�r�e� �o�f� �D�P�A� �a�n�d� �N�N�O�D�P�A� �t�o� �3�0�0� �°�C�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �r�e�s�p�o�n�s�e� 

�f�a�c�t�o�r�s� �i�s� �s�u�b�s�t�a�n�t�i�a�l�l�y� �r�e�d�u�c�e�d�.� �T�h�u�s�,� �i�n� �o�u�r� �o�p�i�n�i�o�n�,� �t�h�e� �d�i�s�c�r�e�p�a�n�c�y� �i�n� �r�e�s�p�o�n�s�e� �f�a�c�t�o�r� 

�i�s� �p�r�o�b�a�b�l�y� �d�u�e� �t�o� �s�a�m�p�l�e� �d�i�s�c�r�i�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �l�e�s�s� �v�o�l�a�t�i�l�e� �N�N�O�D�P�A� �i�n� �t�h�e� �h�e�a�t�e�d� 

�i�n�j�e�c�t�i�o�n� �p�o�r�t�.� �T�h�i�s� �d�e�n�i�t�r�o�s�a�t�i�o�n� �o�f� �N�N�O�D�P�A� �o�c�c�u�r�r�e�d� �w�h�e�t�h�e�r� �u�s�i�n�g� �c�o�o�l�-�o�n�-�c�o�l�u�m�n� 

�o�r� �h�e�a�t�e�d� �s�p�l�i�t�-�s�p�l�i�t�l�e�s�s� �i�n�j�e�c�t�i�o�n� �t�e�c�h�n�i�q�u�e�s�.� �T�h�e� �p�o�s�s�i�b�i�l�i�t�y� �t�h�a�t� �d�e�n�i�t�r�o�s�a�t�i�o�n� �d�o�e�s� �n�o�t� 

�l�e�a�d� �s�p�e�c�i�f�i�c�a�l�l�y� �t�o� �D�P�A� �m�u�s�t� �a�l�s�o� �b�e� �c�o�n�s�i�d�e�r�e�d�.� �I�n� �a�d�d�i�t�i�o�n� �t�o� �N�N�O�D�P�A�,� �t�h�r�e�e� �o�t�h�e�r� 

�n�i�t�r�a�t�e�d� �N�-�n�i�t�r�o�s�o� �d�e�r�i�v�a�t�i�v�e�s� �t�h�o�u�g�h�t� �t�o� �b�e� �i�n�t�e�r�m�e�d�i�a�t�e�s� �i�n� �D�P�A� �s�t�a�b�i�l�i�z�e�d� �s�i�n�g�l�e� �b�a�s�e� 

�p�r�o�p�e�l�l�a�n�t� �w�e�r�e� �a�n�a�l�y�z�e�d� �b�y� �G�C� �i�n� �o�u�r� �l�a�b�o�r�a�t�o�r�y�,� �a�n�d� �e�a�c�h� �w�a�s� �f�o�u�n�d� �t�o� �u�n�d�e�r�g�o� 

�d�e�n�i�t�r�o�s�a�t�i�o�n� �(�2�-�n�i�t�r�o�-�N�N�O�D�P�A�,� �2�,�4�'�-�d�i�n�i�t�r�o�-�N�N�O�D�P�A� �a�n�d� �4�,�4�'�-�d�i�n�i�t�r�o�-�N�N�O�D�P�A�)�.� �T�h�e� 

�f�a�i�l�u�r�e� �o�f� �G�C� �t�o� �e�l�u�t�e� �N�N�D�P�A�s� �i�n�t�a�c�t� �m�a�y� �r�e�s�t�r�i�c�t� �i�t�'�s� �u�s�e�f�u�l�n�e�s�s� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �s�i�n�g�l�e� 

�b�a�s�e� �p�r�o�p�e�l�l�a�n�t� �e�x�t�r�a�c�t�s� �-� �p�a�r�t�i�c�u�l�a�r�l�y� �r�e�l�a�t�i�v�e�l�y� �n�e�w� �s�p�e�c�i�m�e�n�s� �e�x�p�e�c�t�e�d� �t�o� �h�a�v�e� �h�i�g�h� 

�c�o�n�c�e�n�t�r�a�t�i�o�n�s� �o�f� �N�N�O�D�P�A�.� �I�n� �t�h�e� �c�a�s�e� �o�f� �o�l�d� �p�r�o�p�e�l�l�a�n�t�,� �t�h�i�s� �l�i�m�i�t�a�t�i�o�n� �m�a�y� �n�o�t� �a�r�i�s�e� 

�b�e�c�a�u�s�e� �D�P�A� �a�n�d� �N�N�O�D�P�A� �c�a�n� �b�e� �c�o�m�p�l�e�t�e�l�y� �a�b�s�e�n�t� �f�r�o�m� �t�h�e� �e�x�t�r�a�c�t�.� �B�u�t�,� �i�f� �t�h�e� �N�-� 

�n�i�t�r�o�s�o� �c�o�m�p�o�u�n�d�s� �a�r�e� �i�n�d�e�e�d� �i�m�p�o�r�t�a�n�t� �i�n�t�e�r�m�e�d�i�a�t�e�s� �f�o�r� �e�v�e�r�y� �n�i�t�r�a�t�e�d� �D�P�A� �a�s� 

�p�r�o�p�o�s�e�d� �b�y� �B�e�c�k�e�r� �a�n�d� �H�u�n�o�l�d� �(�5�3�)�,� �t�h�e�n� �G�C� �m�a�y� �b�e� �u�n�a�b�l�e� �t�o� �e�f�f�e�c�t�i�v�e�l�y� �c�h�a�r�a�c�t�e�r�i�z�e� 

�e�v�e�n� �o�l�d� �p�r�o�p�e�l�l�a�n�t� �s�a�m�p�l�e�s�.� 

�R�e�v�e�r�s�e�d� �p�h�a�s�e� �L�C� �a�p�p�e�a�r�s� �t�o� �b�e� �b�e�c�o�m�i�n�g� �t�h�e� �m�e�t�h�o�d� �o�f� �c�h�o�i�c�e� �f�o�r� �p�r�o�p�e�l�l�a�n�t� 

�e�x�t�r�a�c�t� �a�n�a�l�y�s�i�s� �(�5�4�)�.� �T�h�e� �N�a�v�y� �c�u�r�r�e�n�t�l�y� �e�m�p�l�o�y�s� �a�n� �i�s�o�c�r�a�t�i�c� �m�e�t�h�o�d� �w�i�t�h� �a�n� 

�.� �a�c�e�t�o�n�i�t�r�i�l�e� �a�n�d� �w�a�t�e�r� �(�6�5�:�3�5�)� �m�o�b�i�l�e� �p�h�a�s�e� �a�n�d� �a� �C�-�1�8� �c�o�l�u�m�n�.� �W�e� �u�s�e�d� �t�h�e�i�r� �m�e�t�h�o�d� �t�o� 

�s�e�p�a�r�a�t�e� �a� �s�y�n�t�h�e�t�i�c� �m�i�x�t�u�r�e� �o�f� �D�P�A� �d�e�r�i�v�a�t�i�v�e�s� �(�F�i�g�u�r�e� �2�5�)� �a�n�d� �a�n� �a�c�t�u�a�l� �S�F� �e�x�t�r�a�c�t� �o�f� �a� 

�s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �c�h�r�o�m�a�t�o�g�r�a�m�s� �l�a�c�k�e�d� �g�o�o�d� �r�e�s�o�l�u�t�i�o�n�,� �p�a�r�t�i�c�u�l�a�r�l�y� 

�i�n� �t�h�e� �c�a�s�e� �o�f� �t�h�e� �p�r�o�p�e�l�l�a�n�t� �e�x�t�r�a�c�t� �w�h�e�r�e� �l�a�r�g�e� �q�u�a�n�t�i�t�i�e�s� �c�f� �c�o�-�e�x�t�r�a�c�t�e�d� �2�,�4� �D�N�T� 

�b�l�o�c�k�e�d� �o�u�t� �s�e�v�e�r�a�l� �n�i�t�r�a�t�e�d� �D�P�A� �p�e�a�k�s� �(�F�i�g�u�r�e� �2�6�)�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �D�P�A� �a�n�d� 
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�N�N�O�D�P�A� �w�e�r�e� �f�o�u�n�d� �t�o� �c�o�e�l�u�t�e� �w�i�t�h� �2�,�4�'� �a�n�d� �2�,�4�-�d�i�N�D�P�A� �r�e�s�p�e�c�t�i�v�e�l�y�.� �T�h�e�i�r� �L�C� 

�m�e�t�h�o�d� �w�o�u�l�d� �b�e� �s�e�v�e�r�e�l�y� �l�i�m�i�t�e�d� �i�n� �s�u�c�h� �c�a�s�e�s� �w�h�e�r�e� �D�P�A�,� �N�N�O�D�P�A�,� �D�P�A� �d�e�r�i�v�a�t�i�v�e�s� 

�a�n�d� �l�a�r�g�e� �q�u�a�n�t�i�t�i�e�s� �o�f� �D�N�T� �i�s�o�m�e�r�s� �a�r�e� �a�l�l� �p�r�e�s�e�n�t� �i�n� �t�h�e� �e�x�t�r�a�c�t�.� 

�L�i�k�e� �G�C�,� �S�F�C� �i�s� �a�b�l�e� �t�o� �r�e�s�o�l�v�e� �n�e�a�r�l�y� �a�l�l� �n�i�t�r�a�t�e�d� �D�P�A�s�,� �b�u�t� �w�i�t�h�o�u�t� �t�h�e� �n�e�e�d� �t�o� 

�o�p�e�r�a�t�e� �a�t� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�s�.� �F�i�g�u�r�e� �2�7� �s�h�o�w�s� �t�h�e� �S�F�C�-�F�I�D� �t�r�a�c�e� �f�o�r� �t�h�e� �s�e�p�a�r�a�t�i�o�n� 

�o�f� �a� �m�o�d�e�l� �m�i�x�t�u�r�e� �o�f� �D�P�A�,� �N�N�O�D�P�A� �a�n�d� �n�i�t�r�a�t�e�d� �D�P�A�s�.� �M�o�s�t� �o�f� �t�h�e� �p�e�a�k�s� �a�r�e� 

�r�e�l�a�t�i�v�e�l�y� �w�e�l�l� �r�e�s�o�l�v�e�d� �w�i�t�h� �t�h�e� �2�5�c�m� �x� �1�m�m� �i�.�d�.� �p�a�c�k�e�d� �c�o�l�u�m�n�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e� 

�c�o�l�u�m�n� �i�s� �u�n�a�b�l�e� �t�o� �s�e�p�a�r�a�t�e� �D�P�A� �a�n�d� �N�N�O�D�P�A�.� �H�o�w�e�v�e�r�,� �S�F�C� �c�l�e�a�r�l�y� �h�a�s� �n�o� 

�d�i�f�f�i�c�u�l�t�y� �e�l�u�t�i�n�g� �t�h�e� �h�i�g�h�l�y� �n�i�t�r�a�t�e�d� �d�i�-� �a�n�d� �t�r�i�-� �d�e�r�i�v�a�t�i�v�e�s� �o�f� �D�P�A�.� �I�n� �t�h�i�s� �r�e�g�a�r�d� �i�t� �i�s� �a� 

�v�e�r�y� �n�i�c�e� �c�o�m�p�r�o�m�i�s�e� �b�e�t�w�e�e�n� �G�C� �a�n�d� �L�C�.� �A�n� �a�c�t�u�a�l� �e�x�t�r�a�c�t� �o�f� �s�i�n�g�l�e� �b�a�s�e� �p�r�o�p�e�l�l�a�n�t� 

�(�c�o�n�t�r�o�l�)� �i�s� �s�e�p�a�r�a�t�e�d� �b�y� �p�a�c�k�e�d� �c�o�l�u�m�n� �S�F�C� �i�n� �F�i�g�u�r�e� �2�8�.� �T�h�e� �q�u�a�l�i�t�y� �o�f� �t�h�e� �s�e�p�a�r�a�t�i�o�n� 

�i�s� �i�n�t�e�r�m�e�d�i�a�t�e� �b�e�t�w�e�e�n� �L�C� �a�n�d� �G�C�.� 

�O�n�e� �v�e�r�y� �i�m�p�o�r�t�a�n�t� �a�d�v�a�n�t�a�g�e� �t�h�a�t� �S�F�C� �h�a�s� �o�v�e�r� �e�i�t�h�e�r� �G�C� �o�r� �L�C� �i�s� �t�h�e� �p�o�t�e�n�t�i�a�l� 

�t�o� �d�o� �o�n�-�l�i�n�e� �S�F�E�-�S�F�C�.� �S�i�n�c�e� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �f�l�u�i�d� �a�n�d� �t�h�e� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �m�o�b�i�l�e� �p�h�a�s�e� 

�a�r�e� �b�o�t�h� �t�h�e� �s�a�m�e� �(�S�F� �C�O�3�)�,� �i�t� �i�s� �p�o�s�s�i�b�l�e� �t�o� �p�e�r�f�o�r�m� �S�F�E� �a�n�d� �S�F�C� �w�i�t�h� �t�h�e� �s�a�m�e� 

�i�n�s�t�r�u�m�e�n�t�.� �D�u�r�i�n�g� �S�F�E�,� �t�h�e� �S�F� �i�s� �r�o�u�t�e�d� �t�h�r�o�u�g�h� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �v�e�s�s�e�l� �w�h�e�r�e� �i�t� �e�x�t�r�a�c�t�s� 

�a�n�a�l�y�t�e�s� �f�r�o�m� �t�h�e� �s�a�m�p�l�e� �a�n�d� �d�e�p�o�s�i�t�s� �t�h�e�m� �f�o�l�l�o�w�i�n�g� �d�e�c�o�m�p�r�e�s�s�i�o�n� �o�n�t�o� �a� �s�o�l�i�d� �p�h�a�s�e� 

�t�r�a�p�.� �W�h�e�n� �t�h�e� �e�x�t�r�a�c�t�i�o�n� �i�s� �c�o�m�p�l�e�t�e� �a� �"�s�w�i�t�c�h�"� �i�n� �t�h�e� �p�l�u�m�b�i�n�g� �i�s� �i�n�i�t�i�a�t�e�d�,� �a�n�d� �t�h�e� �S�F� 

�t�h�e�n� �t�r�a�v�e�l�s� �t�h�r�o�u�g�h� �t�h�e� �t�r�a�p� �(�u�n�d�e�r� �p�r�e�s�s�u�r�e�)� �a�n�d� �o�n�t�o� �t�h�e� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �c�o�l�u�m�n�.� �A�s� 

�.� �t�h�e� �S�F� �d�e�n�s�i�t�y� �i�s� �i�n�c�r�e�a�s�e�d� �d�u�r�i�n�g� �t�h�e� �p�r�e�s�s�u�r�e� �p�r�o�g�r�a�m�,� �a�n�a�l�y�t�e�s� �a�r�e� �r�e�m�o�v�e�d� �f�r�o�m� �t�h�e� 

�t�r�a�p� �a�n�d� �d�i�s�s�o�l�v�e�d� �i�n� �t�h�e� �S�F�.� �F�u�r�t�h�e�r� �s�e�p�a�r�a�t�i�o�n� �t�a�k�e�s� �p�l�a�c�e� �o�n� �t�h�e� �c�o�l�u�m�n� �p�r�i�o�r� �t�o� 

�d�e�t�e�c�t�i�o�n�.� �T�h�i�s� �p�r�o�c�e�d�u�r�e� �s�u�b�s�t�a�n�t�i�a�l�l�y� �r�e�d�u�c�e�s� �t�h�e� �t�o�t�a�l� �t�i�m�e� �a�n�d� �e�x�p�e�n�s�e� �f�o�r� �s�a�m�p�l�e� 

�p�r�e�p�a�r�a�t�i�o�n� �a�n�d� �a�n�a�l�y�s�i�s�.� �A�d�d�i�t�i�o�n�a�l�l�y�,� �a�s� �a� �r�e�s�u�l�t� �o�f� �e�l�i�m�i�n�a�t�i�n�g� �t�h�e� �i�n�j�e�c�t�i�o�n� �s�o�l�v�e�n�t�,� 

�t�h�e�r�e� �i�s� �n�o� �d�i�l�u�t�i�o�n� �f�a�c�t�o�r� �t�o� �d�e�a�l� �w�i�t�h�.� �S�u�b�s�e�q�u�e�n�t�a�l�l�y�,� �s�e�n�s�i�t�i�v�i�t�i�e�s� �c�a�n� �b�e� �i�n�c�r�e�a�s�e�d� �f�a�r� 

�a�b�o�v�e� �t�h�o�s�e� �o�f� �c�o�n�v�e�n�t�i�o�n�a�l� �o�f�f�-�l�i�n�e� �l�i�q�u�i�d� �s�a�m�p�l�e� �i�n�j�e�c�t�i�o�n�s�.� 
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