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(ABSTRACT ) 

The advantages and disadvantages of packed capillary 

columns for high performance liquid chromatography are 

examined. Historically, the advantages are smaller sample 

and phase consumption, enhancement in sensitivity, easy 

column synthesis, higher obtainable efficiency, and easier 

interfacing to other techniques. These points are explored 

through experiments in microbore ion chromatography, packed 

fused silica columns, and capillary zone electrophoresis. 

These studies also address the disadvantages of microscale 

HPLC which are stringent instrument design, brittle or weak 

columns, poor column stability, and the lack of commercial’ 

instrumentation. 

The results of these investigations indicate the 

following. First, the purported sensitivity enhancement is 

really attributable to solute focusing and not to column 

miniaturization. Second, column synthesis is still a



difficult procedure that requires experience. Third, higher 

efficiencies are realized, especially when the column 

diameter to particle diameter ratio is optimized. Fourth, 

interfacing to other techniques is simplified because of the 

lower volumetric flow rates. Finally, the only real 

disadvantages are stringent instrument design and brittle 

columns in some instances. This thesis offers means for 

circumventing these difficulties.
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Chapter 1 

Introduction



Introduction 

This dissertation examines microcolumn LC (<4 mm column 

internal diameter) and assesses its worth as an analytical 

technique. Presently, this methodology is limited to 

academic and developmental industrial laboratories. However, 

microcolumn LC has the potential to fulfill the needs of 

routine analysis as well. As in the conversion from packed 

to open tubular capillary gas chromatography, there is an 

inertia to resist change. The intent of this thesis is to 

indicate the possibilities of microcolumn LC and promote the 

applicability of the technique. 

In order to establish a common terminology, the various 

column dimensions and optimal theoretical flow rates are 

given in Table 1. The optimal flow rate values are 

calculated assuming five micron diameter particles as the 

stationary phase, the same analyte (benzene), the same 

linear velocity (or time of analysis), and an optimal 

packing procedure (1). 

The second entry to Table 1 serves as a reference point 

for liquid chromatography. The name "analytical" results 

from the comparison of 4 mm internal diameter (id) high 

pressure columns to both low and high pressure large 

diameter columns used for preparative chromatography. The



Table 1 

HPLC Column Comparison 

  

Column Type ID (mm) Optimal Flow (l/min) * 

Analytical 4-4.6 480-500 

Microbore 1-2 30-120 

Micropacked 0.10-0.53 0.31-7.5 

Packed Microcapillary 0.040-0.080 0.020-0.050 

Open Tubular 0.004-0.035 0.0017-0.010 

*Assumes 5 um particles



smaller column was for those instances where the bands were 

not to be collected, merely "analyzed". The internal 

diameter was chosen from a study by Kirkland in 1976 (2). 

This investigation showed similar efficiencies for columns 

with internal diameters from 4 to 9 mm. The lower end of the 

range was chosen as it demonstrated the best compromise of 

performance, convenience, and required stationary phase. 

Thus, 4 mm id columns serve as the industry standard. 

By decreasing the column internal diameter, the 

volumetric flow drops as a function of column radii ratio to 

the second power. Therefore, a 1 mm id column requires 1/16 

of the flow through an analytical scale column in order to 

maintain the same linear velocity. Other parameters, such as 

sample loadability and tolerable extracolumn volume, also 

vary by the same relationship. These factors are crucial to 

the chromatographic system since they affect the total 

resolving power. Note the flow rates required by the packed 

capillary and the smaller internal diameter columns. For 

these columns no waste reservoir is necessary since the 

mobile phase evaporates before liquid can accumulate. 

The term "microbore" describes columns whose internal 

diameter range from 1 to 2 mm. Column materials such as 

stainless steel, glass, and polymeric plastics like 

polytetrafluoroethylene are the most common. Most 

chromatographic systems are capable of using microbore



columns with only minor adjustments. Packed capillary 

columns vary from 20 to 530 microns in internal diameter and 

consist of very dense chromatographic beds. In essence, they 

are true miniatures of the larger bore columns and as such, 

they generate significant backpressures and require high 

pressure packing techniques. Micropacked capillary columns 

are loosely packed and range from 40 to 80 microns in 

diameter. These columns are very efficient but require 

excessively long analysis times to achieve such results. 

Finally, a few diligent research groups have made open 

tubular LC a reality (66,67). Column internal diameters 

start at 4 microns and cease to function at 30 microns. As 

in the previous category, large plate numbers are possible 

but not easily obtained. 

The last three microcolumn types have several aspects 

in common. First, they all require special equipment such as 

small volume injectors and modified detection systems. A 

standard HPLC system will not be able to exploit these 

columns to their fullest capabilities. Next, they all tend 

to use fused silica tubing as the column material. The 

advantages of a smoother, less active wall and easily 

obtained internal diameters make this a logical denominator. 

Primarily, these techniques are believed to offer the 

potential for high efficiency liquid chromatography.



Because resolution is the main goal of chromatography, 

the effects of miniaturization on each parameter should be 

examined. Chromatographic resolution, R,, depends on three 

variables (3) and is given by {1} 

Rg = (1/4) [k/(k+1)] [(a-1)/a] (N1/2) (1) 

where k = capacity factor 
a = selectivity 
N = number of theoretical plates 

The capacity factor, k, is a thermodynamic function. It 

depends on the equilibrium partition coefficient and the 

ratio of mobile phase to stationary phase in the column 

(better known as the phase ratio, 8). Upon size reduction, 

the former is unchanged and the quantity of phases change 

proportionately so that the latter is essentially constant. 

Consequently, k is independent of column dimensions. 

Similarly, selectivity is also a thermodynamic property and 

is not a function of system size. The final tern, 

efficiency, is a kinetic parameter and indicates solute 

transport efficacy. 

In order to maintain congruence with standard theory, 

the concept of plate height (H) is introduced. If N 

represents the number of theoretical plates in the column, 

then the height of each plate is given by equation 2 (4).



H = L/N {2} 

where H = plate height 

L = column length 

N = number of theoretical plates 

Similar to N, H is a transport or flow dependent variable. 

Plots of H versus the flow velocity, typically called van 

Deemter plots, illustrate the variables that influence H. 

Presently, no form or variation of the van Deemter equation 

for HPLC shows a dependence of H on column dimensions. From 

a preliminary examination, N seems unaffected by 

miniaturization. However, a more rigorous treatment is 

required before conclusions can be drawn. 

Why bother miniaturizing? As in most analytical 

methodologies, the process of reducing the size of the 

instrumentation leads to disadvantages and advantages. The 

disadvantages of microcolumn LC are stringent instrument 

design requirements, brittle or weak columns, poor column 

bed stability, and the lack of commercial instrumentation. 

The advantages of microcolumn LC over analytical scale LC 

are smaller sample and phase consumption, purported 

sensitivity improvement, easy column synthesis, higher 

obtainable efficiency, and easy interfacing to other 

techniques (5). Additional advantages are given but these 

five appear to be the most commonly cited. However, these



advantages have not been found to be universal. Apparently, 

some investigators find column synthesis routine while 

others never succeed in their efforts. This selective 

ability to manufacture columns has substantially slowed the 

wide scale investigation and application of microscale LC. 

The objective of this dissertation is to examine the 

advantages of microscale LC and to determine the veracity 

and value of each point. To achieve this goal, the 

literature of microcolumn LC is reviewed and the theoretical 

and experimental findings are summarized. With these models 

developed, experiments are designed and performed and their 

findings discussed. Finally, the value and potential of this 

work is evaluated.



Chapter 2 

Historical Review



Literature 

The inception of microscale liquid chromatography is 

aifficult to determine chronologically since its beginnings 

are part of the development of HPLC. The first HPLC system 

was commercially introduced in 1958 (6). From that point 

until the late 1970’s, the growth of HPLC was based on both 

theoretical and empirical knowledge. Leading the theoretical 

advances were Giddings, Huber, Knox, and Guichon while the 

empirical investigations were led by Kirkland, Halasz, and 

Horvath. In order to appreciate this two pronged 

development, a quick review of the historical development 

will be useful. 

In 1952, A.J.P. Martin proposed and demonstrated the 

workings of gas liquid chromatography and his plate theory. 

By 1956, gas chromatography had gained international 

popularity and led to the landmark work of van Deemter and 

his co-workers at the Shell Research laboratories in the 

Netherlands as well as the introduction of capillary columns 

by Marcel Golay at Perkin-Elmer. Van Deemter and his team 

used experimental data to derive the equation that bears his 

name (7). In its original form, the dependence of plate 

height on velocity is given by {3} 

10



H = 21d) + 2gDgas/u + (8/p2)[kK/(kK+1)](d,7/Dg)u (3) 

where 1 = packing factor k = capacity factor 

dp = particle diameter d, = column diameter 

= tortuosity Ds, = diffusion in the 

stationary phase 

Dgas = diffusion in the u = linear velocity 

mobile phase p = pi 

This equation shows a direct dependence of plate height on 

column internal diameter, suggesting that miniaturization is 

one key to high efficiency chromatography. The work of Golay 

only serves to reinforce this concept. His 1957 paper on 

open tubular gas chromatography demonstrated the same 

dependence of plate height on column diameter (8). Since the 

principles of gas chromatography appeared to be universal to 

all chromatographic techniques, the ramifications of these 

two studies were extended to the field of liquid 

chromatography. 

In this time frame of 1961-1965, the separation 

theoreticians, namely J.C. Giddings and J.H. Knox, began to 

examine the effects of changing the mobile phase from a gas 

to a liquid. Van Deemter’s as well as Golay’s equation 

indicate the influence of diffusion on the separation 

11



efficiency. Giddings reported that if diffusion were the 

only variable in converting from GC to LC, the optimal 

velocity for LC would be 10,000 fold less than the speed of 

an identical GC analysis (9). However, Giddings cites that 

the greatly reduced risk of explosion in LC would allow 

smaller particles and higher pressures to be used. Because H 

is a direct function of the particle diameter to the second 

power, small particles would allow much shorter column 

lengths to be used. 

In addition, Giddings indicated that the van Deemter 

equation overlooked the interaction of the eddy diffusion 

and the mobile phase mass transfer terms (10). The Dutch 

equation assumed that these factors are independent and 

therefore additive. From a physical point of view, this does 

not seem reasonable. Mass transfer in the mobile phase not 

only occurs parallel with the column flow but in all 

directions to the same extent. The phenomena of eddy 

diffusion assumes that flow stream interchange is minimal. 

However, lateral diffusion minimizes flow inhomogeneities 

and the sum of these two effects is less than the van 

Deemter equation predicted, particularly at high flow rates 

(11). Similar to electronic circuits, the contributions of 

eddy diffusion and mobile phase mass transfer add in 

parallel not in series. The verification of this new 

12



equation, denoted as the coupled equation, is what led Knox 

to his column diameter studies. 

While Giddings’ approach to enhancing LC performance 

involved altering only the particle size, Knox began to 

investigate the effects of column miniaturization. Ina 

paper presented at the Third International Symposium in 

Advances in Gas Chromatography (Houston, 1965), Knox 

demonstrated evidence for the coupling of the eddy diffusion 

and resistance to mass transfer terms (12). To examine this 

phenomena, he used a standardized lot of glass beads and 

packed them into various diameter tubes. Solutions of 

potassium permanganate were injected onto the column and 

eluted with 10% aqueous potassium nitrate. Detection was 

achieved with a photo-voltaic system. The column internal 

diameter ranged from 3 to 6 mn. 

The results from this work indicate several parameters 

for consideration. At high linear velocities in either GC or 

LC, the coupled equation is more accurate than the 

traditional van Deemter equation. However, Knox suggested a 

more rigorous, integral form of the coupled equation (see 

Appendix) and Giddings concurred (14). Furthermore, Knox 

concluded that the column diameter to particle diameter 

ratio (later to be named the Knox-Parcher ratio) had an 

effect on plate height. Knox was reluctant to place full 

confidence in this observation because he was unsure of the 

13



particle size distribution effect on this phenomena. 

Finally, the benefits of turbulent flow were examined and 

deemed impractical. 

Meanwhile, the empiricists kept abreast of the 

theoretical developments and applied the results to their 

own work. Stimulated by the theoretical studies, the first 

distinguishable microcolumn research was performed. Horvath, 

Preis, and Lipsky investigated the possibility of Lc in the 

time frame of GC separations (13). After a brief review of 

the prevalent theories, these workers undertook the 

separation of nucleotides by microcolumn LC. Because of the 

extremely slow stationary phase mass transfer for large 

biomolecules, they employed surface derivatized solid 

particles for their support. An ion exchange moiety was then 

grafted onto the surface and the dried stationary phase was 

packed into 1 mm internal diameter stainless steel tubing. 

This microbore column “was chosen to lessen transcolumn 

effects detrimental to column performance". This quotation 

alludes to one of the five discrete sources of flow 

inhomogeneities proposed by Giddings (14). The transcolumn 

effect, perhaps the most dominant of these effects for 

microscale chromatography, refers to the difference in flow 

permeability between the center and near the wall of the 

column. This particular point is vital to some of the work 

presented in this thesis and will be developed in greater 

14



detail in the Results and Discussion section. Thus, the 

first true microcolumn LC technique was used as a 

consequence of theory. 

Another of the empiricists, J.J. Kirkland, examined the 

configurational parameters required for high speed liquid 

chromatography in 1969 (15). The trend of most research in 

the late 60’s was to remove the stigma that HPLC was an 

intractably slow separation technique. Kirkland corroborated 

the work of Horvath et al. by using a controlled surface 

porosity stationary phase and he demonstrated the 

possibility of pesticide separations in 5 minutes. More 

importantly, the effect of column internal diameter was 

studied. While the theoreticians employed unretained species 

to simplify their mathematical models, Kirkland performed 

real separations and examined the kinetic behavior. He found 

that a reduction in column internal diameter did improve 

efficiency but there was a limit to the minimum usable 

diameter. A 2.1 mm id column outperformed a 3.2 mm id column 

packed with the same stationary phase. However, a 1.6 mm id 

column with the same phase gave consistently poorer columns 

than either of the larger columns. Kirkland acknowledged 

that extracolumn effects were the probable cause but he also 

claimed that extensive efforts to minimize these effects 

failed. In addition, he suggested that the actual packing 

structure or "wall effects" could have been the culprit. 

15



From this study, Kirkland suggested that useful column id 

should range from 2 to 4 mm while Scott advised on closer to 

4 mm (16). Kirkland’s employer, Dupont, then used the 

results of this study to initiate commercial column 

preparation. This work coupled with Kirkland’s study on 

porous particles in 1976 set the industry standard for 

column diameter (2). Additionally, Kirkland’s co-worker, 

J.P. Wolf showed that large bore columns ( >4 mm id) could 

lead to a four fold improvement in efficiency over 

analytical scale columns (17). 

With the outlook for microcolumn HPLC becoming bleak, 

Knox, still in search of the true kinetic equation, followed 

up his work from 1965. In 1969 (18), Knox and Parcher not 

only determined the best form of the coupled plate height 

equation to date, but, discovered an intriguing, 

contradictory phenomenon to be discussed shortly. The 

experiments examined 150 cm columns of various internal 

diameters with several diameters of glass beads used as 

stationary phases. To simplify the mathematics of the plate 

equation, an unretained solute (acetone) was employed as the 

test probe. Plots of reduced plate height (h) versus reduced 

velocity (v) or versus the Knox-Parcher ratio (p = column 

id/particle diameter) were prepared from the numerous 

possible configurations. The column internal diameter ranged 

from 3.3 to 11.1 mm while the packing material predominantly 

16



used was 0.48 mm in diameter. Although the columns 

constructed exceed the microcolumn designation, the impact 

of this work on microcolumn LC is critical. 

Knox and Parcher drew five significant conclusions from 

this investigation. First, they verified the coupled 

equation proposed by Giddings (10). At high velocities, the 

eddy diffusion and resistance to mobile phase mass transfer 

terms do interact and add in a parallel fashion. Second, 

plots of log h versus log v were constant with Knox-Parcher 

ratios less than 6 and were higher but constant for ratios 

greater than 8. Thus, some physical, not chemical, 

interaction was affecting the performance of the column. 

Third, a hexagonal column packed with spherical beads could 

only show good efficiency if the hexagonal unit cell was 

maintained. Any deviation from a uniform, cross-sectional 

bed disrupted the homogeneous flow streams. Fourth, by 

introducing the sample in the core of an "infinite diameter" 

column, the plate height was lower at high velocities than 

in a smaller diameter column. Finally, the concept of wall 

and core packing structures and their effects on efficiency 

were examined. 

The points of interest to the micro chromatographer are 

the second and the final conclusions. For most of the work, 

the column diameter was altered while the particle diameter 

was fixed. In essence, Knox and Parcher repeated Kirkland’s 

17



work. In this instance, however, decreasing column internal 

diameter improved performance. For Knox-Parcher ratios less 

than 6, a constant, smaller value of reduced plate height 

was obtained when compared to ratios greater than 8 (see 

Figure 1). Recall that if particle diameter is fixed, h is 

really H. By direct comparison the smaller internal diameter 

columns were more efficient than their larger counterparts. 

The final conclusion is linked to this point since it 

macroscopically explains this heretofore contradictory 

phenomena. The packing process will orient the particles as 

close to each other as possible in the center of the tube. 

Such packing density is not possible throughout the tube’s 

cross-section since "the walls impose their structure on 

about four layers of bends in contact with the walls." 

(18). 

The correlation of Knox and Parcher’s work to 

microcolumn LC becomes apparent after some consideration. 

As column diameters decrease, the advantages afforded by 

this phenomena could be exploited. More efficient 

separations in the same analysis time could be obtained by 

optimizing the column diameter. Technological advances in 

LC packing material synthesis, however, lessened the impact 

of this work. Recall from the van Deemter equation that 

more plates are achievable with smaller particles. The 

synthesis of microparticulate (< 20 um) silicas 

18
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revolutionized LC and diverted interest from the findings of 

Knox (19). 

Advancements in microcolumn LC were minimal from 1967 

to 1974. The reduction of particle diameter and its dramatic 

impact on column efficiency overshadowed the potential of 

microcolumn LC. The first investigations in miniaturized LC 

were presented by Daido Ishii in a JASCO technical report 

late in 1974 (20). This work was further developed and 

published in a series of articles starting in 1977 

(21,22,23). Since Ishii’s work is the forerunner of present 

microcolumn LC, this first paper warrants further 

examination. 

Although standard column diameter LC systems were 

available, no commercial vendor had engineered a microscale 

chromatograph. Five specific problems addressed by Ishii and 

co-workers were packing techniques, micro-flow cell design, 

detector and pumping improvements, and gradient elution 

capabilities. In short, all aspects of the liquid 

chromatograph had to be reexamined. 

Steel column packing techniques had been extensively 

examined by the mid 1970’s (24,25). In general, the best 

columns were achieved with "balanced density" slurries of 

packing material and typically halogenated, high density 

solvents like carbon tetrachloride. The suspension was then 

placed in a reservoir which in turn was connected to a high 

20
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�o�n�e� �e�n�d� �w�a�s� �s�e�a�l�e�d� �w�i�t�h� �g�l�a�s�s� �w�o�o�l� �a�n�d� �t�h�e� �i�n�l�e�t� �t�o� �t�h�e� 

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

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

�s�e�t�t�l�i�n�g� �o�c�c�u�r�r�e�d�.� �T�h�i�s� �s�y�r�i�n�g�e� �t�e�c�h�n�i�q�u�e�,� �w�h�i�l�e� �c�o�n�t�r�a�r�y� �t�o� 

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

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

�w�i�t�h� �5�0� �t�o� �8�0�%� �o�f� �t�h�e�o�r�e�t�i�c�a�l� �e�f�f�i�c�i�e�n�c�y� �(�s�e�e� �F�i�g�u�r�e� �3�)�.� 

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

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

�s�y�s�t�e�m�s� �b�e� �m�i�n�i�m�i�z�e�d�.� �I�s�h�i�i� �a�n�d� �h�i�s� �c�o�-�w�o�r�k�e�r�s� �a�d�d�r�e�s�s�e�d� �t�h�e� 

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

�t�h�e� �t�o�l�e�r�a�b�l�e� �t�o�t�a�l� �e�x�t�r�a�c�o�l�u�m�n� �v�o�l�u�m�e�s� �w�e�r�e� �c�i�t�e�d�.� �I�s�h�i�i ��s� 
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�F�i�g�u�r�e� �3�.� �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� �o�n� �a� 

�S�y�r�i�n�g�e� �P�a�c�k�e�d� �C�o�l�u�m�n�,� �1�0�0� �X� �0�.�5�3� �m�n�,� 
�5� �p�m� �O�D�S�,� �S�a�m�p�l�e� �C�1�2�-�C�1�6� �i�n� �C�5�,� �1�0�0� �C�,� 
�1�2�0�0� �p�s�i�,� �C�O�2� �m�o�b�i�l�e� �p�h�a�s�e�,� �C�C�S� 
�r�e�s�t�r�i�c�t�o�r� �(�R�e�f� �9�0�)� 
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�c�o�l�u�m�n�s� �w�e�r�e� �t�y�p�i�c�a�l�l�y� �0�.�5� �t�o� �1�.�0� �m�m� �i�d� �a�n�d� �c�o�u�l�d� �t�h�u�s� 

�t�o�l�e�r�a�t�e� �b�e�t�w�e�e�n� �0�.�8� �a�n�d� �3�.�2� �p�l� �o�f� �d�e�a�d� �v�o�l�u�m�e�,� 

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

�c�l�o�s�e� �p�r�o�x�i�m�i�t�y� �t�o� �t�h�e� �d�e�t�e�c�t�o�r� �c�e�l�l�.� �H�i�s� �g�r�o�u�p� �s�o�l�v�e�d� �t�h�i�s� 

�b�y� �c�o�n�n�e�c�t�i�n�g� �a� �p�i�e�c�e� �o�f� �q�u�a�r�t�z� �t�u�b�i�n�g� �t�o� �t�h�e� �c�o�l�u�m�n� �o�u�t�l�e�t� 

�a�n�d� �u�s�i�n�g� �t�h�a�t� �a�s� �t�h�e� �f�l�o�w� �c�e�l�l�.� �I�s�h�i�i� �n�o�t�e�d� �t�h�a�t� �t�h�i�s� 

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

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

�S�t�i�l�l� �p�l�a�g�u�e�s� �s�e�p�a�r�a�t�i�o�n� �s�c�i�e�n�t�i�s�t�s� �u�s�i�n�g� �"�o�n� �c�o�l�u�m�n�"� 

�d�e�t�e�c�t�i�o�n� �i�n� �w�L�C� �a�n�d� �C�Z�E�)�.� �T�h�e� �d�e�t�e�c�t�o�r� �o�p�t�i�c�a�l� �b�e�n�c�h� �m�a�d�e� 

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

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

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

�s�i�m�p�l�i�f�y�i�n�g� �t�h�e� �m�i�c�r�o� �L�C� �s�y�s�t�e�n�.� 

�T�h�e� �f�l�o�w� �r�a�t�e� �o�f� �m�o�b�i�l�e� �p�h�a�s�e� �d�e�l�i�v�e�r�e�d� �t�o� �t�h�e�s�e� 

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

�c�o�m�m�e�r�c�i�a�l� �p�u�m�p� �(�s�e�e� �T�a�b�l�e� �1� �f�o�r� �o�p�t�i�m�u�m� �f�l�o�w� �r�a�t�e�s�)�.� �I�s�h�i�i� 

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

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

�a�s�s�e�m�b�l�y�.� �T�h�i�s� �s�y�r�i�n�g�e� �p�u�m�p� �c�o�u�l�d� �e�a�s�i�l�y� �p�r�o�d�u�c�e� �t�h�e� �6� �t�o� �3�0� 

�l�/�m�i�n� �f�l�o�w� �n�e�c�e�s�s�a�r�y� �f�o�r� �o�p�t�i�m�a�l� �p�e�r�f�o�r�m�a�n�c�e�.� �I�n� �a�d�d�i�t�i�o�n�,� 

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

�a�n�a�l�y�s�i�s� �a�l�l�o�w�e�d� �s�m�a�l�l� �s�y�r�i�n�g�e�s� �t�o� �b�e� �u�s�e�d�.� 

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

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

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

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

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

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

�f�o�r�m�e�r� �w�h�e�r�e� �t�h�e� �s�y�r�i�n�g�e�s� �w�e�r�e� �1�8�0� �d�e�g�r�e�e�s� �o�u�t� �o�f� �p�h�a�s�e�.� 

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

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

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

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

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

�B�y� �c�o�n�n�e�c�t�i�n�g� �t�h�e� �t�u�b�e� �t�o� �b�o�t�h� �t�h�e� �i�n�j�e�c�t�o�r� �a�n�d� �t�h�e� �p�u�m�p�,� 

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

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

�u�s�e�d� �f�o�r� �t�h�e� �f�i�r�s�t� �s�y�r�i�n�g�e�.� 

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

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

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

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

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

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

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

�c�o�n�s�u�m�p�t�i�o�n� �(�2�2�)�.� �T�h�e� �f�o�l�l�o�w�i�n�g� �p�a�p�e�r� �e�x�a�m�i�n�e�d� �t�h�e� 

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

�w�a�t�e�r� �c�o�n�t�a�m�i�n�a�n�t�s� �(�2�3�)�.� �T�h�e� �w�a�t�e�r� �s�a�m�p�l�e� �w�a�s� �p�u�m�p�e�d� �t�h�r�o�u�g�h� 
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�a� �p�r�e�c�o�l�u�m�n� �w�h�i�c�h� �t�r�a�p�p�e�d� �m�o�s�t� �o�r�g�a�n�i�c� �m�o�i�e�t�i�e�s�.� �T�h�e�s�e� 

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

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

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

�a�n�a�l�y�s�i�s� �m�u�c�h� �e�a�s�i�e�r�.� 

�W�h�i�l�e� �I�s�h�i�i� �e�x�p�l�o�r�e�d� �T�e�f�l�o�n�!� �t�u�b�e�s� �f�o�r� �m�i�c�r�o�c�o�l�u�m�n�s�,� 

�S�c�o�t�t� �a�n�d� �K�u�c�e�r�a� �p�e�r�f�o�r�m�e�d� �s�o�m�e� �p�r�e�l�i�m�i�n�a�r�y� �w�o�r�k� �i�n� �1� �m�m� �i�d� 

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

�(�2�6�)�.� �T�h�e� �f�o�c�u�s� �o�f� �t�h�e� �p�a�p�e�r� �c�e�n�t�e�r�e�d� �o�n� �u�s�i�n�g� �m�i�c�r�o�p�o�r�o�u�s� 

�s�i�l�i�c�a� �a�s� �a� �s�t�a�t�i�o�n�a�r�y� �p�h�a�s�e� �f�o�r� �s�i�z�e� �b�a�s�e�d� �s�e�p�a�r�a�t�i�o�n�s�.� �I�n� 

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

�s�e�g�m�e�n�t�s� �o�f� �1� �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�e�r�e� �p�a�c�k�e�d� �w�i�t�h� 

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

�c�o�l�u�m�n� �g�e�n�e�r�a�t�e�d� �2�5�0�,�0�0�0� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s�,� �t�h�e� �m�a�x�i�m�u�m� 

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

�l�e�n�g�t�h�.� �A�l�t�h�o�u�g�h� �t�h�i�s� �w�a�s� �q�u�i�t�e� �a�n� �a�c�c�o�m�p�l�i�s�h�m�e�n�t�,� �t�h�e� 

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

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

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

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

�i�n�v�e�s�t�i�g�a�t�i�o�n�s� �i�n� �e�a�r�l�y� �1�9�7�9�.� 

�A�l�t�h�o�u�g�h� �I�s�h�i�i ��s� �a�n�d�,� �l�a�t�e�r�,� �S�c�o�t�t ��s� �w�o�r�k� �m�a�d�e� 

�m�i�c�r�o�c�o�l�u�m�n� �L�C� �a� �p�o�t�e�n�t�i�a�l� �a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�,� �h�i�g�h� 

�p�e�r�f�o�r�m�a�n�c�e� �L�C� �i�n� �4� �m�m� �i�d� �c�o�l�u�m�n�s� �w�a�s� �f�i�r�m�l�y� �e�s�t�a�b�l�i�s�h�e�d�.� 

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

�W�i�t�h� �t�h�e� �h�e�l�p� �o�f� �o�n�e� �o�f� �t�h�e� �m�a�j�o�r� �H�P�L�C� �s�u�p�p�l�i�e�r�s� �(�M�e�r�c�k�)�,� 

�U�n�g�e�r� �i�n�v�e�s�t�i�g�a�t�e�d� �s�p�h�e�r�i�c�a�l� �a�n�d� �i�r�r�e�g�u�l�a�r� �s�i�l�i�c�a� �f�r�o�m� �1� �t�o� 

�1�0� �m�i�c�r�o�n�s� �i�n� �d�i�a�m�e�t�e�r�.� �T�h�e� �p�e�r�f�o�r�m�a�n�c�e� �o�f� �t�h�e� 

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

�r�e�s�o�l�v�i�n�g� �p�o�w�e�r� �v�e�r�i�f�i�e�d� �t�h�e� �p�r�e�d�i�c�t�i�o�n�s� �o�f� �t�h�e� �1�9�6�0 ��s� 

�t�h�e�o�r�e�t�i�c�i�a�n�s� �(�8�,�1�0�)�.� �C�o�l�u�m�n�s� �o�f� �3� �u�m� �m�a�t�e�r�i�a�l� �c�o�u�l�d� 

�g�e�n�e�r�a�t�e� �3�0�,�0�0�0� �p�l�a�t�e�s� �f�o�r� �a� �2�0� �c�m� �l�o�n�g� �c�o�l�u�m�n�.� 

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

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

�s�m�a�l�l�e�r� �p�a�r�t�i�c�l�e�s� �m�e�a�n�t� �h�i�g�h�e�r� �p�r�e�s�s�u�r�e� �r�e�q�u�i�r�e�m�e�n�t�s�,� �i�t� 

�s�e�e�m�e�d� �l�i�k�e� �a� �r�e�a�s�o�n�a�b�l�e� �p�r�i�c�e� �t�o� �p�a�y� �f�o�r� �G�C�-�l�i�k�e� 

�e�f�f�i�c�i�e�n�c�i�e�s�.� �U�n�g�e�r� �f�o�u�n�d� �t�h�a�t� �p�a�r�t�i�c�l�e�s� �s�m�a�l�l�e�r� �t�h�a�n� �2� �u�m� 

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

�a�t� �p�r�e�d�i�c�t�e�d� �f�l�o�w� �o�p�t�i�m�u�m�s�.� �H�o�w�e�v�e�r�,� �3� �a�n�d� �4� �p�u�m� �p�a�r�t�i�c�l�e�s� 

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

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

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

�d�i�a�m�e�t�e�r� �c�o�l�u�m�n�s� �s�e�r�v�e�d� �t�o� �s�u�p�p�r�e�s�s� �m�i�c�r�o� �L�C� �a�d�v�a�n�c�e�s�.� 

�N�e�v�e�r�t�h�e�l�e�s�s�,� �t�h�e� �n�e�e�d� �f�o�r� �a� �h�i�g�h�e�r� �r�e�s�o�l�u�t�i�o�n� �l�i�q�u�i�d� 

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

�m�i�n�i�a�t�u�r�i�z�a�t�i�o�n� �w�a�s� �r�e�e�x�a�m�i�n�e�d�.� �I�n� �t�h�i�s� �i�n�s�t�a�n�c�e�,� �t�h�o�u�g�h�,� 

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

�f�e�r�v�e�n�t�l�y� �i�n�v�e�s�t�i�g�a�t�e�d�.� �S�i�n�c�e� �t�h�e�y� �h�a�d� �a�l�r�e�a�d�y� �d�e�v�i�s�e�d� 

�m�i�c�r�o�c�o�l�u�m�n� �L�C� �c�o�m�p�o�n�e�n�t�s�,� �I�s�h�i�i ��s� �g�r�o�u�p� �n�a�t�u�r�a�l�l�y� �b�e�g�a�n� �t�h�e� 
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�e�n�d�e�a�v�o�r� �(�2�8�)�.� �T�h�e� �o�t�h�e�r� �r�e�s�e�a�r�c�h� �g�r�o�u�p� �w�a�s� �h�e�a�d�e�d� �b�y� �M�i�l�o�s� 

�N�o�v�o�t�n�y� �a�t� �I�n�d�i�a�n�a� �U�n�i�v�e�r�s�i�t�y�.� �B�e�c�a�u�s�e� �N�o�v�o�t�n�y� �i�s� �r�e�g�a�r�d�e�d� 

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

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

�c�o�n�t�r�i�b�u�t�i�o�n� �t�o� �t�h�e� �t�e�c�h�n�i�q�u�e� �(�2�9�)�.� �N�o�v�o�t�n�y� �n�o�t� �o�n�l�y� �s�t�u�d�i�e�d� 

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

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

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

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

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

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

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

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

�f�r�o�m� �1�0� �t�o� �8�0� �p�m� �h�a�d� �t�o� �b�e� �e�m�p�l�o�y�e�d�.� �F�u�r�t�h�e�r�m�o�r�e�,� �i�n�j�e�c�t�i�o�n� 

�a�n�d� �d�e�t�e�c�t�i�o�n� �s�c�h�e�m�e�s� �r�e�q�u�i�r�e�d� �e�v�e�n� �m�o�r�e� �m�i�n�i�a�t�u�r�i�z�a�t�i�o�n�.� 

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

�m�a�g�n�i�t�u�d�e� �w�o�r�s�e� �t�h�a�n� �i�n� �p�a�c�k�e�d� �c�o�l�u�m�n� �L�C� �a�n�d� �r�u�n� �t�i�m�e�s� �w�e�r�e� 

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

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

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

�g�r�e�a�t�e�r� �e�x�t�e�n�t�.� �I�n� �t�h�i�s� �i�n�s�t�a�n�c�e�,� �t�h�o�u�g�h�,� �t�h�e� �d�i�f�f�i�c�u�l�t�i�e�s� 

�o�u�t�w�e�i�g�h�e�d� �t�h�e� �a�d�v�a�n�t�a�g�e�s� �a�n�d� �a� �n�e�w� �s�o�l�u�t�i�o�n� �w�a�s� �n�e�e�d�e�d�.� 

�I�n� �1�9�7�9�,� �R�.�P�.�W�.� �S�c�o�t�t� �r�e�e�n�t�e�r�e�d� �t�h�e� �p�i�c�t�u�r�e� �a�n�d� �b�e�g�a�n� 

�t�o� �p�u�b�l�i�s�h� �w�o�r�k� �o�n� �m�i�c�r�o�b�o�r�e� �(�1� �m�m� �i�d�)� �H�P�L�C� �c�o�l�u�m�n�s� �f�o�r� 

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

�s�e�r�v�e�d� �a�s� �t�h�e� �f�o�c�u�s� �o�f� �t�h�e� �f�i�r�s�t� �p�a�p�e�r� �(�3�0�)�.� �S�c�o�t�t� �h�a�d� 

�p�r�e�v�i�o�u�s�l�y� �p�u�b�l�i�s�h�e�d� �a�r�t�i�c�l�e�s� �o�n� �e�x�t�r�a�c�o�l�u�m�n� �e�f�f�e�c�t�s� �(�3�1�)� �i�n� 

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

�m�i�n�i�a�t�u�r�i�z�a�t�i�o�n�.� �T�h�e� �a�u�t�h�o�r�s� �f�i�r�s�t� �a�d�d�r�e�s�s�e�d� �t�h�e� �d�e�t�e�c�t�i�o�n� 

�a�n�d� �i�n�j�e�c�t�i�o�n� �s�y�s�t�e�m�s�,� �m�i�n�i�m�i�z�i�n�g� �t�h�e� �c�o�n�t�r�i�b�u�t�i�o�n� �o�f� �t�h�e�s�e� 

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

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

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

�l�o�w� �a�s� �1� �p�w�l�/�m�i�n� �w�e�r�e� �p�r�a�c�t�i�c�a�l�.� �F�i�n�a�l�l�y�,� �c�o�l�u�m�n� �p�a�c�k�i�n�g� 

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

�e�m�p�l�o�y�e�d� �w�i�t�h� �2�5�,�0�0�0� �p�s�i� �p�a�c�k�i�n�g� �p�r�e�s�s�u�r�e� �d�e�l�i�v�e�r�e�d� �f�r�o�m� �a� 

�p�n�e�u�m�a�t�i�c� �a�m�p�l�i�f�i�e�r� �p�u�m�p�.� 

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

�o�p�t�i�m�i�z�e�d�,� �S�c�o�t�t� �a�n�d� �K�u�c�e�r�a� �t�h�e�n� �u�t�i�l�i�z�e�d� �t�h�e� �s�y�s�t�e�m� �t�o� 

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

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

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

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

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

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

�f�r�o�m� �0�.�0�1�0� �t�o� �0�.�0�5�0�"� �c�o�u�l�d� �t�o�l�e�r�a�t�e� �f�r�o�m� �1� �t�o� �5�0� �y�g�,� 

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

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

�o�f� �c�o�l�u�m�n� �c�o�i�l�i�n�g�.� �S�i�g�n�i�f�i�c�a�n�t� �l�o�s�s�e�s� �i�n� �e�f�f�i�c�i�e�n�c�y� �d�u�e� �t�o� 
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�t�h�e� �"�r�a�c�e�t�r�a�c�k� �e�f�f�e�c�t�"� �(�3�2�)� �o�c�c�u�r�r�e�d� �w�h�e�n� �t�h�e� �c�o�i�l� �d�i�a�m�e�t�e�r� 

�w�a�s� �l�e�s�s� �t�h�a�n� �1�2� �c�m�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�h�e� �p�a�r�t�i�c�l�e� �d�i�a�m�e�t�e�r� 

�s�t�u�d�y� �s�h�o�w�e�d� �t�h�a�t� �i�n� �t�e�r�m�s� �o�f� �r�e�d�u�c�e�d� �p�a�r�a�m�e�t�e�r�s�,� �2�0� �u�m� �w�a�s� 

�b�e�t�t�e�r� �t�h�a�n� �1�0� �w�m� �a�n�d� �1�0� �u�m� �w�a�s� �b�e�t�t�e�r� �t�h�a�n� �5� �p�m�.� �B�e�c�a�u�s�e� �o�f� 

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

�s�m�a�l�l� �(�<�2�0� �w�m�)� �p�a�r�t�i�c�l�e�s� �d�e�n�s�e�l�y�,� �t�h�e�s�e� �r�e�s�u�l�t�s� �w�e�r�e� �n�o�t� 

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

�e�f�f�i�c�i�e�n�c�y� �a�p�p�l�i�c�a�t�i�o�n�s�.� �A� �1�4� �m� �X� �1� �m�m� �c�o�l�u�m�n� �g�e�n�e�r�a�t�e�d� 

�6�5�0�,�0�0�0� �p�l�a�t�e�s� �w�h�e�n� �u�s�e�d� �i�n� �a� �s�i�z�e� �e�x�c�l�u�s�i�o�n� �m�o�d�e�.� 

�U�n�f�o�r�t�u�n�a�t�e�l�y�,� �t�h�e� �l�a�s�t� �p�e�a�k� �e�l�u�t�e�d� �n�i�n�e� �h�o�u�r�s� �a�f�t�e�r� �t�h�e� 

�i�n�j�e�c�t�i�o�n�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �l�i�m�i�t� �f�o�r� �t�h�i�s� 

�c�o�l�u�m�n� �w�a�s� �1�,�4�0�0�,�0�0�0� �p�l�a�t�e�s� �w�h�i�l�e� �t�h�e� �a�c�t�u�a�l� �a�t�t�a�i�n�e�d� 

�e�f�f�i�c�i�e�n�c�y� �w�a�s� �o�n�l�y� �4�6�%�.� 

�S�i�m�i�l�a�r� �t�o� �I�s�h�i�i ��s� �a�p�p�r�o�a�c�h�,� �t�h�e� �n�e�x�t� �s�e�v�e�r�a�l� 

�p�u�b�l�i�c�a�t�i�o�n�s� �b�y� �R�.�P�.�W� �S�c�o�t�t� �i�n�v�o�l�v�e�d� �t�h�e� �u�t�i�l�i�z�a�t�i�o�n� �o�f� 

�m�i�c�r�o�b�o�r�e� �L�C�.� �T�h�e� �f�i�r�s�t� �o�f� �t�h�e�s�e� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� �u�s�e� �o�f� 

�m�i�c�r�o�b�o�r�e� �L�C� �f�o�r� �b�i�o�l�o�g�i�c�a�l� �s�e�p�a�r�a�t�i�o�n�s� �(�3�3�)�.� �T�h�e� �h�i�g�h� 

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

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

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

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

�n�T�"� �a�n�d� �t�h�e� �i�n�j�e�c�t�i�o�n� �v�a�l�v�e� �i�n� �c�l�o�s�e� �p�r�o�x�i�m�i�t�y� �t�o� �t�h�e� 

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

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

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

�R�e�t�e�n�t�i�o�n� �t�i�m�e�s� �e�x�h�i�b�i�t�e�d� �l�e�s�s� �t�h�a�n� �1�.�0�%� �r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� 

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

�5�.�0�%� �R�S�D�.� 

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

�e�n�h�a�n�c�e�m�e�n�t�s� �i�n� �m�i�c�r�o�b�o�r�e� �L�C�.� �T�h�e� �a�u�t�h�o�r�s� �s�t�a�t�e�d� �t�h�a�t� �i�n� 

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

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

�e�x�t�e�r�n�a�l� �v�o�l�u�m�e�s� �(�i�.�e�.� �i�n�j�e�c�t�i�o�n�,� �d�e�t�e�c�t�i�o�n�)� �w�e�r�e� 

�a�p�p�r�o�p�r�i�a�t�e�l�y� �s�i�z�e�d�.� �F�o�r� �m�a�s�s� �s�e�n�s�i�t�i�v�i�t�y�,� �t�h�o�u�g�h�,� �t�h�e� 

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

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

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

�t�y�p�i�c�a�l� �o�f� �s�o�m�e� �p�r�o�p�o�n�e�n�t�s� �o�f� �m�i�c�r�o�s�c�a�l�e� �L�C�.� �E�x�p�e�r�i�m�e�n�t�a�l� 

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

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

�e�f�f�e�c�t� �s�i�m�i�l�a�r� �t�o� �I�s�h�i�i� �(�2�3�)� �b�u�t� �f�o�r� �m�i�c�r�o�b�o�r�e� �L�C�.� �T�h�e�y� �w�e�r�e� 

�a�b�l�e� �t�o� �d�e�t�e�c�t� �1� �p�p�b� �o�f� �a�c�e�t�o�p�h�e�n�o�n�e� �i�n� �w�a�t�e�r� �b�y� 

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

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

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

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

�A�n�o�t�h�e�r� �p�a�p�e�r� �b�y� �S�c�o�t�t� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �e�x�a�m�i�n�e�d� �f�a�s�t� 

�s�e�p�a�r�a�t�i�o�n�s� �b�y� �m�i�c�r�o�b�o�r�e� �L�C� �(�3�4�)�.� �O�n�c�e� �a�g�a�i�n�,� �t�h�e� �m�a�j�o�r�i�t�y� 

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

�a�n�d� �a�l�l�o�w� �t�h�e� �p�e�a�k�s� �t�o� �b�e� �"�s�e�e�n�"�.� �D�a�t�a� �a�c�q�u�i�s�i�t�i�o�n� �a�l�s�o� 

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

�i�m�p�r�e�s�s�i�v�e� �s�e�p�a�r�a�t�i�o�n� �o�f� �s�e�v�e�n� �c�o�m�p�o�u�n�d�s� �i�n� �u�n�d�e�r� �3�0� �s�e�c�o�n�d�s� 

�w�a�s� �p�r�e�s�e�n�t�e�d� �(�F�i�g�u�r�e� �4�)�.� �F�o�r� �"�o�n� �t�h�e� �f�l�y�"� �p�r�o�c�e�s�s� �s�t�r�e�a�m� 

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

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

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

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

�r�e�v�i�e�w� �a�r�t�i�c�l�e� �(�3�5�)�.� 

�W�h�i�l�e� �S�c�o�t�t� �a�n�d� �I�s�h�i�i� �w�e�r�e� �b�u�s�y� �w�o�r�k�i�n�g� �o�n� �s�t�e�e�l� �a�n�d� 

�p�l�a�s�t�i�c� �m�i�c�r�o�c�o�l�u�m�n�s�,� �a� �r�e�s�e�a�r�c�h� �g�r�o�u�p� �a�t� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d�,� 

�l�e�d� �b�y� �R�a�y� �D�a�n�d�e�n�e�a�u�,� �d�e�v�e�l�o�p�e�d� �f�l�e�x�i�b�l�e� �f�u�s�e�d� �s�i�l�i�c�a� �t�u�b�i�n�g� 

�(�3�6�)�.� �T�h�e� �i�m�p�a�c�t� �o�f� �t�h�i�s� �m�a�t�e�r�i�a�l� �o�n� �g�a�s� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� 

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

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

�m�i�c�r�o�s�c�a�l�e� �L�C� �i�n�v�e�s�t�i�g�a�t�o�r�s� �a�n� �i�n�t�e�r�e�s�t�i�n�g� �p�o�s�s�i�b�i�l�i�t�y�.� 

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

�f�u�s�e�d� �s�i�l�i�c�a� �c�o�l�u�m�n�s� �f�o�r� �m�i�c�r�o�s�c�a�l�e� �H�P�L�C�.� �A�s� �p�e�r�h�a�p�s� 

�a�n�t�i�c�i�p�a�t�e�d�,� �I�s�h�i�i� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �w�e�r�e� �o�n�e� �t�e�a�m� �w�h�i�l�e� �F�r�a�n�k� 

�Y�a�n�g�,� �t�h�e�n� �w�o�r�k�i�n�g� �f�o�r� �V�a�r�i�a�n� �A�s�s�o�c�i�a�t�e�s�,� �w�a�s� �t�h�e� �o�t�h�e�r� 

�m�a�j�o�r� �i�n�v�e�s�t�i�g�a�t�o�r�.� �I�n� �f�a�c�t�,� �Y�a�n�g� �h�a�s� �t�h�e� �d�i�s�t�i�n�c�t�i�o�n� �o�f� 

�b�e�i�n�g� �t�h�e� �f�i�r�s�t� �s�c�i�e�n�t�i�s�t� �t�o� �p�u�b�l�i�s�h� �o�n� �m�i�c�r�o�s�c�a�l�e� �L�C� �i�n� 

�f�u�s�e�d� �s�i�l�i�c�a� �c�o�l�u�m�n�s�.� 
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�M�I�C�R�O�B�O�R�E� �C�O�L�U�M�N�S� �F�O�R� �R�A�P�I�D� �L�C� �S�E�P�A�R�A�T�I�O�N�S� 

� � 

� � � 
�I�N�T�E�G�R�A�L� �C�U�R�V�E� � � � � � � � � � 

� � 

�T�I�M�E� �I�N� �S�E�C�O�N�D�S� 

�F�i�g�u�r�e� �4�.� �F�a�s�t� �M�i�c�r�o�b�o�r�e� �H�P�L�C� �(�R�e�f� �3�4�)� 
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�T�h�i�s� �f�i�r�s�t� �p�a�p�e�r� �b�y� �Y�a�n�g� �e�x�a�m�i�n�e�d� �f�u�s�e�d� �s�i�l�i�c�a� �t�u�b�i�n�g� 

�f�o�r� �o�p�e�n� �t�u�b�u�l�a�r� �L�C� �(�3�7�)�.� �C�o�l�u�m�n�s� �o�f� �1�0�0�,� �5�0�,� �a�n�d� �3�0� �p�m� �i�d� 

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

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

�t�e�c�h�n�i�q�u�e� �a�n�d� �m�o�b�i�l�e� �p�h�a�s�e� �f�l�o�w� �w�a�s� �d�e�l�i�v�e�r�e�d� �b�y� �a� �F�A�M�I�L�I�C�E�M� 

�(�J�a�s�c�o� �S�c�i�e�n�t�i�f�i�c� �C�o�.�,� �O�s�a�k�a�,� �J�a�p�a�n�)� �s�y�r�i�n�g�e� �p�u�m�p�.� �P�e�r�h�a�p�s� 

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

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

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

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

�(�F�i�g�u�r�e� �5�)�.� �I�n� �a�n� �e�n�s�u�i�n�g� �p�a�p�e�r�,� �Y�a�n�g� �c�o�i�n�e�d� �t�h�e� �t�e�r�m� �"�o�n�-� 

�c�o�l�u�m�n�"� �d�e�t�e�c�t�i�o�n� �a�n�d� �s�h�o�w�e�d� �i�t�s� �a�p�p�l�i�c�a�t�i�o�n� �t�o� �p�a�c�k�e�d� �f�u�s�e�d� 

�S�i�l�i�c�a� �c�o�l�u�m�n�s� �(�3�8�)�.� �T�h�e� �l�a�t�t�e�r� �p�u�b�l�i�c�a�t�i�o�n� �a�l�s�o� �e�x�a�m�i�n�e�d� 

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

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

�t�h�e� �o�n�-�c�o�l�u�m�n� �s�y�s�t�e�m�,� �t�h�e� �a�u�t�h�o�r� �w�a�s� �a�b�l�e� �t�o� �s�h�o�w� �a�n� 

�i�n�c�r�e�a�s�e� �i�n� �s�e�n�s�i�t�i�v�i�t�y� �o�f� �2�0� �f�o�l�d� �o�v�e�r� �c�o�n�v�e�n�t�i�o�n�a�l� 

�s�y�s�t�e�m�s�.� 

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

�f�a�c�t�o�r�,� �f�,� �w�h�i�c�h� �i�s� �g�i�v�e�n� �i�n� �e�q�u�a�t�i�o�n� �4�.� 

�f�=� �S� �X� �E� �=� �(�S�/�N�p�i�c�r�o�)�/�(�S�/�N�c�o�n�v�)� �X� �(�E�V�c�o�n�v�/�E�V�m�i�c�r�o�)� �(�4�3� 

�w�h�e�r�e� �S�/�N� �=� �s�i�g�n�a�l� �t�o� �n�o�i�s�e� �r�a�t�i�o� �f�o�r� �t�h�e� �m�i�c�r�o�s�c�a�l�e� 

�o�r� �c�o�n�v�e�n�t�i�o�n�a�l� �s�y�s�t�e�m� 

�E�V� �t�h�e� �e�l�u�t�i�o�n� �v�o�l�u�m�e� �o�f� �t�h�e� �m�o�d�e�l� �c�o�m�p�o�u�n�d� 

�3�4



� � 

�M�O�N�O�C�H�R�O�M�A�T�O�R� �E�X�I�T� �S�L�I�T� �o�e� 

� � � � � � � � � � � 

� � � � 

�L�I�G�H�T� �F�O�C�U�S�I�N�G� 
�S�O�U�R�C�E� �o�r�p�r�i�c�s� �P�H�O�T�O�O�E�T�E�C�T�O�R� 

�-�G�-�-� �P�H�O�T�O�M�U�L�T�I�P�L�I�E�R� 
�M�O�N�O�C�H�R�O�M�A�T�O�R� �8� �C�r�i�P�u�E�R�)� 

�F�U�S�E�D� �S�I�L�I�C�A� �P�A�C�K�E�D� �C�O�L�U�M�N� 

� � 

� � � � � � 

�F�R�I�T� 
�4� �G�R�A�T�I�N�G� 

�s�/�s� 
�U�G�H�T� �F�O�C�U�S�I�N�G� 

�s�o�u�a�c�e� �o�r�n�c�s� �'� �P�O�L�Y�C�H�R�O�M�A�T�O�R� 

�F�U�S�E�D� �S�I�L�I�C�A� �P�A�C�K�E�D� �C�O�L�U�M�N� �A�R�R�A�Y� �D�E�T�E�C�T�O�R� 

�F�i�g�u�r�e� �5�.� �O�n�-�C�o�l�u�m�n� �D�e�t�e�c�t�i�o�n� �C�e�l�l� �(�R�e�f� �3�8�)� 
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�S� �i�s� �f�u�r�t�h�e�r� �d�e�f�i�n�e�d� �a�s� 

�S� �=� �(�B�m�i�c�r�o�/�P�c�o�n�v�)� �X� �(�N�c�o�n�v�/�M�m�i�c�r�o�)� �=� �B� �X�N� �(�5�)� 

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

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

�F�o�r� �a� �5�0� �p�m� �o�n�-�c�o�l�u�m�n� �c�e�l�l� �a�n�d� �a� �1� �c�m� �c�o�n�v�e�n�t�i�o�n�a�l� �c�e�l�l�,� 

�B� �=� �5�0� �p�m�/�1�l� �c�m� �=� �1�/�2�0�0� 

�Y�a�n�g� �m�e�a�s�u�r�e�s� �N� �a�s� 

�N� �=� �1�0�7�4�/�1�.�5� �X� �1�0�7�°� �=� �6�.�6�7� 

�T�h�e�r�e�f�o�r�e�,� 

�S� �=� �1�/�2�0�0� �X� �6�.�6�7� �=� �0�.�0�3�3�0� 

�E� �i�s� �a�r�b�i�t�r�a�r�i�l�y� �c�h�o�s�e�n� �a�s� �6�2�5� 

�T�h�u�s�,� 

�f� �=� �0�.�0�3�3�0� �X� �6�2�5� �=� �2�0�.�8� 

�F�r�o�m� �t�h�e� �a�u�t�h�o�r ��s� �p�o�i�n�t� �o�f� �v�i�e�w�,� �t�h�e�s�e� �a�s�s�u�m�p�t�i�o�n�s� �a�r�e� �n�o�t� 

�r�e�a�l�i�s�t�i�c�.� �T�h�e� �n�o�i�s�e� �o�b�s�e�r�v�e�d� �i�n� �m�o�s�t� �U�V�/�V�i�s� �d�e�t�e�c�t�o�r�s� �i�s� 

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

�c�o�l�u�m�n� �o�r� �s�t�a�n�d�a�r�d� �c�e�l�l�s�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �S� �s�h�o�u�l�d� �r�e�m�a�i�n� �a�t� 

�1�/�2�0�0�.� �I�n� �a�d�d�i�t�i�o�n�,� �Y�a�n�g� �a�s�s�u�m�e�s� �t�h�a�t� �t�h�e� �e�l�u�t�i�o�n� �v�o�l�u�m�e� �o�f� 

�a� �p�e�a�k� �f�r�o�m� �a� �1�5�0� �X� �2� �m�m� �c�o�l�u�m�n� �i�s� �1�0�0� �w�l�.� �F�r�o�m� �t�h�e� 

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

�t�h�e� �p�r�o�b�e� �w�a�s� �0�.�8�8�.� �A� �1�5�0� �m�m� �c�o�l�u�m�n� �p�a�c�k�e�d� �w�i�t�h� �5� �u�m� 

�p�a�r�t�i�c�l�e�s� �h�a�s� �a� �d�e�a�d� �t�i�m�e� �o�f� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1�.�2� �m�i�n� �w�h�e�n� 

�o�p�e�r�a�t�e�d� �a�t� �a�n� �o�p�t�i�m�u�m� �f�l�o�w� �o�f� �1�2�0� �w�l�/�m�i�n� �(�1�)�.� �I�f� �t�h�e� �c�o�l�u�m�n� 

�a�t�t�a�i�n�s� �t�h�e�o�r�e�t�i�c�a�l� �e�f�f�i�c�i�e�n�c�y� �(�1�5�,�0�0�0� �p�l�a�t�e�s�)�,� �t�h�e� �v�o�l�u�m�e� 

�o�f� �t�h�e� �p�e�a�k� �i�s� �e�a�s�i�l�y� �c�a�l�c�u�l�a�t�e�d�.� 
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�N� �=� �(�t�p�/�o�)�?� �{�6�}� 

�1�5�,�0�0�0� �=� �(�2�.�2�6�/�o�)�2� �;� �o�%� �=� �0�.�0�1�8� �m�i�n� 

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

�d�e�v�i�a�t�i�o�n�s� �f�r�o�m� �t�h�e� �m�e�a�n�.� �T�h�u�s�,� 

�5�0� �=� �0�.�0�9� �m�i�n� 

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

�0�.�0�9� �m�i�n� �X� �1�2�0� �p�l�/�m�i�n� �=� �1�0�.�8� �p�l� 

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

�0�.�1�6� �w�l�,� �t�h�e� �f�i�n�a�l� �c�a�l�c�u�l�a�t�i�o�n� �g�i�v�e�s� 

�E� �=� �0�.�1�6�/�1�0�.�8� �=� �6�7�.�5� 

�f� �1�/�2�0�0� �X� �6�7�.�5� �=� �0�.�3�3�8� 

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

�t�h�e� �c�o�n�v�e�n�t�i�o�n�a�l� �s�y�s�t�e�m�.� �E�x�p�e�r�i�m�e�n�t�a�l� �w�o�r�k� �i�n� �t�h�i�s� �t�h�e�s�i�s� 

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

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

�I�s�h�i�i� �a�n�d� �T�a�k�e�u�c�h�i� �(�3�9�)� �t�o�o�k� �a�d�v�a�n�t�a�g�e� �o�f� �t�h�e� �n�e�w� �f�u�s�e�d� 

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

�(�4�0�)�.� �I�n� �t�h�a�t� �p�u�b�l�i�c�a�t�i�o�n�,� �t�h�e�y� �d�i�s�c�o�v�e�r�e�d� �t�h�a�t� �P�y�r�e�x�!� 

�g�l�a�s�s� �t�u�b�i�n�g� �w�a�s� �s�u�p�e�r�i�o�r� �t�o� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �a�n�d� �T�e�f�l�o�n�!!"� 

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

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

�o�t�h�e�r� �c�o�l�u�m�n� �t�y�p�e�s�.� �E�f�f�i�c�i�e�n�c�i�e�s� �c�o�m�p�a�r�a�b�l�e� �t�o� �s�t�a�n�d�a�r�d� �H�P�L�C� 

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

�a� �9�.�8� �c�m� �X� �2�5�0� �w�m� �c�o�l�u�m�n� �w�e�r�e� �e�x�a�m�i�n�e�d� �a�n�d� �n�o� �d�e�l�e�t�e�r�i�o�u�s� 

�e�f�f�e�c�t�s� �w�e�r�e� �n�o�t�i�c�e�d� �f�o�r� �a� �0�.�0�5� �u�l� �i�n�j�e�c�t�i�o�n� �o�f� �m�o�d�e�r�a�t�e�l�y� 
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�r�e�t�a�i�n�e�d� �s�o�l�u�t�e�s� �(�k�>�2�)�.� �U�p� �t�o� �0�.�1� �w�l� �w�a�s� �i�n�j�e�c�t�e�d� �o�n�t�o� �a� 

�3�0�.�0� �X� �2�5�0� �w�m� �c�o�l�u�m�n� �w�i�t�h�o�u�t� �d�i�s�r�u�p�t�i�n�g� �p�e�r�f�o�r�m�a�n�c�e�.� 

�T�h�e� �f�o�l�l�o�w�i�n�g� �y�e�a�r�,� �Y�a�n�g� �p�u�b�l�i�s�h�e�d� �a� �p�a�p�e�r� �o�n� �p�a�c�k�e�d� 

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

�f�r�e�q�u�e�n�t�l�y� �c�i�t�e�d� �a�r�t�i�c�l�e�s� �(�5�)�.� �Y�a�n�g� �s�h�o�w�e�d� �a� �1� �m� �l�o�n�g� �c�o�l�u�m�n� 

�t�h�a�t� �g�e�n�e�r�a�t�e�d� �1�1�0�,�0�0�0� �p�l�a�t�e�s� �i�n� �2�5� �m�i�n�u�t�e�s�.� �F�u�r�t�h�e�r�m�o�r�e�,� �h�e� 

�d�e�m�o�n�s�t�r�a�t�e�d� �a� �p�r�i�o�r�i�t�y� �p�o�l�l�u�t�a�n�t� �s�e�p�a�r�a�t�i�o�n� �o�f� �1�6� 

�p�o�l�y�c�y�c�l�i�c� �a�r�o�m�a�t�i�c� �h�y�d�r�o�c�a�r�b�o�n�s� �(�P�A�H�s�)� �o�n� �a� �5�0�,�0�0�0� �p�l�a�t�e� 

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

�e�f�f�i�c�i�e�n�c�y� �s�e�p�a�r�a�t�i�o�n�s� �w�i�t�h� �s�t�a�n�d�a�r�d� �H�P�L�C�-�l�i�k�e� �c�a�p�a�c�i�t�i�e�s� 

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

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

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

�s�a�m�p�l�i�n�g� �t�e�c�h�n�i�q�u�e�.� 

�U�n�t�i�l� �t�h�i�s� �t�i�m�e�,� �Y�a�n�g� �w�a�s� �t�h�e� �o�n�l�y� �r�e�s�e�a�r�c�h�e�r� �c�a�p�a�b�l�e� 

�o�f� �m�a�k�i�n�g� �h�i�g�h� �p�l�a�t�e� �c�o�u�n�t� �"�H�P�L�C�"� �c�o�l�u�m�n�s�.� �I�s�h�i�i� �a�n�d� �o�t�h�e�r�s� 

�h�a�d� �b�e�e�n� �a�b�l�e� �t�o� �m�a�k�e� �f�a�i�r�l�y� �e�f�f�i�c�i�e�n�t�,� �s�h�o�r�t� �c�o�l�u�m�n�s� �(�<�3�0� 

�c�m�)�;� �c�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �J�a�p�a�n�e�s�e� �w�o�r�k�e�r�s� �d�e�c�i�d�e�d� �t�o� �c�o�u�p�l�e� 

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

�e�f�f�i�c�i�e�n�c�y� �(�4�1�)�.� �A� �s�i�m�i�l�a�r� �a�p�p�r�o�a�c�h� �h�a�d� �b�e�e�n� �t�r�i�e�d� �b�y� 

�V�e�r�z�e�l�e� �a�n�d� �D�e�w�a�e�l�e� �(�4�2�)� �a�n�d� �y�i�e�l�d�e�d� �s�o�m�e� �s�u�c�c�e�s�s�.� �T�h�e�y� 

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

�w�o�u�l�d� �a�l�l�o�w� �c�o�n�c�a�t�e�n�a�t�i�o�n� �t�o� �w�o�r�k�.� �I�s�h�i�i� �a�n�d� �T�a�k�e�u�c�h�i� �s�h�o�w�e�d� 

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

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

�T�h�e� �m�a�j�o�r� �d�r�a�w�b�a�c�k� �o�f� �I�s�h�i�i ��s� �l�a�t�e�s�t� �w�o�r�k� �w�a�s� �t�h�e� �n�e�e�d� 

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

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

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

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

�s�u�c�h� �a� �s�t�u�d�y� �(�4�3�)�.� �T�h�i�s� �1�9�8�3� �p�a�p�e�r� �p�r�o�v�e�d� �t�o� �b�e� �o�n�e� �o�f� �t�h�e� 

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

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

�B�r�i�s�t�o�w� �(�4�4�)�,� �N�o�v�o�t�n�y� �c�o�u�l�d� �m�a�k�e� �t�h�e� �f�i�r�s�t� �d�i�r�e�c�t� �c�o�m�p�a�r�i�s�o�n� 

�o�f� �s�t�a�n�d�a�r�d� �b�o�r�e� �a�n�d� �p�a�c�k�e�d� �c�a�p�i�l�l�a�r�y� �L�C� �i�n� �t�e�r�m�s� �o�f� 

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

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

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

�c�h�o�s�e�n� �a�s� �a� �v�a�l�u�e� �t�y�p�i�c�a�l� �o�f� �c�o�n�v�e�n�t�i�o�n�a�l� �p�a�c�k�i�n�g� 

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

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

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

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

�t�h�e�n� �v�a�r�i�e�d� �a�n�d� �t�h�e� �d�e�n�s�e�s�t� �s�l�u�r�r�y� �(�3�.�8� �t�o� �1�)� �p�r�o�v�e�d� �t�o� �b�e� 

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

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

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

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

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

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

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

�l�a�t�e�r�.� 

�O�n�e� �o�f� �t�h�e� �s�t�r�o�n�g� �p�r�o�p�o�n�e�n�t�s� �o�f� �m�i�c�r�o� �L�C�,� �D�r�.� 

�K�i�y�o�k�a�g�a�t�s�u� �J�i�n�n�o�,� �e�n�t�e�r�e�d� �t�h�e� �f�i�e�l�d� �a�t� �t�h�i�s� �t�i�m�e� �(�4�5�)�.� �H�i�s� 

�i�n�i�t�i�a�l� �w�o�r�k� �d�e�m�o�n�s�t�r�a�t�e�d� �l�o�n�g� �p�a�c�k�e�d� �g�l�a�s�s� �c�o�l�u�m�n�s�,� �u�p� �t�o� �5� 

�m�.� �P�a�r�t�i�c�l�e�s� �o�f� �3�,� �5�,� �a�n�d� �1�0� �w�m� �a�n�d� �c�o�l�u�m�n� �d�i�a�m�e�t�e�r�s� �o�f� �8�0� 

�t�o� �2�5�0� �p�m� �w�e�r�e� �e�x�a�m�i�n�e�d�.� �T�h�e� �r�e�s�u�l�t�s� �e�c�h�o�e�d� �Y�a�n�g ��s� 

�i�n�d�i�c�a�t�i�o�n� �t�h�a�t� �2�0�0� �u�m� �w�a�s� �t�h�e� �b�e�s�t� �d�i�a�m�e�t�e�r� �f�o�r� �p�a�c�k�e�d� 

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

�t�h�i�s� �w�o�r�k� �w�a�s� �t�h�e� �c�o�n�c�e�p�t� �o�f� �t�e�m�p�e�r�a�t�u�r�e� �p�r�o�g�r�a�m�m�e�d� �L�C�.� 

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

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

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

�m�i�c�r�o�b�o�r�e� �c�o�l�u�m�n�s� �(�2�1�,�4�0�,�4�7�)�.� �A�n� �i�n�c�r�e�a�s�e� �i�n� �c�o�l�u�m�n� 

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

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

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

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

�(�4�8�)�.� 

�T�h�e� �r�e�s�e�a�r�c�h� �a�c�t�i�v�i�t�i�e�s� �f�r�o�m� �1�9�8�3� �t�o� �t�h�e� �p�r�e�s�e�n�t� �c�a�n� �b�e� 

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

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

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

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

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

�p�r�a�c�t�i�c�a�l� �o�p�t�i�o�n�.� 

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

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

�t�e�r�m�i�n�a�t�i�o�n�.� �H�a�r�t�w�i�c�k� �a�n�d� �M�e�y�e�r� �(�4�9�)� �e�x�t�e�n�d�e�d� �t�h�e� �u�s�a�b�l�e� 

�p�a�r�t�i�c�l�e� �d�i�a�m�e�t�e�r� �f�o�r� �m�i�c�r�o�b�o�r�e� �c�o�l�u�m�n�s� �d�o�w�n� �t�o� �5� �u�m�.� 

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

�s�i�l�i�c�a� �c�o�l�u�m�n�s� �w�i�t�h� �n�o�r�m�a�l� �p�h�a�s�e� �s�o�r�b�e�n�t�s� �(�5�0�)�.� �A� �s�t�u�d�e�n�t� �o�f� 

�N�o�v�o�t�n�y�,� �D�.�C�.� �S�h�e�l�l�y�,� �a�t�t�e�m�p�t�e�d� �t�o� �e�l�u�c�i�d�a�t�e� �t�h�e� �m�e�c�h�a�n�i�s�m� 

�o�f� �c�o�l�u�m�n� �p�a�c�k�i�n�g� �(�5�1�,�5�2�)� �a�n�d� �t�o� �o�p�t�i�m�i�z�e� �t�h�e� �p�r�o�c�e�s�s�.� �S�o�m�e� 

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

�m�i�c�r�o�p�a�r�t�i�c�u�l�a�t�e� �s�i�l�i�c�a� �b�a�s�e�d� �m�a�t�e�r�i�a�l� �(�5�3�)�.� �K�e�n�n�e�d�y� �a�n�d� 

�J�o�r�g�e�n�s�o�n� �p�u�b�l�i�s�h�e�d� �m�e�t�h�o�d�o�l�o�g�i�e�s� �f�o�r� �p�a�c�k�i�n�g� �5� �u�m� �p�a�r�t�i�c�l�e�s� 

�i�n�t�o� �2�0� �w�m� �c�o�l�u�m�n�s� �(�5�4�)�.� �S�e�v�e�r�a�l� �w�o�r�k�e�r�s� �a�d�d�r�e�s�s�e�d� �t�h�e� �n�o�t�e�d� 

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

�o�c�c�a�s�i�o�n�a�l�l�y� �b�e�c�o�m�e� �b�r�i�t�t�l�e�.� �A�r�m�s�t�r�o�n�g� �a�n�d� �H�a�n� �(�5�5�)� �u�s�e�d� 

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

�s�i�l�i�c�a� �t�u�b�i�n�g�.� �V�e�r�z�e�l�e� �a�n�d� �r�e�s�e�a�r�c�h�e�r�s� �i�n�v�e�s�t�i�g�a�t�e�d� �t�h�e� 

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

�i�m�p�r�o�v�e� �s�t�a�b�i�l�i�t�y� �(�5�6�)�.� �O�n�e� �s�t�u�d�y� �i�n� �t�h�i�s� �t�h�e�s�i�s� �e�x�a�m�i�n�e�s� 

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

�o�f� �t�h�e� �c�o�l�u�m�n� �t�e�r�m�i�n�a�t�i�o�n� �w�a�r�r�a�n�t�e�d� �e�x�p�e�r�i�m�e�n�t�a�t�i�o�n�.� �T�h�e� 
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�c�r�i�t�i�c�a�l� �n�a�t�u�r�e� �o�f� �i�n�j�e�c�t�o�r�/�c�o�l�u�m�n� �a�n�d� �c�o�l�u�m�n�/�d�e�t�e�c�t�o�r� 

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

�a�l�r�e�a�d�y� �b�e�e�n� �o�p�t�i�m�i�z�e�d� �(�2�1�)� �b�u�t� �a� �m�o�r�e� �d�u�r�a�b�l�e� �s�c�r�e�e�n� �w�a�s� 

�d�e�s�i�r�e�d�.� �N�o�v�o�t�n�y�,� �S�h�e�l�l�y�,� �a�n�d� �G�l�u�c�k�m�a�n� �(�5�7�)� �u�t�i�l�i�z�e�d� �a� 

�p�o�r�o�u�s� �T�e�f�l�o�n�!!"� �d�i�s�c� �<�i�m�m� �i�n� �l�e�n�g�t�h� �a�n�d� �c�o�r�e�d� �t�o� �m�a�t�c�h� �t�h�e� 

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

�c�e�m�e�n�t�e�d� �b�e�h�i�n�d� �t�h�e� �d�i�s�c� �t�o� �h�o�l�d� �i�t� �i�n� �p�l�a�c�e�.� �P�e�r�h�a�p�s� �t�h�e� 

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

�D�o�w� �C�h�e�m�i�c�a�l�.� �U�s�i�n�g� �t�h�e� �c�o�m�p�a�n�y ��s� �a�d�v�a�n�c�e�d� �k�n�o�w�l�e�d�g�e� �o�f� 

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

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

�r�e�q�u�i�r�e�d� �n�o� �e�x�t�e�r�i�o�r� �s�u�p�p�o�r�t� �t�o� �k�e�e�p� �i�t� �i�n� �p�l�a�c�e� �(�u�p� �t�o� �8�0�0�0� 

�p�s�i�)�.� 

�A�d�v�a�n�c�e�s� �i�n� �i�n�j�e�c�t�i�o�n�/�d�e�t�e�c�t�i�o�n� �s�y�s�t�e�m�s� �w�e�r�e� �a�l�s�o� �t�h�e� 

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

�w�a�s� �p�e�r�f�o�r�m�e�d� �b�y� �J�o�r�g�e�n�s�o�n� �a�n�d� �G�u�t�h�r�i�e� �(�5�9�)� �a�n�d� �a�l�l�o�w�e�d� 

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

�g�r�a�d�u�a�t�e� �s�t�u�d�e�n�t� �o�f� �J�o�r�g�e�n�s�o�n�,� �R�.�T�.� �K�e�n�n�e�d�y�,� �d�e�v�e�l�o�p�e�d� �a� 

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

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

�t�y�p�i�c�a�l� �o�f� �s�t�a�t�i�c� �s�p�l�i�t�t�i�n�g� �(�6�0�)�.� �T�h�e� �d�e�v�e�l�o�p�m�e�n�t� �o�f� �t�h�e� 

�m�o�v�i�n�g� �i�n�j�e�c�t�i�o�n� �i�n�t�e�r�f�a�c�e� �i�n� �S�F�C� �(�6�1�)� �w�a�s� �a�l�s�o� �a�p�p�l�i�e�d� �t�o� 

�m�i�c�r�o�c�o�l�u�m�n� �L�C�.� �D�e�v�e�l�o�p�m�e�n�t�s� �i�n� �d�e�t�e�c�t�i�o�n� �w�e�r�e� �m�o�s�t�l�y� �a�i�m�e�d� 

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

�u�s�a�g�e�.� �V�e�r�z�e�l�e� �a�n�d� �h�i�s� �g�r�o�u�p� �(�6�2�)� �a�n�d� �V�e�r�w�e�i�j� �a�n�d� �K�i�e�n�t�z� 
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�(�6�3�)� �d�e�s�c�r�i�b�e�d� �t�h�e� �n�e�c�e�s�s�a�r�y� �m�o�d�i�f�i�c�a�t�i�o�n�s� �f�o�r� �a� �U�V�/�V�i�s� 

�d�e�t�e�c�t�o�r�.� �J�i�n�n�o� �e�t�.�a�l�.� �(�6�4�)� �a�n�d� �P�a�w�l�i�s�z�y�n� �(�6�5�)� �e�m�p�l�o�y�e�d� 

�r�e�f�r�a�c�t�i�v�e� �i�n�d�e�x� �s�y�s�t�e�m�s� �f�o�r� �d�e�t�e�c�t�i�o�n�.� �J�o�r�g�e�n�s�o�n� �(�6�6�)� �a�n�d� 

�C�a�p�r�i�o�l�i� �(�6�7�)� �d�e�m�o�n�s�t�r�a�t�e�d� �t�h�e� �c�o�u�p�l�i�n�g� �o�f� �m�i�c�r�o�s�c�a�l�e� �L�C� �a�n�d� 

�F�A�B�/�M�S�.� �T�h�e� �g�r�o�w�t�h� �o�f� �c�a�p�i�l�l�a�r�y� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �h�a�s� 

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

�c�o�n�s�i�d�e�r�a�t�i�o�n�s� �a�r�e� �e�v�e�n� �m�o�r�e� �s�t�r�i�n�g�e�n�t� �f�o�r� �C�E�.� �A� �r�e�c�e�n�t� 

�b�r�e�a�k�t�h�r�o�u�g�h� �i�n� �U�V�/�V�i�s� �d�e�t�e�c�t�i�o�n� �w�a�s� �i�n�t�r�o�d�u�c�e�d� �a�t� �t�h�e� �1�0�t�h� 

�I�n�t�e�r�n�a�t�i�o�n�a�l� �S�y�m�p�o�s�i�u�m� �o�n� �C�a�p�i�l�l�a�r�y� �C�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�6�8�)�.� �A� 

�j�o�i�n�t� �e�f�f�o�r�t� �b�e�t�w�e�e�n� �L�C� �P�a�c�k�i�n�g�s�,� �a� �s�u�p�p�l�i�e�r� �o�f� �p�a�c�k�e�d� 

�c�a�p�i�l�l�a�r�i�e�s�,� �a�n�d� �K�o�n�t�r�o�n�,� �a� �E�u�r�o�p�e�a�n� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n� 

�c�o�m�p�a�n�y�,� �y�i�e�l�d�e�d� �a� �p�o�s�s�i�b�l�e� �s�o�l�u�t�i�o�n�.� �A� �p�i�e�c�e� �o�f� �s�m�a�l�l� �i�d� 

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

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

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

�l�i�m�i�t�s� �i�m�p�r�o�v�e�d� �b�y� �3� �t�o� �4� �o�r�d�e�r�s� �o�f� �m�a�g�n�i�t�u�d�e�.� 

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

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

�r�e�a�l�m�.� �S�e�p�a�r�a�t�i�o�n�s� �o�f� �s�t�e�r�o�i�d�s� �i�n� �b�l�o�o�d� �a�n�d� �u�r�i�n�e� �(�6�9�)�,� 

�p�r�o�s�t�a�g�l�a�n�d�i�n�s� �(�7�0�)�,� �c�a�t�e�c�h�o�l�a�m�i�n�e�s� �(�7�1�)�,� �a�n�d� �b�i�o�p�o�l�y�m�e�r�s� 

�(�7�2�,�7�3�)� �h�a�v�e� �b�e�e�n� �p�e�r�f�o�r�m�e�d�.� �T�h�e� �h�i�g�h� �e�f�f�i�c�i�e�n�c�y� �o�f� �m�i�c�r�o� 

�L�C� �c�o�l�u�m�n�s� �h�a�s� �p�r�o�v�e�d� �i�n�v�a�l�u�a�b�l�e�.� �P�e�r�h�a�p�s� �t�h�e� �o�t�h�e�r� �m�o�s�t� 

�w�i�d�e�l�y� �u�s�e�d� �a�p�p�l�i�c�a�t�i�o�n�s� �e�n�t�a�i�l�e�d� �m�u�l�t�i�d�i�m�e�n�s�i�o�n�a�l� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �a�n�d�/�o�r� �d�e�t�e�c�t�i�o�n�.� �M�i�c�r�o� �L�C� �c�o�u�p�l�e�d� �t�o� 

�c�a�p�i�l�l�a�r�y� �G�C� �(�7�4�,�7�5�)�,� �m�a�s�s� �s�p�e�c�t�r�o�m�e�t�r�y� �(�7�6�)�,� �c�a�p�i�l�l�a�r�y� 
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�e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �(�7�7�,�7�8�)�,� �a�n�d� �f�l�a�m�e� �b�a�s�e�d� �d�e�t�e�c�t�o�r�s� �(�7�9�,�8�0�)� 

�w�e�r�e� �s�o�m�e� �o�f� �t�h�e� �c�o�n�f�i�g�u�r�a�t�i�o�n�s� �d�e�m�o�n�s�t�r�a�t�e�d�.� �O�t�h�e�r� 

�s�e�p�a�r�a�t�i�o�n�s� �i�n�c�l�u�d�e�d� �c�o�a�l� �p�r�o�d�u�c�t�s� �(�8�1�)� �a�n�d� �P�A�H� �a�n�a�l�y�s�e�s� 

�(�8�2�)�.� 
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�C�h�a�p�t�e�r� �3� 

�E�x�p�e�r�i�m�e�n�t�a�l� �M�a�t�e�r�i�a�l�s� �a�n�d� �M�e�t�h�o�d�s� 
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�E�x�p�e�r�i�m�e�n�t�a�l� 

�C�o�l�u�m�n� �C�o�n�s�t�r�u�c�t�i�o�n� 

�M�i�c�r�o� �I�o�n� �C�h�r�o�m�a�t�o�g�r�a�p�h�y� �C�o�l�u�m�n�s� 

�M�i�c�r�o�b�o�r�e� �I�C� �c�o�l�u�m�n�s� �w�e�r�e� �p�r�e�p�a�r�e�d� �f�r�o�m� �s�t�a�n�d�a�r�d� �2� �m�m� 

�i�d� �T�e�f�l�o�n!"� �t�u�b�i�n�g�.� �A�n� �o�l�d� �D�i�o�n�e�x� �A�S�4�A� �a�n�i�o�n� �e�x�c�h�a�n�g�e� �c�o�l�u�m�n� 

�t�h�a�t� �h�a�d� �b�e�e�n� �b�r�o�k�e�n� �i�n� �a� �p�r�e�v�i�o�u�s� �t�h�e�s�i�s� �(�8�3�)� �s�e�r�v�e�d� �a�s� �a� 

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

�m�a�t�e�r�i�a�l� �w�a�s� �w�a�s�h�e�d� �i�n� �1�0�0� �m�M� �N�a�O�H� �f�o�l�l�o�w�e�d� �b�y� �a� �r�i�n�s�e� �w�i�t�h� 

�d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �b�e�f�o�r�e� �u�s�e�.� �T�h�e� �t�u�b�i�n�g� �w�a�s� �c�u�t� �s�o� �t�h�a�t� �a�f�t�e�r� 

�f�l�a�r�i�n�g� �t�h�e� �e�n�d�s�,� �t�h�e� �t�o�t�a�l� �l�e�n�g�t�h� �w�a�s� �2�5�0� �m�m�.� �A� �s�t�a�n�d�a�r�d� 

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

�w�i�t�h� �a� �p�i�e�c�e� �o�f� �0�.�4�5� �u�m� �T�e�f�l�o�n�!� �f�i�l�t�e�r� �m�a�t�e�r�i�a�l� �t�o� �s�e�r�v�e� �a�s� 

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

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

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

�d�e�i�o�n�i�z�e�d� �w�a�t�e�r� �a�t� �a� �s�l�u�r�r�y� �r�a�t�i�o� �o�f� �1� �g� �o�f� �p�a�c�k�i�n�g� �t�o� �3�0� �m�l� 

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

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

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

�i�n�t�o� �t�h�e� �b�l�a�n�k� �a�n�d� �c�a�u�s�e�d� �t�h�e� �b�e�d� �t�o� �a�c�c�u�m�u�l�a�t�e�.� �T�h�e� 

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

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

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

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

�F�i�g�u�r�e� �6�.� �A� �h�i�g�h� �p�r�e�s�s�u�r�e� �L�C� �p�u�m�p� �(�E�M� �S�c�i�e�n�c�e� �M�A�C�S� �7�0�0�,� 

�C�h�e�r�r�y� �H�i�l�l�,� �N�J�)� �d�e�l�i�v�e�r�e�d� �h�i�g�h� �p�u�r�i�t�y� �w�a�t�e�r� �t�o� �a� �s�t�i�r�r�e�d� 

�s�l�u�r�r�y� �r�e�s�e�r�v�o�i�r� �(�M�i�c�r�o�m�e�r�i�t�i�c�s� �m�o�d�e�l� �7�0�5�,� �N�o�r�c�r�o�s�s�,� �G�A�)�.� 

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

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

�b�e�i�n�g� �d�i�s�p�l�a�c�e�d� �i�n�t�o� �t�h�e� �c�o�l�u�m�n� �b�l�a�n�k�.� �W�i�t�h� �t�h�i�s� �p�a�c�k�i�n�g� 

�s�e�t�u�p�,� �c�o�l�u�m�n� �s�y�n�t�h�e�s�i�s� �w�a�s� �p�o�s�s�i�b�l�e� �i�n� �1�5� �m�i�n�u�t�e�s� �c�o�m�p�a�r�e�d� 

�t�o� �t�h�e� �s�e�v�e�r�a�l� �h�o�u�r�s� �r�e�q�u�i�r�e�d� �b�y� �t�h�e� �m�a�n�u�a�l� �m�e�t�h�o�d�.� 

�P�a�c�k�e�d� �F�u�s�e�d� �S�i�l�i�c�a� �C�o�l�u�m�n�s� 

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

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

�e�x�a�m�i�n�i�n�g� �t�h�e� �w�a�l�l� �p�r�e�t�r�e�a�t�m�e�n�t� �e�f�f�e�c�t�s� �(�8�4�)�,� �h�i�g�h� �p�r�e�s�s�u�r�e� 

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

�s�l�u�r�r�i�e�d� �a�t� �a� �r�a�t�i�o� �o�f� �1�g� �t�o� �4� �m�l� �o�f� �i�s�o�p�r�o�p�a�n�o�l� �(�4�2�)�.� �T�h�e� 

�s�u�s�p�e�n�s�i�o�n� �w�a�s� �t�h�e�n� �s�o�n�i�c�a�t�e�d� �f�o�r� �1�0�-�1�5� �m�i�n�u�t�e�s� �a�n�d� �p�l�a�c�e�d� 

�i�n� �a� �h�i�g�h� �p�r�e�s�s�u�r�e� �r�e�s�e�r�v�o�i�r� �c�o�n�s�t�r�u�c�t�e�d� �o�f� �1� �m�m� �i�d� 

�s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �t�u�b�i�n�g�.� �T�h�e� �c�o�l�u�m�n� �b�l�a�n�k� �w�a�s� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� 

�o�t�h�e�r� �e�n�d� �o�f� �t�h�e� �r�e�s�e�r�v�o�i�r� �b�y� �a� �K�e�l�-�F�I�M� �c�a�p�i�l�l�a�r�y� �h�i�g�h� 

�p�r�e�s�s�u�r�e� �f�i�t�t�i�n�g� �(�U�p�c�h�u�r�c�h� �S�c�i�e�n�t�i�f�i�c�,� �O�a�k� �H�a�r�b�o�r�,� �W�A�)�.� �T�h�e� 

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

�m�i�n�i�m�u�m� �d�e�a�d� �v�o�l�u�m�e� �u�n�i�o�n� �f�i�t�t�e�d� �w�i�t�h� �a� �2� �u�m� �s�t�e�e�l� �s�c�r�e�e�n� 

�(�V�I�C�I�,� �H�o�u�s�t�o�n�,� �T�X�)�.� �T�h�e� �s�l�u�r�r�y� �w�a�s� �i�m�m�e�d�i�a�t�e�l�y� �t�r�a�n�s�f�e�r�r�e�d� 
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�t�o� �t�h�e� �r�e�s�e�r�v�o�i�r� �a�n�d� �3�0�0�0� �p�s�i� �o�f� �l�i�q�u�i�d� �p�r�e�s�s�u�r�e� �w�a�s� 

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

�E�n�g�i�n�e�e�r�i�n�g�,� �B�u�r�b�a�n�k�,� �C�A�)�.� �T�h�e� �b�e�d� �c�o�n�s�o�l�i�d�a�t�e�d� �t�y�p�i�c�a�l�l�y� �i�n� 

�1�5� �t�o� �3�0� �s�e�c�o�n�d�s� �b�u�t� �t�h�e� �d�r�i�v�i�n�g� �f�o�r�c�e� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �f�o�r� �a�t� 

�l�e�a�s�t� �2�0� �m�i�n�u�t�e�s�.� 

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

�i�n�c�l�u�d�e�d� �u�n�t�r�e�a�t�e�d�,� �p�o�l�y�m�e�t�h�y�l�h�y�d�r�o�s�i�l�o�x�a�n�e� �(�P�M�H�S�)� 

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

�w�a�s� �o�b�t�a�i�n�e�d� �f�r�o�m� �t�h�e� �A�v�o�n�d�a�l�e� �D�i�v�i�s�i�o�n� �o�f� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� 

�(�A�v�o�n�d�a�l�e�,� �P�A�)�.� �T�h�e� �P�M�H�S� �d�e�a�c�t�i�v�a�t�e�d� �t�u�b�i�n�g� �w�a�s� �p�r�e�p�a�r�e�d� �b�y� 

�a� �m�e�t�h�o�d� �s�i�m�i�l�a�r� �t�o� �L�e�e� �(�8�5�)�.� �T�h�e� �c�o�a�t�e�d� �c�o�l�u�m�n� �m�a�t�e�r�i�a�l� �w�a�s� 

�a� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �G�C� �c�o�l�u�m�n� �p�r�o�d�u�c�e�d� �b�y� �H�e�w�l�e�t�t�-� 

�P�a�c�k�a�r�d� �a�n�d� �s�o�l�d� �u�n�d�e�r� �t�h�e� �t�r�a�d�e� �n�a�m�e� �"�U�l�t�r�a� �2�"�.� 

�T�h�e� �s�y�r�i�n�g�e� �t�e�c�h�n�i�q�u�e� �o�f� �c�o�l�u�m�n� �p�a�c�k�i�n�g� �(�2�1�)� �w�a�s� �a�l�s�o� 

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

�a�n�d� �t�h�e� �c�o�l�u�m�n� �b�l�a�n�k� �(�w�i�t�h� �n�o� �t�e�r�m�i�n�u�s�)� �w�a�s� �i�n�s�e�r�t�e�d� �i�n�t�o� 

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

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

�f�i�l�l� �t�h�e� �b�l�a�n�k�.� �H�i�g�h� �p�r�e�s�s�u�r�e� �(�4�0�0�0�-�6�0�0�0� �p�s�i�)� �w�a�s� �t�h�e�n� 

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

�y�i�e�l�d�e�d� �m�o�d�e�r�a�t�e� �e�f�f�i�c�i�e�n�c�y� �(�5�0� �t�o� �6�0�%� �o�f� �t�h�e�o�r�e�t�i�c�a�l�)� �a�n�d� 

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

�B�o�w�e�r�m�a�s�t�e�r� �a�n�d� �M�c�N�a�i�r� �f�o�r� �m�i�c�r�o�b�o�r�e� �c�o�l�u�m�n�s� �w�a�s� �a�l�s�o� 

�i�n�v�e�s�t�i�g�a�t�e�d� �(�8�6�)�.� �T�h�i�s� �m�e�t�h�o�d� �w�a�s� �i�d�e�n�t�i�c�a�l� �t�o� �t�h�e� �h�i�g�h� 

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

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

�d�i�s�p�l�a�c�e�d� �w�i�t�h� �m�o�d�e�r�a�t�e� �p�r�e�s�s�u�r�e� �(�1�0�0�0� �p�s�i�)� �a�n�d� �t�h�e� �d�r�i�v�i�n�g� 

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

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

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

�C�o�l�u�m�n�s� �f�o�r� �t�h�e� �K�n�o�x�-�P�a�r�c�h�e�r� �e�x�p�e�r�i�m�e�n�t� �(�8�7�)� �w�h�e�r�e� �t�h�e� 

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

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

�p�r�e�d�o�m�i�n�a�n�t�l�y� �u�s�e�d� �f�o�r� �t�h�e� �s�t�u�d�y�,� �d�r�y� �p�a�c�k�i�n�g� �(�5�3�)� �w�a�s� 

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

�l�a�r�g�e� �v�o�l�u�m�e� �(�2�0� �m�l�)� �s�t�e�e�l� �r�e�s�e�r�v�o�i�r� �w�h�i�c�h� �w�a�s� �a�t�t�a�c�h�e�d� �t�o� 

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

�r�e�g�u�l�a�t�o�r�.� �I�n�i�t�i�a�l�l�y�,� �2�0� �p�s�i� �o�f� �p�r�e�s�s�u�r�e� �w�a�s� �a�p�p�l�i�e�d� �a�n�d� 

�t�h�e�n� �q�u�i�c�k�l�y� �r�a�m�p�e�d� �t�o� �8�0� �p�s�i�.� �T�h�e� �r�e�s�e�r�v�o�i�r� �a�n�d� �c�o�l�u�m�n� �w�e�r�e� 

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

�t�h�e� �c�o�l�u�m�n� �w�a�s� �f�i�l�l�e�d�,� �8�0� �p�s�i� �p�r�e�s�s�u�r�e� �w�a�s� �m�a�i�n�t�a�i�n�e�d� �f�o�r� �3�0� 

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

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

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

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

�p�a�r�t�i�c�l�e� �(�5� �a�n�d� �2�0� �w�m�)� �c�o�l�u�m�n�s�.� �T�h�e� �p�a�c�k�i�n�g� �w�a�s� �s�u�s�p�e�n�d�e�d� 

�a�n�d� �d�i�s�p�l�a�c�e�d� �b�y� �h�e�x�a�n�e� �a�t� �2�0�0�0� �p�s�i�.� �T�h�e� �l�a�r�g�e�r� �p�a�r�t�i�c�l�e�s� 

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

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

�5�0



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

�S�i�l�i�c�a� �c�o�l�u�m�n�s� �o�f� �5�0� �a�n�d� �1�0�0� �w�m� �i�d� �w�e�r�e� �p�a�c�k�e�d� �t�o� �t�e�s�t� �t�h�e� 

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

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

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

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

�N�e�x�t�,� �t�h�e� �c�o�l�u�m�n� �r�e�q�u�i�r�e�d� �o�c�c�a�s�i�o�n�a�l� �v�i�b�r�a�t�i�o�n� �t�o� �r�e�i�n�i�t�i�a�t�e� 

�t�h�e� �f�l�o�w� �o�f� �p�a�c�k�i�n�g�.� �F�i�n�a�l�l�y�,� �1�.�5�%� �o�f� �a� �s�u�r�f�a�c�t�a�n�t� �(�T�r�i�t�o�n� 

�X�-�1�0�0�)� �h�a�d� �t�o� �b�e� �a�d�d�e�d� �t�o� �t�h�e� �s�u�s�p�e�n�s�i�o�n� �a�n�d� �d�i�s�p�l�a�c�e�m�e�n�t� 

�s�o�l�v�e�n�t� �(�a�c�e�t�o�n�i�t�r�i�l�e�)� �i�n� �o�r�d�e�r� �t�o� �m�i�n�i�m�i�z�e� �a�g�g�r�e�g�a�t�i�o�n�.� 

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

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

�e�f�f�i�c�i�e�n�t� �b�e�d�s� �i�n� �v�e�r�y� �s�m�a�l�l� �d�i�a�m�e�t�e�r� �c�o�l�u�m�n�s� �(�8�8�,�8�9�)�.� 

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

�c�o�l�u�m�n�s� �o�f� �2�0�0�,� �2�5�0�,� �a�n�d� �3�2�0� �u�m� �i�d� �p�a�c�k�e�d� �w�i�t�h� �5� �u�m� 

�s�p�h�e�r�i�c�a�l� �p�a�r�t�i�c�l�e�s� �(�9�0�)�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e�s�e� �w�e�r�e� �t�h�e� 

�e�a�s�i�e�s�t� �c�o�l�u�m�n�s� �t�o� �p�r�e�p�a�r�e�.� �A� �d�e�n�s�e� �s�l�u�r�r�y� �(�1�g�/�4�m�l�)� �o�f� 

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

�i�n� �t�h�e� �r�e�s�e�r�v�o�i�r�,� �a�n�d� �p�a�c�k�e�d� �a�t� �5�0�0�0�-�6�0�0�0� �p�s�i� �f�o�r� �2�0� 

�m�i�n�u�t�e�s�.� �C�o�l�u�m�n�s� �w�i�t�h� �r�e�d�u�c�e�d� �p�l�a�t�e� �h�e�i�g�h�t�s� �o�f� �2�.�1�-�2�.�6� �w�e�r�e� 

�r�e�p�r�o�d�u�c�i�b�l�y� �c�o�n�s�t�r�u�c�t�e�d�.� 

�5�1



�C�o�l�u�m�n� �T�e�r�m�i�n�a�t�i�o�n� 

�T�h�e� �m�a�n�n�e�r� �b�y� �w�h�i�c�h� �t�h�e� �p�a�c�k�i�n�g� �i�s� �r�e�t�a�i�n�e�d� �i�n� �t�h�e� 

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

�s�e�p�a�r�a�t�o�r�s�.� �E�x�t�r�a�c�o�l�u�m�n� �b�a�n�d� �b�r�o�a�d�e�n�i�n�g� �i�n� �i�n�j�e�c�t�o�r�/�c�o�l�u�m�n� 

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

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

�d�e�v�i�c�e�s� �h�a�s� �b�e�e�n� �c�h�a�r�a�c�t�e�r�i�z�e�d� �b�y� �S�t�e�r�n�b�e�r�g� �(�9�1�)�.� �A� 

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

�7�.� 

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

�v�o�l�u�m�e� �(�Z�D�V�)� �u�n�i�o�n�,� �i�s� �e�i�t�h�e�r� �t�h�e� �w�o�r�s�t� �o�r� �m�o�s�t� �d�i�f�f�i�c�u�l�t� 

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

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

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

�t�u�b�i�n�g� �s�e�a�t�s�.� �T�h�i�s� �"�s�m�a�l�l�"� �v�o�l�u�m�e� �s�e�r�v�e�s� �a�s� �a� �l�a�r�g�e� �m�i�x�i�n�g� 

�c�h�a�m�b�e�r� �f�o�r� �p�a�c�k�e�d� �f�u�s�e�d� �s�i�l�i�c�a� �c�o�l�u�m�n�s�.� �A� �t�r�u�e� �Z�D�V� �t�h�a�t� �i�s� 

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

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

�f�e�r�r�u�l�e� �h�o�l�e�s� �i�s� �r�e�q�u�i�r�e�d� �f�o�r� �a� �v�i�a�b�l�e� �u�n�i�o�n� �a�n�d� �t�h�i�s� �i�s� �n�o� 

�e�a�s�y� �t�a�s�k�.� 

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

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

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

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

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

�T�h�r�o�u�g�h� �a� �L�a�r�g�e�r� �D�i�a�m�e�t�e�r� �U�n�i�o�n� �(�R�e�f� �9�1�)



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

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

�c�o�n�v�e�n�i�e�n�t� �f�o�r� �t�h�e� �l�a�r�g�e�r� �s�i�z�e�s� �(�>�2�5�0� �w�m�)� �o�f� �t�u�b�i�n�g�,� �i�t� �i�s� 

�n�o�t� �p�r�a�c�t�i�c�a�l� �f�o�r� �t�h�e� �e�n�t�i�r�e� �r�a�n�g�e� �o�f� �m�i�c�r�o�c�o�l�u�m�n� �L�C�.� 

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

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

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

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

�5� �u�m� �S�i�l�i�c�a� �p�a�r�t�i�c�l�e�s� �n�u�m�e�r�o�u�s� �t�i�m�e�s�.� �A�p�p�r�o�x�i�m�a�t�e�l�y� �1� �m�m� �o�f� 

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

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

�(�9�2�)� �o�r� �a� �c�o�o�l� �b�l�u�e� �f�l�a�m�e�.� �T�h�e� �c�e�r�a�m�i�c� �f�r�i�t� �i�s� �p�r�e�p�a�r�e�d� 

�a�c�c�o�r�d�i�n�g� �t�o� �a� �m�e�t�h�o�d� �d�e�v�e�l�o�p�e�d� �b�y� �C�o�r�t�e�s� �e�t� �a�l� �(�5�8�)�.� �A� 

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

�r�a�t�i�o� �o�f� �2�.�5� �t�o� �1� �(�c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �a�s� �K�A�S�I�L� �#�1�,� �P�Q� 

�C�o�r�p�o�r�a�t�i�o�n�,� �L�a�f�a�y�e�t�t�e� �H�i�l�l�s�,� �P�A�)� �i�s� �m�i�x�e�d� �i�n� �a� �4� �t�o� �1� �r�a�t�i�o� 

�w�i�t�h� �f�o�r�m�a�m�i�d�e� �(�K�o�d�a�k�,� �R�o�c�h�e�s�t�e�r�,� �N�Y�)�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �g�e�l� �i�s� 

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

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

�c�o�l�u�m�n� �b�l�a�n�k� �i�s� �t�h�e�n� �p�l�a�c�e�d� �i�n�t�o� �a�n� �o�v�e�n� �a�n�d� �h�e�a�t�e�d� �a�t� �1�2�5� �C� 

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

�2�0�0� �k�g�/�c�m�?� �t�o� �r�e�m�o�v�e� �a�n�y� �u�n�r�e�a�c�t�e�d� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� �f�r�i�t� �i�s� 

�t�h�e�n� �c�u�t� �t�o� �a�p�p�r�o�x�i�m�a�t�e�l�y� �1� �m�m� �i�n� �l�e�n�g�t�h� �a�n�d� �t�h�e� �c�o�l�u�m�n� �i�s� 

�p�a�c�k�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �p�r�e�v�i�o�u�s� �m�e�t�h�o�d�s�.� 
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�C�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �S�y�s�t�e�m�s� 

�M�i�c�r�o�b�o�r�e� �I�o�n� �C�h�r�o�m�a�t�o�g�r�a�p�h�y� 

�A� �D�i�o�n�e�x� �(�S�u�n�n�y�v�a�l�e�,� �C�A�)� �4�0�0�0�i� �i�o�n� �c�h�r�o�m�a�t�o�g�r�a�p�h� �w�a�s� 

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

�o�f� �g�l�a�s�s� �m�o�b�i�l�e� �p�h�a�s�e� �r�e�s�e�r�v�o�i�r�s�,� �T�e�f�l�o�n�!!"� �a�n�a� �T�e�f�z�e�1!"� 

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

�a� �m�e�t�a�l� �f�r�e�e� �i�n�j�e�c�t�i�o�n� �v�a�l�v�e�,� �a� �h�o�m�e�m�a�d�e� �m�i�c�r�o�b�o�r�e� 

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

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

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

�l�o�o�p�s�.� �T�e�f�z�e�l�!!"� �t�u�b�i�n�g� �o�f� �0�.�0�2�0�"� �i�n�n�e�r� �d�i�a�m�e�t�e�r� �w�a�s� �c�u�t� �t�o� 

�t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �l�e�n�g�t�h� �t�o� �g�i�v�e� �s�a�m�p�l�e� �l�o�o�p�s� �o�f� �2�0�.�0�,� �5�0�.�0�,� 

�9�4�.�1�,� �a�n�d� �2�0�7�.�1� �w�l�.� �T�h�e� �d�e�t�e�c�t�o�r� �o�u�t�p�u�t� �w�a�s� �c�o�l�l�e�c�t�e�d� �w�i�t�h� �a� 

�V�a�r�i�a�n� �4�2�7�0� �r�e�c�o�r�d�i�n�g� �i�n�t�e�g�r�a�t�o�r�.� 

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

�i�n� �1�9�7�5� �b�y� �r�e�s�e�a�r�c�h�e�r�s� �a�t� �D�o�w� �C�h�e�m�i�c�a�l� �(�9�3�)�.� �T�h�e� �s�t�a�t�i�o�n�a�r�y� 

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

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

�r�e�s�i�n�s�.� �T�h�i�s� �a�l�l�o�w�s� �a� �w�e�a�k�e�r� �b�u�f�f�e�r� �t�o� �e�l�u�t�e� �e�v�e�n� �w�e�l�l� 

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

�s�u�p�p�r�e�s�s�e�d� �o�r� �d�u�a�l� �c�o�l�u�m�n� �I�C� �i�s� �t�h�e� �e�l�u�a�n�t� �s�u�p�p�r�e�s�s�o�r� �d�e�v�i�c�e� 

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

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

�F�i�g�u�r�e� �9�.� �T�h�e� �c�o�l�u�m�n� �e�f�f�l�u�e�n�t� �f�l�o�w�s� �i�n�t�o� �a� �s�a�n�d�w�i�c�h�e�d� 
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� � 

� � �N�e� 
�D�i�o�n�e�x� �4�0�0�0�i� 

� � �S�Y� 
�P�u�m�p� �a�n�d� �D�e�t�e�c�t�o�r� 

�M�o�d�u�l�e� 

�5�6� 

�I�n�j�e�c�t�i�o�n� �V�a�l�v�e� 

�M�i�c�r�o�b�o�r�e� �I�C� 

�C�o�l�u�m�n� 

� � 

�H�U� 
�S�u�p�p�r�e�s�s�o�r� �C�o�n�d�u�c�t�i�v�i�t�y� 

�C�o�l�u�m�n� �C�e�l�l� 

�F�i�g�u�r�e� �8�.� �M�i�c�r�o�b�o�r�e� �I�C� �S�y�s�t�e�m



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

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

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

�s�u�l�f�u�r�i�c� �a�c�i�d� �a�s� �a� �r�e�s�u�l�t� �o�f� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �g�r�a�d�i�e�n�t� �a�n�d� 

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

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

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

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

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

�n�o�i�s�e� �r�a�t�i�o�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �a�n�a�l�y�t�e�s� �(�c�h�l�o�r�i�d�e� �a�n�d� 

�s�u�l�f�a�t�e�)� �a�r�e� �c�o�n�v�e�r�t�e�d� �f�r�o�m� �s�o�d�i�u�m� �s�a�l�t�s� �t�o� �a�c�i�d�s�.� �S�i�n�c�e� 

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

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

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

�t�h�e�s�e� �e�f�f�e�c�t�s� �m�a�k�e�s� �d�u�a�l� �c�o�l�u�m�n� �I�C� �m�o�r�e� �a�t�t�r�a�c�t�i�v�e�.� 

�P�a�c�k�e�d� �F�u�s�e�d� �S�i�l�i�c�a� �C�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �S�y�s�t�e�m�s� 

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

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

�f�u�s�e�d� �s�i�l�i�c�a� �c�o�l�u�m�n�s�.� 

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

�p�e�r�h�a�p�s� �t�h�e� �s�i�m�p�l�e�s�t� �c�o�n�f�i�g�u�r�a�t�i�o�n� �o�f� �e�q�u�i�p�m�e�n�t�.� �A� �M�A�C�S� �7�0�0� 

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

�w�a�s� �u�s�e�d� �t�o� �p�u�m�p� �t�h�e� �m�o�b�i�l�e� �p�h�a�s�e�.� �A� �V�A�L�C�O� �(�H�o�u�s�t�o�n�,� �T�X�)� 

�C�I�4�W� �4� �p�o�r�t� �i�n�j�e�c�t�i�o�n� �v�a�l�v�e� �w�i�t�h� �a� �6�0� �n�l� �i�n�t�e�r�n�a�l� �v�o�l�u�m�e� 
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�C�o�l�u�m�n� �E�f�f�l�u�e�n�t� 

�R�e�g�e�n�e�r�a�n�t� �O�u�t� �q�d�.� �>� 

� � � � � � � � 

�N�a�+� �N�a�+� �N�a�t� �N�a�t� 
�=� �s�o�z� �S�O�,� �4� 

�N�a�+� 

�O�H�-� 
�A� 

�C�l�i�-� 

 �� �N�a�t� 

�a�e� 

�H�+� �H�+� �H�+� �H�+� 

�s�o�=� �s�o�r� 
�4� �H�+� �4� 

�C�l�-� 
�H�+� �H�+� �H�+� �H�+� 

�_� �H�+�  �� 
�s�o ��,� �S�o�,� 

�4� �O�H�-� �4� 

�/� �\� 

�7�4� �N�e� �R�e�g�e�n�e�r�a�n�t� �I�n� 

�F�i�g�u�r�e� �9�.� �E�x�p�a�n�d�e�d� �V�i�e�w� �o�f� �t�h�e� �S�u�p�p�r�e�s�s�o�r� �C�o�l�u�m�n� 
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�a�l�l�o�w�e�d� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n�.� �T�h�e� �c�o�l�u�m�n�s� �w�e�r�e� �c�o�n�n�e�c�t�e�d� �t�o� 

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

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

�w�a�s� �a�t�t�a�c�h�e�d� �t�o� �t�h�e� �h�o�m�e�b�u�i�l�t� �d�e�t�e�c�t�i�o�n� �c�e�l�l� �t�h�r�o�u�g�h� �a� �V�A�L�C�O� 

�c�o�l�u�m�n� �e�n�d� �f�i�t�t�i�n�g� �u�n�i�o�n� �e�q�u�i�p�p�e�d� �w�i�t�h� �a� �2� �u�m� �s�t�a�i�n�l�e�s�s� 

�s�t�e�e�l� �s�c�r�e�e�n�.� �W�h�i�l�e� �t�h�i�s� �u�n�i�o�n� �c�r�e�a�t�e�d� �c�o�n�s�i�d�e�r�a�b�l�e� 

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

�h�o�m�e�m�a�d�e� �d�e�t�e�c�t�i�o�n� �c�e�l�l�,� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �1�0�,� �c�o�n�s�i�s�t�e�d� 

�o�f� �a� �s�t�a�n�d�a�r�d� �M�A�C�S� �5�0�0� �U�V� �c�e�l�l� �t�h�a�t� �h�a�d� �b�e�e�n� �f�i�t�t�e�d� �w�i�t�h� �a� 

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

�f�e�d� �t�o� �a� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �3�3�9�0�A� �i�n�t�e�g�r�a�t�o�r�.� 

�T�h�e� �w�o�r�k� �o�n� �w�a�l�l� �o�r�d�e�r�i�n�g� �e�f�f�e�c�t�s� �(�r�e�f�e�r�r�e�d� �t�o� �a�s� �t�h�e� 

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

�s�y�s�t�e�m�s�.� �T�h�e� �m�a�j�o�r�i�t�y� �o�f� �t�h�e� �w�o�r�k� �w�a�s� �p�e�r�f�o�r�m�e�d� �o�n� �a� 

�m�o�d�i�f�i�e�d� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �1�0�5�0� �l�i�q�u�i�d� �c�h�r�o�m�a�t�o�g�r�a�p�h� �(�F�i�g�u�r�e� 

�1�1�)�.� �S�i�n�c�e� �t�h�e� �p�u�m�p� �w�a�s� �i�n�c�a�p�a�b�l�e� �o�f� �d�e�l�i�v�e�r�i�n�g� �t�h�e� �d�e�s�i�r�e�d� 

�f�l�o�w�s� �d�i�r�e�c�t�l�y�,� �a� �s�p�l�i�t�t�e�r� �s�y�s�t�e�m� �w�a�s� �c�o�n�s�t�r�u�c�t�e�d�.� �A� �2�0�0� �X� �4� 

�m�m� �H�y�p�e�r�s�i�l� �c�o�l�u�m�n� �(�H�e�w�l�e�t�t�-�P�a�c�k�a�r�d�,� �A�v�o�n�d�a�l�e�,� �P�A�)� �p�a�c�k�e�d� 

�w�i�t�h� �5� �u�m� �p�a�r�t�i�c�l�e�s� �a�n�d� �a� �2�0�0� �X� �0�.�3�2� �m�m� �p�a�c�k�e�d� �c�a�p�i�l�l�a�r�y� 

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

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

�a�p�p�r�o�x�i�m�a�t�e�l�y� �1�5�0� �t�o� �1�.� �T�h�e� �m�a�j�o�r�i�t�y� �o�f� �c�o�l�u�m�n�s� �e�v�a�l�u�a�t�e�d� 

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

�e�s�t�i�m�a�t�e�d� �f�r�o�m� �t�h�e� �a�f�o�r�e�m�e�n�t�i�o�n�e�d� �r�a�t�i�o� �a�n�d� �t�h�e�n� 

�g�r�a�v�i�m�e�t�r�i�c�a�l�l�y� �d�e�t�e�r�m�i�n�e�d�.� �T�h�e� �a�p�p�r�o�p�r�i�a�t�e� �f�l�o�w� �w�a�s� �t�h�e�n� 
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�f�e�d� �t�o� �a� �R�h�e�o�d�y�n�e� �(�C�o�t�a�t�i�,� �C�A�)� �7�5�2�0� �i�n�j�e�c�t�i�o�n� �v�a�l�v�e� �e�q�u�i�p�p�e�d� 

�w�i�t�h� �a� �0�.�2� �w�l� �r�o�t�o�r�.� �T�h�e� �c�o�l�u�m�n�s� �w�e�r�e� �c�o�n�n�e�c�t�e�d� �d�i�r�e�c�t�l�y� �t�o� 

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

�d�e�s�c�r�i�b�e�d� �w�i�t�h� �U�p�c�h�u�r�c�h� �f�i�t�t�i�n�g�s�.� �T�h�i�s� �e�n�d� �f�i�t�t�i�n�g� �w�a�s� 

�c�o�n�n�e�c�t�e�d� �t�o� �t�h�e� �i�n�l�e�t� �o�f� �a� �0�.�6� �w�l� �f�l�o�w� �c�e�l�l� �d�e�s�i�g�n�e�d� �f�o�r� 

�t�h�e� �H�P� �1�0�5�0� �d�e�t�e�c�t�o�r�.� �T�h�e� �a�n�a�l�o�g� �d�a�t�a� �w�a�s� �r�e�c�o�r�d�e�d� �b�y� �a� �H�P� 

�3�3�9�6�A� �i�n�t�e�g�r�a�t�o�r�.� 

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

�F�l�o�w� �w�a�s� �d�e�l�i�v�e�r�e�d� �b�y� �a�n� �I�s�c�o� �w�L�C� �5�0�0� �s�y�r�i�n�g�e� �p�u�m�p� 

�(�L�i�n�c�o�l�n�,�N�E�)� �t�o� �a� �V�a�l�c�o� �6�0� �n�l� �i�n�j�e�c�t�i�o�n� �v�a�l�v�e�.� �T�h�e� �c�o�l�u�m�n�s� 

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

�d�e�t�e�c�t�o�r� �a�n�d� �c�o�n�n�e�c�t�i�o�n�s� �w�e�r�e� �d�i�f�f�e�r�e�n�t�.� �D�e�t�e�c�t�i�o�n� �w�a�s� 

�a�c�c�o�m�p�l�i�s�h�e�d� �w�i�t�h� �a� �L�i�n�e�a�r� �(�R�e�n�o�,� �N�V�)� �m�o�d�e�l� �2�0�0� �c�a�p�i�l�l�a�r�y� �U�V� 

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

�a�n�d� �t�h�i�s� �"�c�e�l�l�"� �w�e�r�e� �c�o�n�n�e�c�t�e�d� �b�y� �a� �p�i�e�c�e� �o�f� �T�e�f�l�o�n�!� 

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

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

�w�a�s� �a�c�h�i�e�v�e�d�.� 

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

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

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

�5�0�0� �a�n�d� �s�a�m�p�l�e� �i�n�t�r�o�d�u�c�t�i�o�n� �v�i�a� �t�h�e� �V�a�l�c�o� �v�a�l�v�e�.� �T�h�e� �c�o�l�u�m�n� 

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

�a�n�d� �i�n�t�o� �t�h�e� �c�a�p�i�l�l�a�r�y� �z�o�n�e� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �s�y�s�t�e�m� �(�F�i�g�u�r�e� 

�1�2�)�.� �T�h�e� �C�Z�E�,� �d�e�s�i�g�n�e�d� �a�n�d� �a�s�s�e�m�b�l�e�d� �b�y� �H�.� �R�a�s�m�u�s�s�e�n�,� 
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�c�o�n�s�i�s�t�e�d� �o�f� �a� �S�p�e�l�l�m�a�n� �h�i�g�h� �v�o�l�t�a�g�e� �s�u�p�p�l�y� �(�P�l�a�i�n�v�i�e�w�,� �N�Y�)�,� 

�a� �P�l�e�x�i�g�l�a�s� �i�n�t�e�r�l�o�c�k� �b�o�x�,� �p�l�a�t�i�n�u�m� �e�l�e�c�t�r�o�d�e�s� �(�A�l�d�r�i�c�h�,� 

�M�i�l�w�a�u�k�e�e�,� �W�I�)�,� �a�n�d� �a�n� �o�n�-�c�a�p�i�l�l�a�r�y� �I�s�c�o� �C�V�4� �d�e�t�e�c�t�o�r�.� �T�h�e� 

�d�a�t�a� �w�e�r�e� �c�o�l�l�e�c�t�e�d� �b�y� �a� �H�P� �3�3�9�0�A� �i�n�t�e�g�r�a�t�o�r�.� 

�R�e�a�g�e�n�t�s�/�S�a�m�p�l�e�s� 

�C�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �E�v�a�l�u�a�t�i�o�n�s� 

�M�i�c�r�o�b�o�r�e� �I�C� �c�o�l�u�m�n�s� �w�e�r�e� �e�x�a�m�i�n�e�d� �w�i�t�h� �i�n�d�u�s�t�r�i�a�l� 

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

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

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

�o�b�t�a�i�n�e�d� �f�r�o�m� �F�i�s�h�e�r� �(�R�a�l�e�i�g�h�,� �N�C�)�.� �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� �w�a�s� �5�0� �m�M� �N�a�O�H� �c�a�r�e�f�u�l�l�y� �p�r�e�p�a�r�e�d� �t�o� �m�i�n�i�m�i�z�e� 

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

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

�f�r�o�m� �c�o�n�c�e�n�t�r�a�t�e� �(�F�i�s�h�e�r�)�.� �I�n� �a�l�l� �c�a�s�e�s� �t�r�i�p�l�y� �d�i�s�t�i�l�l�e�d� 

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

�A�s� �m�e�n�t�i�o�n�e�d� �p�r�e�v�i�o�u�s�l�y�,� �t�h�e� �s�o�r�b�e�n�t� �w�a�s� �D�i�o�n�e�x� �A�S�4�A� 

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

�d�i�a�m�e�t�e�r� �o�f� �1�5� �w�m� �a�n�d� �h�a�s� �b�e�e�n� �p�r�e�p�a�r�e�d� �i�n� �s�e�v�e�r�a�l� �s�t�e�p�s�.� 

�T�h�e� �c�o�r�e� �p�a�r�t�i�c�l�e� �c�o�n�s�i�s�t�s� �o�f� �a� �p�o�l�y�s�t�y�r�e�n�e�/�d�i�v�i�n�y�l�b�e�n�z�e�n�e� 

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

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

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

�I�n�j�e�c�t�i�o�n� �P�o�r�t� � � � � 

� � � � � � 

� � 

� � 

�I�n�t�e�r�f�a�c�e� �c�  � �� � � � � � � � � � � � � 

�P�o�w�e�r� �S�u�p�p�l�y� �u�L�C� �5�0�0� 

�F�i�g�u�r�e� �1�z�.� �M�u�l�t�i�d�i�m�e�n�s�i�o�n�a�l� �w�L�C�-�C�Z�E� �S�y�s�t�e�m� 
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�f�u�n�c�t�i�o�n�s� �a�s� �a� �c�a�t�i�o�n� �s�e�p�a�r�a�t�o�r�.� �A�n�i�o�n� �s�e�p�a�r�a�t�o�r�s� �a�r�e� �f�o�r�m�e�d� 

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

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

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

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

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

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

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

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

�b�e� �u�s�e�d� �f�r�o�m� �p�H� �v�a�l�u�e�s� �o�f� �0� �t�o� �1�4� �w�i�t�h�o�u�t� �s�i�g�n�i�f�i�c�a�n�t� �l�o�s�s� 

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

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

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

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

�s�o�d�i�u�m� �n�i�t�r�a�t�e� �(�a� �v�o�i�d� �v�o�l�u�m�e� �i�n�d�i�c�a�t�o�r�)� �a�n�d� �s�e�v�e�r�a�l� �o�t�h�e�r� 

�c�o�m�p�o�n�e�n�t�s� �w�i�t�h� �6�0�/�4�0� �a�c�e�t�o�n�i�t�r�i�l�e�/�w�a�t�e�r� �a�t� �5� �w�l�/�m�i�n�.� �T�h�e� 

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

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

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

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

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

�a�n�d� �a�l�l� �o�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �w�e�r�e� �H�P�L�C� �g�r�a�d�e� �f�r�o�m� �B�u�r�d�i�c�k� 

�a�n�d� �J�a�c�k�s�o�n� �(�M�u�s�k�e�g�o�n�,� �M�I�)�,� �E�M� �S�c�i�e�n�c�e� �(�C�h�e�r�r�y� �H�i�l�l�,� �N�J�)�,� �J�T� 

�B�a�k�e�r� �(�P�h�i�l�l�i�p�s�b�u�r�g�,� �N�J�)�,� �o�r� �F�i�s�h�e�r� �(�R�a�l�e�i�g�h�,� �N�C�)�.� �T�h�e� 
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�p�r�o�b�e�s� �w�e�r�e� �o�b�t�a�i�n�e�d� �f�r�o�m� �e�i�t�h�e�r� �A�l�d�r�i�c�h� �o�r� �K�o�d�a�k�.� �T�h�e� 

�s�t�a�t�i�o�n�a�r�y� �p�h�a�s�e� �w�a�s� �5� �u�m� �s�p�h�e�r�i�c�a�l� �H�y�p�e�r�s�i�l� �O�D�S� �(�H�e�w�l�e�t�t�-� 

�P�a�c�k�a�r�d�,� �A�v�o�n�d�a�l�e�,� �P�A�)�.� 

�T�h�e� �K�n�o�x�-�P�a�r�c�h�e�r� �w�o�r�k� �e�m�p�l�o�y�e�d� �s�p�e�c�i�a�l�l�y� �p�r�e�p�a�r�e�d� 

�s�p�h�e�r�i�c�a�l� �s�i�l�i�c�a� �p�a�r�t�i�c�l�e�s� �f�r�o�m� �P�h�a�s�e� �S�e�p�a�r�a�t�i�o�n�s� 

�L�t�d�.� �(�Q�u�e�e�n�s�f�e�r�r�y�,� �U�K�)�.� �P�a�r�t�i�c�l�e�s� �o�f� �5�,� �2�0�,� �4�0�,� �7�0�,� �a�n�d� �1�2�0� 

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

�t�r�e�a�t�m�e�n�t�.� �F�u�s�e�d� �s�i�l�i�c�a� �t�u�b�i�n�g� �o�f� �5�3�0� �u�m� �i�d� �w�a�s� �o�b�t�a�i�n�e�d� 

�f�r�o�m� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �(�A�v�o�n�d�a�l�e�,� �P�A�)�.� �M�e�t�h�a�n�o�l� �w�a�s� �u�s�e�d� �f�o�r� 

�t�h�e� �m�o�b�i�l�e� �p�h�a�s�e� �a�n�d� �t�h�e� �p�r�o�b�e� �w�a�s� �b�e�n�z�e�n�e� �p�r�e�p�a�r�e�d� �a�t� 

�0�.�0�2�5�%� �(�v�/�v�)�.� 

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

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

�t�u�b�i�n�g� �u�s�e�d� �f�o�r� �a�l�l� �b�u�t� �t�h�e� �5�0� �a�n�d� �1�0�0� �u�m� �i�d� �m�a�t�e�r�i�a�l� �w�a�s� 

�o�b�t�a�i�n�e�d� �f�r�o�m� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� �(�A�v�o�n�d�a�l�e�,� �P�A�)�.� �T�h�e� �o�t�h�e�r� 

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

�T�e�c�h�n�o�l�o�g�i�e�s� �(�P�h�o�e�n�i�x�,� �A�Z�)�.� �T�h�e� �s�t�a�t�i�o�n�a�r�y� �p�h�a�s�e� �w�a�s� �5� �u�m� 

�H�y�p�e�r�s�i�l� �O�D�S�.� �T�h�e� �C�Z�E� �c�a�p�i�l�l�a�r�y� �w�a�s� �p�r�e�p�a�r�e�d� �f�r�o�m� �5�0� �u�m� �i�d� 

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

�(�9�4�)�.� �T�h�e� �0�.�0�2� �M� �p�h�o�s�p�h�a�t�e� �b�u�f�f�e�r� �(�p�H� �=� �7�)� �u�s�e�d� �f�o�r� �t�h�e� 

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

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

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

�v�a�l�v�e�s� �u�s�e�d� �f�o�r� �t�h�e� �i�n�t�e�r�f�a�c�e� �w�e�r�e� �a� �V�a�l�c�o� �C�I�4�W� �6�0� �n�l� �4� �p�o�r�t� 

�a�n�d� �a� �R�h�e�o�d�y�n�e� �9�1�2�5� �m�e�t�a�l� �f�r�e�e� �6� �p�o�r�t� �t�h�a�t� �h�a�d� �b�e�e�n� �m�o�d�i�f�i�e�d� 
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�t�o� �f�u�n�c�t�i�o�n� �a�s� �a� �4� �p�o�r�t� �v�a�l�v�e�.� �R�e�m�o�v�a�l� �o�f� �t�h�e� �i�n�t�e�r�n�a�l� 

�c�o�l�l�a�r� �a�l�l�o�w�e�d� �t�h�e� �v�a�l�v�e� �t�o� �b�e� �t�u�r�n�e�d� �m�o�r�e� �t�h�a�n� �6�0� �d�e�g�r�e�e�s�.� 

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

�U�p�c�h�u�r�c�h� �c�a�p�i�l�l�a�r�y� �f�e�r�r�u�l�e�s�.� �A�n� �i�n�i�t�i�a�l� �e�x�p�e�r�i�m�e�n�t� �w�a�s� 

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

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

�C�E� �s�e�p�a�r�a�t�i�o�n�.� �D�i�m�e�t�h�y�l�s�u�l�f�o�x�i�d�e� �(�0�.�1�%� �v�/�v�)� �w�a�s� �t�h�e� �p�r�o�b�e� 

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

�a�n�d� �J�a�c�k�s�o�n�.� 
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�C�h�a�p�t�e�r� �4� 

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

�U�l�t�r�a�p�u�r�e� �W�a�t�e�r� �A�n�a�l�y�s�i�s� �b�y� �M�i�c�r�o�b�o�r�e� �I�o�n� �C�h�r�o�m�a�t�o�g�r�a�p�h�y� 

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

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

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

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

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

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

�n�u�c�l�e�a�r� �r�e�a�c�t�o�r�s�,� �t�r�a�c�e� �a�n�i�o�n�s� �c�a�n� �c�a�u�s�e� �r�a�p�i�d� �d�e�t�e�r�i�o�r�a�t�i�o�n� 

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

�a�r�e� �a�t� �e�l�e�v�a�t�e�d� �t�e�m�p�e�r�a�t�u�r�e�s� �a�n�d� �p�r�e�s�s�u�r�e�s�,� �1�0� �p�p�b� �o�f� 

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

�t�o� �c�o�r�r�o�d�e� �i�n� �s�e�v�e�r�a�l� �h�o�u�r�s�.� �F�o�r� �t�h�e�s�e� �r�e�a�s�o�n�s�,� �q�u�a�l�i�t�a�t�i�v�e� 

�a�n�d� �s�e�n�s�i�t�i�v�e� �t�e�c�h�n�i�q�u�e�s� �a�r�e� �r�e�q�u�i�r�e�d� �f�o�r� �t�r�a�c�e� �i�o�n� 

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

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

�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �(�9�5�)�.� 

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

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

�c�h�r�o�m�a�t�o�g�r�a�p�h�y� �s�y�s�t�e�m�s�.� �S�i�n�c�e� �m�o�s�t� �I�C� �d�e�t�e�c�t�o�r�s� �s�u�c�h� �a�s� 

�c�o�n�d�u�c�t�i�v�i�t�y� �a�r�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�p�e�n�d�e�n�t�,� �a� �d�e�c�r�e�a�s�e� �i�n� 

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

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

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

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

�t�r�a�c�e� �a�n�a�l�y�s�i�s�.� 

�F�i�g�u�r�e� �1�3� �s�h�o�w�s� �t�h�e� �c�h�r�o�m�a�t�o�g�r�a�m�s� �o�b�t�a�i�n�e�d� �o�n� �t�h�e� 

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

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

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

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

�t�h�e� �v�o�l�u�m�e�t�r�i�c� �f�l�o�w� �(�0�.�5� �m�l�/�m�i�n� �f�o�r� �t�h�e� �m�i�c�r�o�b�o�r�e�,� �2�.�0� 

�m�l�/�m�i�n� �f�o�r� �t�h�e� �s�t�a�n�d�a�r�d� �b�o�r�e�)�.� �N�o�t�i�c�e� �t�h�a�t� �t�h�e� �s�p�e�e�d� �o�f� 

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

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

�p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �2�.� �I�n� �t�e�r�m�s� �o�f� �p�e�a�k� �a�r�e�a�,� �a� �1�.�6� �f�o�l�d� 

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

�t�h�e� �s�a�m�e� �t�o�t�a�l� �a�m�o�u�n�t� �o�f� �t�h�e� �a�n�a�l�y�t�e�s� �i�s� �l�o�a�d�e�d� �o�n�t�o� �t�h�e� 

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

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

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

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

�4�.�1� �f�o�l�d� �f�o�r� �c�h�l�o�r�i�d�e� �(�k ��=�0�.�6�3�)� �a�n�d� �s�u�l�f�a�t�e� �(�k ��=�2�.�9�)�,� 

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

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

�c�o�l�u�m�n� �e�l�u�t�e�s� �t�h�e� �s�a�m�e� �m�a�s�s� �a�n�a�l�y�t�e� �i�n� �o�n�e� �q�u�a�r�t�e�r� �t�h�e� 

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

�d�o�c�u�m�e�n�t�e�d� �(�9�6�)�.� �A�s� �i�n�j�e�c�t�i�o�n� �(�o�r� �d�e�t�e�c�t�i�o�n�)� �v�o�l�u�m�e� �i�s� 

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

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

�p�l�a�t�e�s�.� 

�N� �=� �t�p�2�/�o�?� �{�6�}� 

�w�h�e�r�e� �t�p� �=� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �o�f� �c�o�m�p�o�n�e�n�t� 

�o� �=� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �o�f� �t�h�e� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �b�a�n�d� 

�R�e�c�a�l�l� �t�h�a�t� �t�h�e� �v�a�r�i�a�n�c�e� �(�0�2�)� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �p�e�a�k� 

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

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

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

�p�a�r�t�s� �(�9�7�)�.� �M�a�t�h�e�m�a�t�i�c�a�l�l�y�,� �t�h�i�s� �i�s� �e�x�p�r�e�s�s�e�d� �b�y� �e�q�u�a�t�i�o�n� �7�.� 

�2� �=� �7�2�.�.�.� �2� �2� �2� �2� �o ��s�y�s� �=� �[�i�n�j� �+� �F�%�c�o�l� �+� �C�a�d�e�t� �*� �F�c�o�n�n� �+� �S�*�o�t�h�e�r� �[�7�3� 

�w�h�e�r�e� �s�y�s� �=� �s�y�s�t�e�m� 

�i�n�j� �=� �i�n�j�e�c�t�o�r� 

�c�o�l� �=� �c�o�l�u�m�n� 

�d�e�t� �=� �d�e�t�e�c�t�o�r� 

�c�o�n�n� �=� �c�o�n�n�e�c�t�i�o�n�s� 
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�C�i� 

�1�0� �p�p�b� �C�h�l�o�r�i�d�e� �a�n�d� �5�0� �p�p�d� �S�u�l�f�a�t�e� 

�i�n�j� �v�o�l� �=� �5�0� �u�l�!� 

�R�a�n�g�e� �=� �3� �u�s� 
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�4�m�m� �e�m�m� 

�F�i�g�u�r�e� �1�3�.� �C�o�m�p�a�r�a�b�l�e� �I�C� �C�h�r�o�m�a�t�o�g�r�a�m�s� �f�r�o�m� 

�S�t�a�n�d�a�r�d� �(�4� �m�m�)� �a�n�d� �M�i�c�r�o�b�o�r�e� �(�2� �m�m�)� 

�C�o�l�u�m�n�s� 

�7�2



�T�a�b�l�e� �2� 

�N�u�m�e�r�i�c�a�l� �C�o�m�p�a�r�i�s�o�n� �o�f� �S�t�a�n�d�a�r�d� �a�n�d� �M�i�c�r�o�b�o�r�e� �C�o�l�u�m�n�s� 

� � 

�P�e�a�k� �A�r�e�a� �4� �m�m� �2� �m�m� �I�m�p�r�o�v�e�m�e�n�t� 

�C�h�l�o�r�i�d�e� �6�0�3�6� �1�0�0�2�0� �1�.�6�6� �t�o� �1� 

�S�u�l�f�a�t�e� �5�3�3�9� �8�5�4�7� �1�.�6�0� �t�o� �1� 

�P�e�a�k� �H�e�i�g�h�t� 

�C�h�l�o�r�i�d�e� �4�.�9� �c�m� �1�2�.�1� �c�m� �2�.�5� �t�o� �1� 

�S�u�l�f�a�t�e� �1�.�4� �c�m� �5�.�7� �c�m� �4�.�1� �t�o� �1� 
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�F�o�r� �t�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �s�t�u�d�y�,� �t�h�e�s�e� �c�a�n� �b�e� �r�e�d�u�c�e�d� �t�o� 

�i�n�j�e�c�t�o�r� �c�o�n�t�r�i�b�u�t�i�o�n�s� �a�n�d� �a� �c�o�m�p�o�s�i�t�e� �c�o�n�t�r�i�b�u�t�i�o�n� �(�d�e�n�o�t�e�d� 

�0�7� �-�e�s�i�d�u�a�]�)� �c�o�n�s�i�s�t�i�n�g� �o�f� �t�h�e� �c�o�l�u�m�n�,� �d�e�t�e�c�t�o�r�,� �c�o�n�n�e�c�t�i�o�n�s�,� 

�a�n�d� �o�t�h�e�r� �c�a�u�s�e�s� �(�e�q�u�a�t�i�o�n� �8�)�.� 

�2�  �� �q�2� �2� �.� �o ��s�y�s� �=� �F� �i�n�j� �*� �[�r�e�s�i�d�u�a�l� �{�8�}� 

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

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

�s�y�s�t�e�m�,� �a� �c�o�m�m�e�r�c�i�a�l�l�y� �a�v�a�i�l�a�b�l�e� �4� �m�m� �A�S�4�A� �(�D�i�o�n�e�x�)� �c�o�l�u�m�n� 

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

�s�h�o�w�n� �t�h�a�t� �a� �2� �t�o� �2�0� �w�l� �i�n�j�e�c�t�i�o�n� �o�n� �a� �4� �m�m� �c�o�l�u�m�n� �m�a�k�e�s� �a� 

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

�e�q�u�a�t�i�o�n� �8� �r�e�d�u�c�e�s� �t�o� 

�2�  �� �«�q�a� �o ��s�y�s� �=� �[�r�e�s�i�d�u�a�l� �{�9�}� 

�E�x�p�e�r�i�m�e�n�t�a�l�l�y�,� �a� �2�0� �w�l� �i�n�j�e�c�t�i�o�n� �o�n�t�o� �t�h�e� �s�t�a�n�d�a�r�d� �D�i�o�n�e�x� 

�s�y�s�t�e�m� �g�i�v�e�s� �N� �=� �4�9�0�0� �a�n�d� �t�p� �=� �1�2�5�.�4� �s�e�c�o�n�d�s�.� �S�o�l�v�i�n�g� 

�e�q�u�a�t�i�o�n� �8� �f�o�r� �t�h�e� �s�y�s�t�e�m� �v�a�r�i�a�n�c�e� �g�i�v�e�s�:� 

�2� �=� �7�2� �.� �_� �2� 
�O ��s�y�s� �=� �S ��r�e�s�i�d�u�a�l� �=� �3�-�2�1� �s�e�c� 

�R�e�p�e�a�t�i�n�g� �t�h�e� �s�a�m�e� �p�r�o�c�e�s�s� �b�u�t� �w�i�t�h� �a� �5�0� �w�l� �i�n�j�e�c�t�i�o�n� �y�i�e�l�d�s� 

�2� �=� �2� 
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�W�i�t�h� �t�h�e� �v�a�l�u�e�s� �f�o�r� �t�h�e� �r�e�s�i�d�u�a�l� �v�a�r�i�a�n�c�e� �a�n�d� �t�h�e� �r�e�s�i�d�u�a�l� 

�p�l�u�s� �5�0� �w�l� �i�n�j�e�c�t�i�o�n� �v�a�r�i�a�n�c�e�,� �t�h�e� �v�a�r�i�a�n�c�e� �i�n�t�r�o�d�u�c�e�d� �b�y� 

�t�h�e� �5�0� �w�l� �i�n�j�e�c�t�i�o�n� �c�a�n� �b�e� �o�b�t�a�i�n�e�d�.� 

 ��-� �g�2� �-�~� �a�2� �.� 
�o�7�s�n�4�  �� �O�'�s�y�s� �~� �[�r�e�s�i�d�u�a�l� �{�8�}� 

�2�.� �.�e� �2�.� �2� �2� �O�o� �i�n�j� �=� �3�.�7�6� �s�e�c� �3�.�2�1� �s�e�c�*� �=� �0�.�5�5� �s�e�c� 

�R�e�c�a�l�l� �t�h�a�t� �a� �t�y�p�i�c�a�l� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �p�e�a�k� �i�s� �G�a�u�s�s�i�a�n� �i�n� 

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

�d�e�v�i�a�t�i�o�n� �(�9�5�%� �o�f� �t�o�t�a�l� �a�r�e�a�)�.� 

�4�0�i�n�j� �=� �2�.�9�6� �s�e�c� 

�F�o�r� �a� �f�l�o�w� �r�a�t�e� �o�f� �1� �m�l�/�m�i�n�,� �t�h�e� �i�n�j�e�c�t�i�o�n� �v�o�l�u�m�e� �t�h�a�t� 

�c�a�u�s�e�d� �t�h�i�s� �d�i�s�p�e�r�s�i�o�n� �i�s� 

�2�.�9�6� �s�e�c� �X� �1� �m�1�/�6�0� �s�e�c� �=� �4�9�.�6� �p�l� 

�F�o�r� �s�i�x� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n�s� �(�9�9�.�3�%� �o�f� �t�o�t�a�l� �a�r�e�a�)�,� �t�h�e� 

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

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

�v�o�l�u�m�e�s� �o�f� �9�4�.�7� �a�n�d� �2�0�7�.�1� �u�l� �o�f� �1� �p�p�m� �c�h�l�o�r�i�d�e� �a�n�d� �5� �p�p�m� 

�s�u�l�f�a�t�e� �a�r�e� �g�i�v�e�n� �i�n� �F�i�g�u�r�e�s� �1�4� �a�n�d� �1�5�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� 
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�I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �t�h�e�o�r�e�t�i�c�a�l� �i�n�j�e�c�t�i�o�n� �v�o�l�u�m�e� �t�h�a�t� 

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

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

�t�h�e� �d�o�t�t�e�d� �l�i�n�e�.� �S�i�n�c�e� �v�a�r�i�a�n�c�e� �i�s� �a� �s�q�u�a�r�e�d� �f�u�n�c�t�i�o�n�,� �t�h�e� 

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

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

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

�l�i�n�e�.� �F�r�o�m� �t�h�e�s�e� �d�a�t�a�,� �a�n� �a�c�t�u�a�l� �i�n�j�e�c�t�i�o�n� �v�o�l�u�m�e� �o�f� �2�0�7�.�1� 

�p�l� 

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

�v�o�l�u�m�e� �o�f� �9�0�.�9� �w�l�.� �I�t� �i�s� �a�p�p�a�r�e�n�t� �t�h�a�t� �s�o�m�e� �s�o�r�t� �o�f� �p�e�a�k� 

�c�o�m�p�r�e�s�s�i�o�n� �o�r� �f�o�c�u�s�i�n�g� �i�s� �o�c�c�u�r�r�i�n�g� �i�n� �t�h�e� �c�o�l�u�m�n�.� �I�n� �I�C�,� 

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

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

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

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

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

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

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

�h�i�g�h�e�r� �a�f�f�i�n�i�t�y� �f�o�r� �t�h�e� �A�S�4�A� �r�e�s�i�n� �(�8�3�)�,� �i�t� �p�r�e�f�e�r�e�n�t�i�a�l�l�y� 

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

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

�i�n�j�e�c�t�o�r� �a�n�d� �t�h�e� �s�u�l�f�a�t�e� �i�o�n� �a�c�h�i�e�v�e�s� �t�h�e� �e�x�p�e�c�t�e�d� �4� �t�o� �1� 

�i�m�p�r�o�v�e�m�e�n�t�.� �T�h�e� �c�h�l�o�r�i�d�e� �i�o�n�,� �o�n� �t�h�e� �o�t�h�e�r� �h�a�n�d�,� �i�s� �l�e�s�s� 
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�7�0� 

�&� �s� 
�6�5�+� �m�a� 

�z� 

�5�5� �+� 

�5�0� �{� 
�O� �5�0� �1�0�0� �1�5�0� �2�0�0� �2�5�0� 

�I�n�j�e�c�t�i�o�n� �V�o�l�u�m�e� �(�m�i�c�r�o�l�i�t�e�r�s�)� 

�F�i�g�u�r�e� �1�4�.� �P�l�a�t�e� �H�e�i�g�h�t� �v�s�.� �I�n�j�e�c�t�i�o�n� �V�o�l�u�m�e� 
�f�o�r� �C�h�l�o�r�i�d�e�.� �C�i�r�c�l�e�s� �=� �E�x�p�e�r�i�m�e�n�t�a�l� 
�R�e�s�u�l�t�s� �(�t�r�i�p�l�i�c�a�t�e� �m�e�a�s�u�r�e�m�e�n�t�s�)�,� 
�T�r�i�a�n�g�l�e�s� �=� �T�h�e�o�r�e�t�i�c�a�l� �V�a�l�u�e�s� 
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�7�0�+� 

�6�S� �+� 

�Q� �S�O� �1�0�0� �1�5�0� �2�0�0� �2�5�0� 

�I�n�j�e�c�t�i�o�n� �V�o�l�u�m�e� �(�m�i�c�r�o�l�i�t�e�r�s�)� 

�F�i�g�u�r�e� �1�5�.� �P�l�a�t�e� �H�e�i�g�h�t� �v�s�.� �I�n�j�e�c�t�i�o�n� �V�o�l�u�m�e� 
�f�o�r� �S�u�l�f�a�t�e�.� �C�i�r�c�l�e�s� �=� �E�x�p�e�r�i�m�e�n�t�a�l� 
�R�e�s�u�l�t�s� �(�t�r�i�p�l�i�c�a�t�e� �m�e�a�s�u�r�e�m�e�n�t�s�)�,� 
�T�r�i�a�n�g�l�e�s� �=� �T�h�e�o�r�e�t�i�c�a�l� �V�a�l�u�e�s� 
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�r�e�t�a�i�n�e�d� �a�n�d� �t�h�e� �r�e�s�u�l�t� �i�s� �a� �b�r�o�a�d�e�r� �i�n�i�t�i�a�l� �b�a�n�d� �o�n� �t�h�e� 

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

�a�n� �i�n�c�r�e�a�s�e� �i�n� �p�l�a�t�e� �h�e�i�g�h�t�.� �T�h�e� �2� �m�m� �c�o�l�u�m�n� �s�h�o�w�s� �p�r�e�c�i�s�e�l�y� 

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

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

�m�u�s�t� �t�a�k�e� �a�d�v�a�n�t�a�g�e�.� 

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

�s�e�n�s�i�t�i�v�i�t�y� �a�n�d� �t�h�e� �m�i�n�i�m�i�z�a�t�i�o�n� �o�f� �s�a�m�p�l�e� �h�a�n�d�l�i�n�g�.� �T�h�e� 

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

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

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

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

�s�o�l�u�t�i�o�n� �t�o� �t�r�a�c�e� �a�n�a�l�y�s�i�s�.� �H�o�w�e�v�e�r�,� �i�t� �c�a�n� �n�o�t� �b�e� �s�t�r�e�s�s�e�d� 

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

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

�s�e�n�s�i�t�i�v�i�t�y�.� 

�S�u�r�f�a�c�e� �P�r�e�t�r�e�a�t�m�e�n�t� �E�f�f�e�c�t�s� �i�n� 

�M�i�c�r�o�p�a�c�k�e�d� �F�u�s�e�d� �S�i�l�i�c�a� �C�o�l�u�m�n�s� 

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

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

�m�o�s�t� �p�o�p�u�l�a�r� �s�t�e�e�l� �c�o�l�u�m�n� �p�a�c�k�i�n�g� �m�e�t�h�o�d� �(�2�4�)� �e�m�p�l�o�y�s� �a� 

�l�a�r�g�e� �f�l�o�w� �r�a�t�e�,� �c�o�n�s�t�a�n�t� �p�r�e�s�s�u�r�e� �p�u�m�p�.� �S�t�e�e�l� �c�o�l�u�m�n�s� �a�r�e� 

�t�y�p�i�c�a�l�l�y� �p�a�c�k�e�d� �a�t� �8�0�0�0� �t�o� �1�2�0�0�0� �p�s�i�.� �T�h�i�s� �p�a�c�k�i�n�g� �p�r�e�s�s�u�r�e� 
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�i�s� �a�p�p�l�i�e�d� �f�o�r� �a� �d�e�s�i�g�n�a�t�e�d� �p�e�r�i�o�d� �o�f� �t�i�m�e� �(�3�0�-�6�0� �m�i�n�)�.� �T�h�e� 

�h�i�g�h� �p�r�e�s�s�u�r�e� �i�s� �r�e�q�u�i�r�e�d� �t�o� �c�r�e�a�t�e� �a� �s�t�a�b�l�e�,� �h�i�g�h�l�y� 

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

�s�u�b�s�t�a�n�t�i�a�l�l�y� �l�o�w�e�r� �p�r�e�s�s�u�r�e�s�.� 

�M�i�c�r�o�s�c�o�p�i�c� �v�i�e�w�i�n�g� �o�f� �t�h�e� �p�a�c�k�i�n�g� �p�r�o�c�e�s�s� �i�s� �p�r�e�s�e�n�t�e�d� 

�s�c�h�e�m�a�t�i�c�a�l�l�y� �i�n� �F�i�g�u�r�e� �1�6�.� �T�h�e� �f�l�o�w� �o�f� �t�h�e� �s�l�u�r�r�y� �c�a�n� �b�e� 

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

�o�n�e�.� �O�b�s�e�r�v�a�t�i�o�n�s� �m�a�d�e� �b�y� �t�h�e� �a�u�t�h�o�r� �w�h�i�l�e� �p�a�c�k�i�n�g� �1�0�0� �u�m� �i�d� 

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

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

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

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

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

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

�z�e�r�o� �a�t� �t�h�e� �l�i�q�u�i�d�/�w�a�l�l� �i�n�t�e�r�f�a�c�e�.� �F�r�o�m� �o�b�s�e�r�v�a�t�i�o�n�s�,� �t�h�e� 

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

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

�p�o�s�s�i�b�l�e� �a�n�d� �w�i�l�l� �p�r�o�v�e� �e�s�s�e�n�t�i�a�l� �l�a�t�e�r� �o�n�.� 

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

�t�h�o�s�e� �t�h�a�t� �f�o�r�m� �i�n� �a� �v�e�r�y� �s�h�o�r�t� �p�e�r�i�o�d� �o�f� �t�i�m�e� �(�2�4�)�.� �T�h�e� 

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

�w�h�o�l�e� �w�i�t�h� �n�o� �t�i�m�e� �f�o�r� �s�i�z�i�n�g� �o�r� �s�i�e�v�i�n�g� �t�o� �o�c�c�u�r�.� �U�n�d�e�r� �t�h�e� 

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

�z�o�n�e� �o�f� �p�a�c�k�i�n�g� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�l�u�m�n�.� �T�h�e� �w�a�l�l� 

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

�o�f� �S�l�u�r�r�y� 

� � � � �A�c�c�u�m�u�l�a�t�e�d� �B�e�d� 

� � 

�F�i�g�u�r�e� �1�6�.� �S�c�h�e�m�a�t�i�c� �o�f� �P�a�c�k�i�n�g� �A�c�c�u�m�u�l�a�t�i�o�n� 
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�d�r�i�v�i�n�g� �f�o�r�c�e�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� �b�e�s�t� �b�e�d�s� �a�r�e� �t�y�p�i�c�a�l�l�y� 

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

�W�i�t�h� �t�h�i�s� �i�n� �m�i�n�d�,� �i�n�i�t�i�a�l� �a�t�t�e�m�p�t�s� �t�o� �p�r�e�p�a�r�e� �p�a�c�k�e�d� 

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

�p�r�e�s�s�u�r�e�s� �a�s� �"�m�i�l�d�"� �a�s� �6�0�0�0� �p�s�i� �e�a�s�i�l�y� �f�r�a�c�t�u�r�e�d� �1�5� �c�o�l�u�m�n�s�.� 

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

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

�T�h�e�s�e� �t�e�c�h�n�i�q�u�e�s� �a�r�e� �t�h�e� �s�y�r�i�n�g�e� �(�2�1�)� �a�n�d� �t�h�e� �r�a�m�p� �m�e�t�h�o�d�s� 

�(�8�6�)�.� �T�h�e� �s�y�r�i�n�g�e� �t�e�c�h�n�i�q�u�e� �i�s� �a� �m�o�d�i�f�i�c�a�t�i�o�n� �o�f� �I�s�h�i�i ��s� 

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

�c�o�l�u�m�n� �b�l�a�n�k�.� �S�u�b�s�e�q�u�e�n�t� �p�r�e�s�s�u�r�e� �t�r�e�a�t�m�e�n�t� �c�o�m�p�a�c�t�s� �t�h�e� �b�e�d� 

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

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

�c�o�l�u�m�n�.� �R�e�a�s�o�n�a�b�l�y� �(�h� �=� �4� �t�o� �5�)� �e�f�f�i�c�i�e�n�t� �c�o�l�u�m�n�s� �a�r�e� 

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

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

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

�M�c�N�a�i�r� �r�e�a�s�o�n�e�d� �t�h�a�t� �t�h�e� �s�u�d�d�e�n�,� �h�i�g�h� �s�t�r�a�i�n� �o�f� �s�l�a�m� �p�a�c�k�i�n�g� 

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

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

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

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

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

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

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

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

�C�o�n�c�o�m�i�t�a�n�t� �w�i�t�h� �t�h�a�t� �d�e�d�u�c�t�i�o�n� �w�a�s� �t�h�e� �c�o�n�s�i�d�e�r�a�t�i�o�n� �t�h�a�t� 

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

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

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

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

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

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

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

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

�d�u�r�a�b�i�l�i�t�y� �a�n�d� �s�t�a�b�i�l�i�t�y�.� 

�F�i�g�u�r�e�s� �1�7�,� �1�8�,� �a�n�d� �1�9� �r�e�p�r�e�s�e�n�t� �t�h�e� �t�h�r�e�e� �s�u�r�f�a�c�e�s� 

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

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

�s�i�l�o�x�a�n�e� �b�r�i�d�g�e�s�,� �a�n�d� �h�i�g�h�l�y� �a�c�i�d�i�c� �h�y�d�r�o�g�e�n� �b�o�n�d�i�n�g� �s�i�t�e�s�.� 

�T�h�e� �p�o�l�y�-�m�e�t�h�y�l�h�y�d�r�o�s�i�l�o�x�a�n�e� �(�P�M�H�S�)� �s�u�r�f�a�c�e� �c�o�n�s�i�s�t�s� �o�f� �a� 

�t�h�i�n� �f�i�l�m� �o�f� �5�0�%� �d�i�m�e�t�h�y�l�,� �5�0�%� �d�i�h�y�d�r�o�g�e�n� �s�i�l�o�x�a�n�e� �p�o�l�y�m�e�r� 

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

�v�i�a� �t�h�e� �r�e�a�c�t�i�v�e� �S�i�-�H� �b�o�n�d�s�.� �B�e�c�a�u�s�e� �o�f� �t�h�e� �r�e�l�a�t�i�v�e�l�y� �t�h�i�n�,� 

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

�S�i�l�a�n�o�l�s�,� �t�h�e� �P�M�H�S� �m�a�t�e�r�i�a�l� �m�a�y� �s�t�i�l�l� �b�e� �c�a�p�a�b�l�e� �o�f� �p�o�l�a�r� 

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

�c�o�m�m�e�r�c�i�a�l� �G�C� �c�o�l�u�m�n� �t�h�a�t� �c�o�n�s�i�s�t�s� �o�f� �a� �c�r�o�s�s�l�i�n�k�e�d� �f�i�l�m� �o�f� 

�5�%� �p�h�e�n�y�l�-�m�e�t�h�y�l�p�o�l�y�s�i�l�o�x�a�n�e� �(�O�V�-�7�3�)�.� 
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�s�i�l�a�n�o�l� �s�i�l�o�x�a�n�e� �"�h�o�t� �s�p�o�t �� 

�H� �H� �H� �?�°�.� �\�,� �0� �0 �� 

�1�7�°�?� �N�,�7�°� �%�5�,�7�°� �N�d� �1�7�2� �7�°� �\� �7� 
�S�i�,� �S�i� �S�i� 

�7� �o�f� �N�o�l� �S�o�t� �S�o�f� �N�o�t� �S� �o�%� 

�U�n�t�r�e�a�t�e�d� �F�u�s�e�d� �S�i�l�i�c�a� 

�F�i�g�u�r�e� �1�7�.� �S�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �F�u�s�e�d� �S�i�l�i�c�a� �S�u�r�f�a�c�e� 
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�C�H� �C�H� �C�H� �C�H� �C�H� �C�H� 
�3� �3� �3� �p�>� �a�?� �y�r�?� �4� �I� 

�m�_�S�j�i�=�O�m ��S�i�=�O�=�S�i�=�O�=�2�S�i�=�0�O�=�S�i�=�0 ��S�i ��=� 

�I� 
�H� �O�o� �O�o� �H� �O� �H� 

�F�u�s�e�d� �S�i�l�i�c�a� �W�a�l�l� 
� � 

�P�M�H�S� �D�e�a�c�t�i�v�a�t�e�d� �T�u�b�i�n�g� 

�F�i�g�u�r�e� �1�8�.� �S�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �P�M�H�S� �S�u�r�f�a�c�e� 

�(�A� �m�u�l�t�i�l�a�y�e�r� �f�i�l�m� �i�s� �a�c�t�u�a�l�l�y� �f�o�r�m�e�d�)� 
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�C�H� �C�H� �P�h� �C�H� �C�H� �C�H� 
�3� �3� �3� �i�?� �|� �i�>� �|� 

�m�e� �S�i�e� �O�m� �S�i�m� �O�O� �=� �S�i�m� �O�O� �=�S�i�=�O�=� �S�i�=�0�O�  ��S�i� �=� 

�I� �I� 
�C�H� �C�H� �C�H� �C�H� �C�H� �C�H� 

�p�e�r�s� �e�e�e�r�e�r�e�e�e�n�e�n�r�e�n�e�s�d� �c�e�e�e�e�n�e�s�n�e�m�s�e�m�e�n�t�s� �h�u�n�m�e�s�n�a�s�n�e�n�s�e�m�a�n�s�s�S�e�p�p�u�m�s�q�u�s�s�e�e�m�n�a�e�s�t�m�s�r�s�a�s�a�m�n�m�m�a�s�a�s� �0� 

�F�u�s�e�d� �S�i�l�i�c�a� �W�a�l�l� 
� � 

�P�o�l�y�m�e�r� �C�o�a�t�e�d� �C�o�l�u�m�n� �(�S�E�-�5�4�)� 

�F�i�g�u�r�e� �1�9�.� �S�c�h�e�m�a�t�i�c� �o�f� �t�h�e� �"�U�l�t�r�a� �2�"� �S�u�r�f�a�c�e� 

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

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

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

�3�.� �A� �s�t�a�t�i�s�t�i�c�a�l�l�y� �s�i�g�n�i�f�i�c�a�n�t� �d�i�f�f�e�r�e�n�c�e� �i�s� �o�b�t�a�i�n�e�d� �f�o�r� 

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

�o�f� �a�c�t�i�v�i�t�y� �t�h�a�n� �t�h�e� �t�h�i�n� �P�M�H�S� �f�i�l�m� �a�n�d� �t�h�e� �P�M�H�S� �f�i�l�m� �i�s� 

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

�t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�s� �m�i�n�i�m�a�l� �a�n�d� �i�n� �t�h�e� �t�r�a�n�s�i�t�i�o�n� �f�r�o�m� �G�C� �t�o� 

�H�P�L�C�,� �s�e�v�e�r�a�l� �f�a�c�t�o�r�s� �s�e�r�v�e� �t�o� �f�u�r�t�h�e�r� �r�e�d�u�c�e� �t�h�e� �w�a�l�l� 

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

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

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

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

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

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

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

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

�R�a�t�i�o� �o�f� �s�i�l�a�n�o�l� �g�r�o�u�p�s� �o�n� �t�h�e� �p�a�c�k�i�n�g� �v�e�r�s�u�s� �t�h�e� �w�a�l�l� �i�n�a� 

�p�a�c�k�e�d� �f�u�s�e�d� �s�i�l�i�c�a� �c�o�l�u�m�n� 

�F�o�r� �s�t�a�n�d�a�r�d� �5� �u�m� �s�i�l�i�c�a� �p�a�r�t�i�c�l�e�s� �(�H�y�p�e�r�s�i�l�)�,� �t�h�e� �s�u�r�f�a�c�e� 

�a�r�e�a� �o�f� �s�u�c�h� �p�a�r�t�i�c�l�e�s� �i�s� �u�s�u�a�l�l�y� �r�e�p�o�r�t�e�d� �a�t� �3�0�0� �m�2�/�g� �(�f�r�o�m� 

�B�E�T� �m�e�a�s�u�r�e�m�e�n�t�s�)�.� �T�h�e� �a�m�o�u�n�t� �o�f� �p�a�c�k�i�n�g� �i�n� �a� �2�5�0� �X� �0�.�3�2�0� �m�m� 
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�T�a�b�l�e� �3� 

�A�d�s�o�r�p�t�i�v�i�t�y� �o�f� �t�h�e� �C�o�l�u�m�n� �B�l�a�n�k�s� 

�C�o�l�u� �t�i�v�i� 

�S�a�m�p�l�e�:� �l�-�o�c�t�a�n�o�l� 

�C�o�l� �T�e�m�p�:� �9�0� �C� 

�I�n�j� �T�e�m�p�:� �1�7�5� �C� 

�D�e�t� �T�e�m�p�:� �2�5�0� �C� 

�S�p�l�i�t�:� �1�9�0� �t�o� �1� 

�C�o�l�u�m�n� �M�a�t�e�r�i�a�l� �P�e�a�k� �A�s�y�m�m�e�t�r�y� 

�U�n�t�r�e�a�t�e�d� �1�.�2�2�+�/�-�0�.�0�3� 

�P�M�H�S� �1�.�1�6�+�/�-�0�.�0�4� 

�U�l�t�r�a� �2� �1�.�0�9�+�/�-�0�.�0�3� 
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�c�o�l�u�m�n� �i�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �2�5� �m�g�.� �T�h�e� �r�e�s�u�l�t�i�n�g� �s�u�r�f�a�c�e� �a�r�e�a� �o�f� 

�t�h�e� �s�t�a�t�i�o�n�a�r�y� �p�h�a�s�e� �i�s� �s�i�m�p�l�y� 

�3�0�0� �m ��/�g� �X� �0�.�0�2�5� �g� �=� �7�.�5� �m�@� 

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

�c�a�l�c�u�l�a�t�e�d�.� 

�0�.�2�5� �m� �X� �(�0�.�0�0�0�3�2�0� �m�/�2�)� �X� �4� �X� �7� �=� �0�.�0�0�0�5�0� �m�2� 

�F�o�r� �s�i�l�i�c�a� �g�e�l� �p�a�r�t�i�c�l�e�s�,� �i�t� �i�s� �a�c�c�e�p�t�e�d� �t�h�a�t� �t�h�e�r�e� �a�r�e� �8� 

�u�m�o�l�/�m�?� �o�f� �s�i�l�a�n�o�l�s� �(�2�4�)�.� �T�h�u�s�,� �t�h�e� �n�u�m�b�e�r� �o�f� �s�i�l�a�n�o�l�s� �o�n� 

�b�a�r�e� �s�i�l�i�c�a� �g�e�l� �i�s� 

�7�.�5� �m�*� �X� �8� �p�m�o�l� �/�m�2� �=� �6�0� �p�m�o�l� 

�W�i�t�h� �a� �s�t�a�n�d�a�r�d� �r�e�v�e�r�s�e� �p�h�a�s�e� �p�a�c�k�i�n�g�,� �t�h�e� �a�m�o�u�n�t� �o�f� �o�r�g�a�n�i�c� 

�s�u�b�s�t�r�a�t�e� �b�o�u�n�d� �t�o� �t�h�e� �s�u�r�f�a�c�e� �i�s� �a�s� �h�i�g�h� �a�s� �5�0�%�.� �T�h�u�s�,� �t�h�e� 

�a�c�t�u�a�l� �n�u�m�b�e�r� �o�f� �s�i�l�a�n�o�l�s� �i�s� �o�n�l�y� �3�0� �w�m�o�l�.� �T�h�e� �n�u�m�b�e�r� �o�f� 

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

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

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

�t�u�b�i�n�g� �i�s� 

�0�.�0�0�0�5�0� �m�2� �X� �8� �u�m�o�l�/�m�?� �=� �0�.�0�0�4� �p�m�o�l� 
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�T�h�e� �r�a�t�i�o� �o�f� �r�e�s�i�d�u�a�l� �s�i�l�a�n�o�l�s� �o�n� �t�h�e� �p�a�c�k�i�n�g� �v�e�r�s�u�s� �t�h�e� 

�S�i�l�a�n�o�l�s� �o�n� �t�h�e� �w�a�l�l� �i�s� 

�3�0�/�0�.�0�0�4� �=� �7�5�0�0� �t�o� �1� 

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

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

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

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

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

�h�a�d� �b�e�e�n� �p�u�b�l�i�s�h�e�d�.� �M�a�u�r�i�c�e� �V�e�r�z�e�l�e ��s� �r�e�s�e�a�r�c�h� �g�r�o�u�p� �a�t� �t�h�e� 

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

�p�a�c�k�e�d� �f�u�s�e�d� �s�i�l�i�c�a� �c�o�l�u�m�n�s� �(�9�8�)�.� �V�e�r�z�e�l�e ��s� �g�r�o�u�p� �u�s�e�d� �o�n�l�y� 

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

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

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

�p�l�a�t�e� �h�e�i�g�h�t� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �T�a�b�l�e� �4�.� 

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

�r�a�n�g�i�n�g� �f�r�o�m� �a� �n�o�n�-�p�o�l�a�r� �p�o�l�y�d�i�m�e�t�h�y�l�s�i�l�o�x�a�n�e� �(�S�E�-�3�0� �o�r� �R�S�L�-� 

�1�5�0�)� �t�o� �a� �s�l�i�g�h�t�l�y� �p�o�l�a�r� �5�%� �p�h�e�n�y�l� �(�R�S�L�-�3�0�0�)� �t�o� �a� �p�o�l�a�r� 

�p�o�l�y�e�t�h�y�l�e�n�e� �g�l�y�c�o�l� �(�S�u�p�e�r�o�x� �2�0�M�)�.� �N�o�t�e� �t�h�a�t� �t�h�e� �c�a�p�a�c�i�t�y� 

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

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

�a�r�e� �q�u�i�t�e� �s�i�m�i�l�a�r� �o�n� �t�h�e� �v�a�r�i�o�u�s� �c�o�l�u�m�n�s�.� �T�h�e� �l�a�r�g�e�s�t� 
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�V�e�r�z�e�l�e ��s� �D�a�t�a� �o�n� �D�i�f�f�e�r�e�n�t� �P�o�l�y�m�e�r� �C�o�a�t�e�d� �P�a�c�k�e�d� 

�T�a�b�l�e� �4� 

�C�a�p�i�l�l�a�r�y� �C�o�l�u�m�n�s� 

� � 

�W�w� �a�t�i� �9� 

�S�u�p�e�r�o�x�-�2�0�M� �R�S�L�-�3�0�0� �R�S�L�-�1�5�0� 

�C�o�m�p�o�u�n�d� �k ��_� �A�s� �H� �k �� �A�s� �_�H� �k �� �A�s� �H� 

�P�h�e�n�o�l� �0�.�4�7� �1�.�6�5� �0�.�0�4�4� �0�.�4�7� �1�.�8�0� �0�.�0�3�7� �0�.�4�8� �1�.�7�4� �0�.�0�3�7� 

�B�e�n�z�a�l�d� �0�.�8�4� �1�.�4�9� �0�.�0�4�1� �0�.�8�4� �1�.�3�2� �0�.�0�3�7� �0�.�8�6� �1�.�6�4� �0�.�0�3�3� 

�N�N�d�p�T� �1�.�1�1� �1�.�4�6� �0�.�0�3�1� �1�.�1�0� �1�.�5�6� �0�.�0�2�6� �1�.�1�3� �1�.�5�1� �0�.�0�2�7� 

�T�o�l�u�e�n�e� �2�.�6�4� �1�.�2�1� �0�.�0�1�4� �2�.�6�2� �1�.�2�6� �0�.�0�1�2� �2�.�7�1� �1�.�2�8� �0�.�0�1�1� 

�E�t�B�e�n�z� �3�.�9�9� �1�.�1�8� �0�.�0�1�2� �3�.�8�7� �1�.�2�5� �0�.�0�1�1� �4�.�0�3� �1�.�3�0� �0�.�0�1�0� 

�A�d�a�p�t�e�d� �f�r�o�m� �M�.� �V�e�r�z�e�l�e�,� �C�.� �D�e�w�a�e�l�e�,� �M�.� �D�e�W�e�e�r�d�t�,� 

�a�n�d� �S�.� �A�b�b�o�t�t�,� �P�r�o�c�e�e�d�i�n�g�s� �o�f� �t�h�e� 

�N�i�n�t�h� �S�y�m�p�o�s�i�u�m� �o�n� �C�a�p�i�l�l�a�r�y� 

�C�h�r�o�m�a�t�o�g�r�a�p�h�y�,� �M�o�n�t�e�r�e�y� �1�9�8�8� �p�3�4�1� 
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�r�e�l�a�t�i�v�e� �s�t�a�n�d�a�r�d� �d�e�v�i�a�t�i�o�n� �(�R�S�D�)� �f�o�r� �p�e�a�k� �a�s�y�m�m�e�t�r�y� �i�s� �o�n�l�y� 

�1�0�.�8�%� �f�o�r� �b�e�n�z�a�l�d�e�h�y�d�e�.� �A�l�l� �o�t�h�e�r� �R�S�D�s� �a�r�e� �b�e�l�o�w� �5�%�.� �W�h�i�l�e� 

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

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

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

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

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

�o�p�t�i�m�u�m� �e�f�f�i�c�i�e�n�c�y� �i�s� �a�t�t�a�i�n�a�b�l�e�.� �F�o�r� �5� �u�m� �p�a�r�t�i�c�l�e�s�,� �t�h�e� 

�r�e�d�u�c�e�d� �p�l�a�t�e� �h�e�i�g�h�t�,� �h�,� �s�h�o�u�l�d� �g�i�v�e� �a� �v�a�l�u�e� �o�f� �2�.� �T�h�e� 

�a�v�e�r�a�g�e� �v�a�l�u�e� �f�o�r� �t�h�e�s�e� �c�o�l�u�m�n�s� �i�s� �2�.�2�5�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �t�h�e� 

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

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

�m�i�c�r�o�c�o�l�u�m�n�.� 

�T�h�e� �c�o�l�u�m�n� �r�e�s�i�s�t�a�n�c�e� �f�a�c�t�o�r�,� �$�6�,� �i�s� �a�l�s�o� �a� �g�o�o�d� �m�e�a�s�u�r�e� 

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

�p�a�c�k�i�n�g� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �c�o�l�u�m�n�.� �C�o�l�u�m�n� �r�e�s�i�s�t�a�n�c�e� �i�s� 

�d�e�f�i�n�e�d� �b�y� �S�n�y�d�e�r� �a�n�d� �K�i�r�k�l�a�n�d� �(�2�4�)� �a�s� �{�1�0�}� 

�®� �=� �s�e�e� �e�e�e� �w�e�e� �e�e�e� �{�1�0�}� 

�w�h�e�r�e� �P� �=� �p�r�e�s�s�u�r�e� �d�r�o�p� �(�b�a�r�)� 

�t�o�=� �d�e�a�d� �t�i�m�e� �(�s�e�c�)� 

�d�p�=� �p�a�r�t�i�c�l�e� �d�i�a�m�e�t�e�r� �(�m�i�c�r�o�n�s�)� 
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�v�i�s�c�o�s�i�t�y� �(�c�e�n�t�i�p�o�i�s�e�)� �3�
 �i�I� 

�m�M� �t�l� �c�o�l�u�m�n� �l�e�n�g�t�h� �(�m�e�t�e�r�s�)� 

�T�o� �m�a�k�e� �a� �q�u�a�l�i�t�a�t�i�v�e� �c�o�m�p�a�r�i�s�o�n�,� �t�h�e� �v�a�l�u�e�s� �o�f� �$� �f�o�r� �e�a�c�h� 

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

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

�a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �5�.� �T�h�e� �u�n�t�r�e�a�t�e�d� �a�n�d� �P�M�H�S� �c�o�l�u�m�n�s� �a�r�e� 

�e�x�t�r�e�m�e�l�y� �s�i�m�i�l�a�r� �i�n� �t�e�r�m�s� �o�f� �c�o�l�u�m�n� �r�e�s�i�s�t�a�n�c�e�.� �S�i�n�c�e� �t�h�e� 

�f�i�l�m� �t�h�i�c�k�n�e�s�s� �i�s� �s�o� �s�m�a�l�l� �i�n� �t�h�e� �P�M�H�S� �c�o�l�u�m�n�,� �i�t� �i�s� 

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

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

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

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

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

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

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

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

�c�o�l�u�m�n� �i�n�c�r�e�a�s�e�s� �b�y� �3�0�%� �o�v�e�r� �e�i�t�h�e�r� �t�h�e� �u�n�t�r�e�a�t�e�d� �o�r� �t�h�e� 

�P�M�H�S� �c�o�l�u�m�n�s�.� �A�n� �a�d�d�i�t�i�o�n�a�l� �e�f�f�e�c�t� �t�h�a�t� �c�o�u�l�d� �d�e�c�r�e�a�s�e� 

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

�A�s� �s�u�g�g�e�s�t�e�d� �b�y� �V�e�r�z�e�l�e� �a�n�d� �c�o�-�w�o�r�k�e�r�s� �(�9�8�)�,� �t�h�e� �p�a�c�k�i�n�g� 

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

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

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

�i�m�p�o�s�e�d� �s�t�r�u�c�t�u�r�e� �(�1�8�)�;� �t�h�e�r�e�f�o�r�e�,� �f�l�o�w� �v�e�l�o�c�i�t�i�e�s� �n�e�a�r� �t�h�e� 
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�w�a�l�l� �a�r�e� �g�r�e�a�t�e�r� �t�h�a�n� �i�n� �t�h�e� �c�e�n�t�e�r� �o�f� �t�h�e� �c�o�l�u�m�n�.� �A� �t�h�i�r�d� 

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

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

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

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

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

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

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

�w�i�l�l� �i�n�c�r�e�a�s�e� �t�h�e� �c�o�l�u�m�n� �r�e�s�i�s�t�a�n�c�e�.� �F�o�r� �s�h�o�r�t� �c�o�l�u�m�n�s�,� �t�h�i�s� 

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

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

�I�n� �t�h�i�s� �i�n�s�t�a�n�c�e�,� �a�n� �i�n�c�r�e�a�s�e� �i�n� �c�o�l�u�m�n� �b�a�c�k�p�r�e�s�s�u�r�e� �m�a�y� �n�o�t� 

�b�e� �s�o� �t�o�l�e�r�a�b�l�e�.� 

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

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

�s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t�.� �T�w�o� �s�p�e�c�i�f�i�c� �t�e�s�t�s� �w�e�r�e� �p�e�r�f�o�r�m�e�d�:� �a� 

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

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

�f�l�e�x�i�b�i�l�i�t�y� �w�a�s� �m�a�d�e�.� 

�T�h�e� �p�r�e�s�s�u�r�e� �t�e�s�t� �r�e�s�u�l�t�s� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �6�.� �T�h�e� 

�u�n�t�r�e�a�t�e�d� �f�u�s�e�d� �s�i�l�i�c�a� �r�e�p�e�a�t�e�d�l�y� �f�a�i�l�e�d� �a�t� �8�2�5�0� �p�s�i�.� �S�i�n�c�e� 

�t�h�e� �s�t�a�i�n�l�e�s�s� �s�t�e�e�l� �H�P�L�C� �f�i�t�t�i�n�g�s� �a�r�e� �s�t�a�n�d�a�r�d�i�z�e�d� �t�o� 

�w�i�t�h�s�t�a�n�d� �u�p� �t�o� �6�0�0�0� �p�s�i�,� �t�h�e� �a�b�s�o�l�u�t�e� �s�t�r�e�n�g�t�h� �o�f� �t�h�e� �f�u�s�e�d� 

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

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

�R�e�l�a�t�i�v�e� �C�o�l�u�m�n� �R�e�s�i�s�t�a�n�c�e� �M�e�a�s�u�r�e�m�e�n�t�s� 

�M�i�c�r�o�c�o�l�u�m�n� �R�e�s�i�s�t�a�n�c�e� �(�#�4�)� 

� � 
�C�o�l�u�m�n� �M�a�t�e�r�i�a�l� �R�e�l�a�t�i�v�e� �R�e�s�i�s�t�a�n�c�e� 

�U�n�t�r�e�a�t�e�d� �1�.�0�0� �+� �0�.�0�4� 

�P�M�H�S� �1�.�0�1� �+� �0�.�0�4� 

�U�l�t�r�a� �2� �1�.�3�4� �+� �0�.�0�4� 
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�i�n�t�a�c�t�.� �T�h�e� �P�M�H�S� �m�a�t�e�r�i�a�l� �a�l�s�o� �f�a�i�l�e�d� �a�t� �t�h�i�s� �p�r�e�s�s�u�r�e�.� �W�h�e�n� 

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

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

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

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

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

�d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �t�w�o� �t�y�p�e�s� �i�s� �t�h�a�t� �t�h�e� �P�M�H�S� �t�u�b�i�n�g� 

�u�n�d�e�r�w�e�n�t� �t�h�e�r�m�a�l� �t�r�e�a�t�m�e�n�t� �a�t� �3�0�0� �C�.� �T�h�i�s� �f�a�c�t�o�r� �e�x�p�l�a�i�n�s� 

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

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

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

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

�p�r�e�s�s�u�r�e�.� �A�t� �9�0�0�0� �p�s�i� �n�o�n�e� �o�f� �t�h�e� �t�e�s�t� �c�o�l�u�m�n�s� �f�a�i�l�e�d�.� �I�n� 

�t�e�r�m�s� �o�f� �f�l�e�x�i�b�i�l�i�t�y�,� �t�h�e� �U�l�t�r�a� �2� �c�o�l�u�m�n� �i�s� �a�s� �r�e�s�i�l�i�e�n�t� �a�s� 

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

�T�h�e� �p�a�c�k�i�n�g� �t�e�s�t� �r�e�s�u�l�t�s� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �7�.� �T�e�n� 

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

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

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

�r�a�t�e�.� �T�h�e� �r�e�a�s�o�n� �b�e�h�i�n�d� �t�h�i�s� �i�s� �p�a�r�t�i�a�l�l�y� �e�x�p�l�a�i�n�e�d� �b�y� �t�h�e� 

�w�o�r�k� �o�f� �A�r�m�s�t�r�o�n�g� �a�n�d� �H�a�n� �(�5�5�)�.� �E�l�e�c�t�r�o�n� �m�i�c�r�o�s�c�o�p�y� �s�h�o�w�s� 

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

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

�i�n�d�u�c�e�d� �s�c�o�r�i�n�g� �o�f� �t�h�e� �i�n�n�e�r� �w�a�l�l�s�,� �t�h�e� �h�i�g�h� �p�r�e�s�s�u�r�e� �o�f� 
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�T�a�b�l�e� �6� 

�P�r�e�s�s�u�r�e� �T�e�s�t� �R�e�s�u�l�t�s� 

�F�u�s� �i�l�i� �e�s� 

�C�o�n�d�i�t�i�o�n�s�:� �A�c�e�t�o�n�i�t�r�i�l�e� �a�s� �p�u�m�p�i�n�g� �f�l�u�i�d� 

�R�a�m�p� �f�r�o�m� �3�0�0�0� �t�o� �9�0�0�0� �p�s�i� 

�@� �1�5�0�0� �p�s�i�/�m�i�n� �a�n�d� �h�o�l�d� �a�t� �9�0�0�0� �p�s�i� 

�C�o�l�u�m�n� �M�a�t�e�r�i�a�l� �H�i�g�h�e�s�t� �a�t�t�a�i�n�a�b�l�e� �P� 

�U�n�t�r�e�a�t�e�d� �8�2�5�0� �p�s�i� 

�P�M�H�S� �8�2�5�0� �p�s�i� 

�U�l�t�r�a� �2� �>�9�0�0�0� �p�s�i� 
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�p�a�c�k�i�n�g�,� �o�r� �l�o�c�a�l�i�z�e�d� �h�i�g�h� �p�r�e�s�s�u�r�e� �p�o�i�n�t�s�.� �I�f� �t�h�e� �c�r�a�c�k�s� 

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

�p�r�e�s�s�u�r�e� �t�e�s�t� �s�h�o�u�l�d� �g�i�v�e� �6�0�0�0� �p�s�i� �a�s� �t�h�e� �h�i�g�h�e�s�t� �a�t�t�a�i�n�a�b�l�e� 

�p�r�e�s�s�u�r�e�.� �S�i�n�c�e� �t�h�i�s� �i�s� �n�o�t� �t�h�e� �c�a�s�e�,� �t�h�i�s� �e�x�p�l�a�n�a�t�i�o�n� �c�a�n� 

�b�e� �r�u�l�e�d� �o�u�t�.� �I�f� �t�h�e� �c�r�a�c�k�s� �a�r�e� �c�a�u�s�e�d� �b�y� �l�o�c�a�l�i�z�e�d� �h�i�g�h� 

�p�r�e�s�s�u�r�e� �p�o�i�n�t�s�,� �t�h�e�n� �t�h�e� �u�n�t�r�e�a�t�e�d� �a�n�d� �P�M�H�S� �c�o�l�u�m�n�s� �s�h�o�u�l�d� 

�h�a�v�e� �s�i�m�i�l�a�r� �f�a�i�l�u�r�e� �r�a�t�e�s�.� �W�h�i�l�e� �9�0�%� �o�f� �t�h�e� �u�n�t�r�e�a�t�e�d� 

�c�o�l�u�m�n�s� �f�a�i�l�e�d�,� �o�n�l�y� �3�0�%� �o�f� �t�h�e� �P�M�H�S� �c�o�l�u�m�n�s� �f�a�i�l�e�d�.� �T�h�e�s�e� 

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

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

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

�b�u�t� �n�o�t� �e�n�o�u�g�h�.� �T�h�u�s�,� �t�h�e� �s�c�o�r�i�n�g� �p�h�e�n�o�m�e�n�o�n� �a�p�p�e�a�r�s� �t�o� �b�e� 

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

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

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

�U�l�t�r�a� �2� �c�o�l�u�m�n� �a�l�m�o�s�t�s� �e�l�i�m�i�n�a�t�e�s� �t�h�i�s� �p�r�o�b�l�e�m� �a�s� �e�v�i�d�e�n�c�e�d� 

�b�y� �i�t�s� �h�i�g�h� �s�u�c�c�e�s�s� �r�a�t�e�.� 

�A�s� �t�u�b�i�n�g� �d�i�a�m�e�t�e�r� �d�e�c�r�e�a�s�e�s�,� �t�h�e� �r�e�s�i�l�i�e�n�c�y� �a�n�d� 

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

�p�o�s�s�i�b�l�e� �t�o� �p�a�c�k� �s�m�a�l�l�e�r� �d�i�a�m�e�t�e�r� �c�o�l�u�m�n�s� �(�<�2�0�0� �u�m�)� �w�i�t�h� �a� 

�h�i�g�h� �d�r�i�v�i�n�g� �p�r�e�s�s�u�r�e� �(�6�0�0�0� �t�o� �7�0�0�0� �p�s�i�)�.� �T�h�e� �w�o�r�k� �o�f� 

�N�o�v�o�t�n�y�,� �J�i�n�n�o�,� �a�n�d� �t�h�e� �a�u�t�h�o�r� �a�r�e� �s�o�m�e� �i�n�s�t�a�n�c�e�s� �o�f� �t�h�i�s� 

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

�i�n�d�i�c�a�t�e�s� �t�h�a�t� �s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t� �i�s� �u�s�e�f�u�l� �f�o�r� �f�u�s�e�d� 
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�T�a�b�l�e� �7� 

�P�a�c�k�i�n�g� �T�e�s�t� �R�e�s�u�l�t�s� 

�P�a�c�k�i�n�g� �T�e�s�t� 

�C�o�n�d�i�t�i�o�n�s�:� �C�o�n�s�t�a�n�t� �P�r�e�s�s�u�r�e� �P�a�c�k�i�n�g� �a�t� �6�0�0�0� �p�s�i� 

�S�l�u�r�r�y� �R�a�t�i�o� �-� �1�9�/�4�m�l� 

�S�l�u�r�r�y� �S�o�l�v�e�n�t� �-� �I�s�o�p�r�o�p�a�n�o�l� 

�D�i�s�p�l�a�c�e�m�e�n�t� �S�o�l�v�e�n�t� �-� �A�c�e�t�o�n�i�t�r�i�l�e� 

�C�o�l�u�m�n� �M�a�t�e�r�i�a�l� �%� �F�a�i�l�u�r�e�s� 

�U�n�t�r�e�a�t�e�d� �>�9�0� 

�P�M�H�S� �3�0� 

�U�l�t�r�a� �2� �1�0� 
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�s�i�l�i�c�a� �c�o�l�u�m�n�s� �l�a�r�g�e�r� �t�h�a�n� �3�2�0� �u�m� �o�r� �f�o�r� �c�o�l�u�m�n�s� �t�h�a�t� �m�u�s�t� 

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

�E�f�f�e�c�t�s� �o�f� �t�h�e� �K�n�o�x�-�P�a�r�c�h�e�r� �R�a�t�i�o� �i�n� �M�i�c�r�o�c�o�l�u�m�n� �L�C� 

�I�n� �1�9�6�9�,� �K�n�o�x� �a�n�d� �P�a�r�c�h�e�r� �e�x�a�m�i�n�e�d� �t�h�e� �e�f�f�e�c�t�s� �o�f� 

�c�o�l�u�m�n� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r� �(�d�,�)� �a�n�d� �p�a�c�k�i�n�g� �p�a�r�t�i�c�l�e� �d�i�a�m�e�t�e�r� 

�(�d�p�)� �o�n� �t�h�e� �e�f�f�i�c�i�e�n�c�y� �o�f� �l�i�q�u�i�d� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �c�o�l�u�m�n�s� 

�(�1�8�)�.� �T�h�e�y� �d�e�t�e�r�m�i�n�e�d� �t�h�a�t� �t�h�e� �r�a�t�i�o� �o�f� �c�o�l�u�m�n� �i�d� �t�o� 

�p�a�r�t�i�c�l�e� �i�d�,� �n�o�w� �t�e�r�m�e�d� �t�h�e� �K�n�o�x�-�P�a�r�c�h�e�r� �r�a�t�i�o� �a�n�d� 

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

�(�h�)� �a�t� �4�<�p�<�6�.� �F�o�r� �6�<�p�<�8�,� �a� �s�h�a�r�p� �i�n�c�r�e�a�s�e� �i�n� �h� �w�a�s� �o�b�s�e�r�v�e�d� 

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

�t�h�a�n� �8� �(�s�e�e� �F�i�g�u�r�e� �1�)�.� �K�n�o�x� �a�n�d� �P�a�r�c�h�e�r� �t�h�e�o�r�i�z�e�d� �t�h�a�t� �a� 

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

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

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

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

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

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

�r�e�d�u�c�e�d�.� 

�A� �r�e�c�e�n�t� �s�t�u�d�y� �b�y� �K�e�n�n�e�d�y� �a�n�d� �J�o�r�g�e�n�s�o�n� �(�5�4�)� �s�h�o�w�e�d� 

�s�i�m�i�l�a�r� �r�e�s�u�l�t�s� �f�o�r� �c�o�l�u�m�n�s� �o�f� �2�0� �t�o� �5�0� �w�m� �i�d� �p�a�c�k�e�d� �w�i�t�h� �5� 

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

�p�l�a�t�e� �h�e�i�g�h�t� �i�s� �o�b�s�e�r�v�e�d� �a�s� �p� �i�n�c�r�e�a�s�e�s� �f�r�o�m� �6� �t�o� �8�.� �K�e�n�n�e�d�y� 
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�a�n�d� �J�o�r�g�e�n�s�o�n� �o�f�f�e�r� �t�h�r�e�e� �e�x�p�l�a�n�a�t�i�o�n�s� �f�o�r� �t�h�e� �i�m�p�r�o�v�e�d� 

�e�f�f�i�c�i�e�n�c�y� �i�n� �s�m�a�l�l� �K�n�o�x�-�P�a�r�c�h�e�r� �r�a�t�i�o� �c�o�l�u�m�n�s�.� �T�h�e� �f�i�r�s�t� 

�t�h�e�o�r�y� �i�s� �b�a�s�e�d� �o�n� �K�n�o�x ��s� �o�r�i�g�i�n�a�l� �s�t�u�d�y�,� �n�a�m�e�l�y� �t�h�a�t� �t�h�e� 

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

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

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

�i�n� �m�o�r�e� �u�n�i�f�o�r�m� �c�a�p�a�c�i�t�y� �f�a�c�t�o�r�s� �(�k ��)� �a�n�d� �z�o�n�e� �c�a�p�a�c�i�t�y� 

�f�a�c�t�o�r�s� �(�k�"�)�;� �t�h�u�s�,� �p�e�a�k� �b�r�o�a�d�e�n�i�n�g� �i�s� �r�e�d�u�c�e�d�.� �T�h�e� �f�i�n�a�l� 

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

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

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

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

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

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

�a�n�d� �m�o�d�i�f�i�e�d�.� �C�o�m�m�o�n� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r�s� �f�o�r� �f�u�s�e�d� �s�i�l�i�c�a� 

�r�a�n�g�e� �f�r�o�m� �2�0�0� �t�o� �5�3�0� �u�m�.� �T�y�p�i�c�a�l� �H�P�L�C� �p�a�c�k�i�n�g� �m�a�t�e�r�i�a�l� 

�c�o�n�s�i�s�t�s� �o�f� �s�m�a�l�l� �d�i�a�m�e�t�e�r� �(�<�1�0� �w�m�)�,� �m�o�n�o�d�i�s�p�e�r�s�e�d� 

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

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

�o�p�t�i�m�a�l� �p�e�r�f�o�r�m�a�n�c�e� �i�n� �m�i�c�r�o�c�o�l�u�m�n� �L�C�.� 

�T�h�i�s� �s�t�u�d�y� �e�x�a�m�i�n�e�s� �t�h�e� �K�n�o�x�-�P�a�r�c�h�e�r� �r�a�t�i�o� �i�n� �p�a�c�k�e�d� 

�f�u�s�e�d� �s�i�l�i�c�a� �c�o�l�u�m�n�s� �o�f� �5�3�0� �p�m� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r�.� �W�h�i�l�e� 

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

�r�e�s�u�l�t�s�,� �i�t� �o�c�c�u�r�r�e�d� �t�o� �t�h�e� �a�u�t�h�o�r� �t�h�a�t� �K�n�o�x�-�P�a�r�c�h�e�r� �r�a�t�i�o� 

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

�1�0�1



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

�a�c�t�i�o�n� �a�r�e� �e�x�p�l�o�r�e�d� �l�a�t�e�r� �i�n� �t�h�i�s� �s�e�c�t�i�o�n�.� �S�p�h�e�r�i�c�a�l� �s�i�l�i�c�a� 

�p�a�r�t�i�c�l�e�s� �o�f� �5� �t�o� �1�2�0� �w�m� �i�n� �d�i�a�m�e�t�e�r� �a�r�e� �p�a�c�k�e�d� �a�n�d� 

�e�v�a�l�u�a�t�e�d� �u�n�d�e�r� �i�d�e�n�t�i�c�a�l� �c�o�n�d�i�t�i�o�n�s�.� �W�h�e�r�e�a�s� �K�n�o�x� �a�n�d� 

�P�a�r�c�h�e�r� �u�s�e�d� �a�n� �u�n�r�e�t�a�i�n�e�d� �p�r�o�b�e� �a�n�d� �K�e�n�n�e�d�y� �a�n�d� �J�o�r�g�e�n�s�o�n� 

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

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

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

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

�p�a�c�k�e�d� �c�o�l�u�m�n�s�.� 

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

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

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

�i�s� �u�s�e�d� �i�n� �i�t�s� �p�l�a�c�e�.� �T�h�e� �s�a�m�p�l�e� �i�s� �i�n�j�e�c�t�e�d� �i�n�t�o� �t�h�e� �s�y�s�t�e�m� 

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

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

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

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

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

�V�a�n� �D�e�e�m�t�e�r� �c�u�r�v�e�s� �f�o�r� �e�a�c�h� �s�p�h�e�r�i�c�a�l� �p�a�r�t�i�c�l�e� �s�i�z�e� �a�r�e� 

�i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�0�.� �A�s� �a�n�t�i�c�i�p�a�t�e�d�,� �t�h�e� �5� �u�m� �p�a�c�k�e�d� 

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

�v�e�l�o�c�i�t�y� �i�s� �i�n�c�r�e�a�s�e�d�.� �I�n� �a�d�d�i�t�i�o�n�,� �t�h�e� �1�2�0� �u�m� �p�a�c�k�e�d� �c�o�l�u�m�n� 

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

�i�n�c�r�e�a�s�e�s�.� �T�h�i�s� �i�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �g�r�e�a�t�e�r� �m�e�a�n� �f�r�e�e� �p�a�t�h� 
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�(�m�m�)� 
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�g� �C�O� �1�2�0� �y�m� 
�A� �7�0�u�m� 
�Q�A� �u�m� 
�@� �2�u�m� 

�L� �O�Q� �S�u�m� 
�1�,�0�0�0�-� 

�-�-� 

�0�.�5�0�0� �[� 

�=� �9�p� �2� 

�n�m�o�l� �O�B�S� �4� �)� �|� �|� 
�9�.�0�0�0� �0�.�0�5�8� �0�.�1�0�0� �0�.�1�5�8� �0�.�2�0�0� �0�.�2�5�0� 

�L�i�n�e�a�r� �V�e�l�o�c�i�t�y� �(�c�m�/�s�e�c�)� 
� � 

�F�i�g�u�r�e� �2�0�.� �V�a�n� �D�e�e�m�t�e�r� �C�u�r�v�e�s� �f�o�r� �t�h�e� �v�a�r�i�o�u�s� 

�P�a�r�t�i�c�l�e� �S�i�z�e�s�.� �C�o�n�d�i�t�i�o�n�s� �o�n� �p�g� �6�6�.� 

�(�A�l�l� �e�x�p�e�r�i�m�e�n�t�a�l� �d�a�t�a� �i�s� �p�l�o�t�t�e�d�)� 

�1�0�3� 
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�t�h�e� �a�n�a�l�y�t�e� �m�u�s�t� �t�r�a�v�e�r�s�e� �b�e�f�o�r�e� �c�o�m�i�n�g� �i�n�t�o� �c�o�n�t�a�c�t� �w�i�t�h� 

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

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

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

�t�h�i�s� �f�i�g�u�r�e� �a�r�e� �t�h�e� �c�u�r�v�e�s� �o�b�t�a�i�n�e�d� �f�o�r� �t�h�e� �2�0�,� �4�0�,� �a�n�d� �7�0� 

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

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

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

�t�r�a�n�s�i�t�i�o�n�a�l� �r�a�n�g�e� �o�f� �t�h�e� �K�n�o�x�-�P�a�r�c�h�e�r� �e�f�f�e�c�t�,� �s�o�m�e� 

�r�e�d�u�c�t�i�o�n� �i�n� �p�e�a�k� �d�i�s�p�e�r�s�i�o�n� �f�o�r� �t�h�e� �l�a�r�g�e�r� �p�a�r�t�i�c�l�e� �(�7�0� �p�m�)� 

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

�r�e�s�u�l�t�s� �o�f� �K�e�n�n�e�d�y� �a�n�d� �J�o�r�g�e�n�s�o�n� �(�5�4�)�.� �F�r�o�m� �t�h�e�i�r� �w�o�r�k� 

�(�F�i�g�u�r�e� �2�1�)�,� �a� �c�o�l�u�m�n� �w�i�t�h� �a� �p� �o�f� �4� �s�h�o�w�e�d� �a� �l�o�w�e�r� �m�i�n�i�m�u�m� 

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

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

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

�r�e�s�u�l�t� �i�s� �t�h�a�t� �a� �7�0� �w�m� �p�a�r�t�i�c�l�e� �c�o�l�u�m�n� �h�a�s� �s�i�m�i�l�a�r� �o�p�e�r�a�t�i�n�g� 

�p�r�o�p�e�r�t�i�e�s� �(�e�.�g�.� �o�p�t�i�m�a�l� �f�l�o�w� �r�a�t�e�)� �t�o� �a� �4�0� �u�m� �p�a�r�t�i�c�l�e� 

�c�o�l�u�m�n�.� 

�A�n� �e�x�p�e�r�i�m�e�n�t�a�l�l�y� �d�e�r�i�v�e�d� �K�n�o�x�-�P�a�r�c�h�e�r� �p�l�o�t� �i�s� �s�h�o�w�n� �i�n� 

�F�i�g�u�r�e� �2�2�.� �T�h�e� �p�l�o�t�t�e�d� �v�a�l�u�e�s� �a�r�e� �g�i�v�e�n� �i�n� �T�a�b�l�e� �8�.� 

�I�n�i�t�i�a�l�l�y�,� �t�h�e� �5� �a�n�d� �2�0� �w�m� �p�a�c�k�e�d� �c�o�l�u�m�n�s� �s�h�o�w�e�d� 

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

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

�o�b�t�a�i�n�e�d� �f�o�r� �t�h�e�s�e� �p�a�r�t�i�c�l�e� �s�i�z�e�s� �s�h�o�w�e�d� �b�e�t�t�e�r� �a�g�r�e�e�m�e�n�t� 
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�F�i�g�u�r�e� �2�1�.� �V�a�n� �D�e�e�m�t�e�r� �C�u�r�v�e�s� �f�r�o�m� �K�e�n�n�e�d�y ��s� �W�o�r�k� 

�u�w� 

�@� �i� 

�a� �a� �!� 
�|� 

�e� �e� �_� �!� 
 �� �@� �w�u� �e�H� �\� 

�S�l�o�g� �4� 
�V�v� �o�v� �|� 
 ��@� �i� 

 �� �@� �w� 
�z�e� �_� 

�w� �a� �_� �|� 
�a� �A�L� �V�v� 
�v�e�s� �7� �|� �4� �7� 

�V�v� 
�V�v� 

�|� 

�|� 
�a�o�n�  �� �4� �.� �=� 

�g�.�5� �o�O� �1�.�5� �2�S� �2�.�5� 

�L�i�n�e�a�r� �V�e�l�o�c�i�t�y� �(�v�)� 

�(�R�e�f� �5�4�)�.� �C�i�r�c�l�e�s� �=� �5�0� �p�m� �c�o�l�u�m�n�,� 
�F�i�l�l�e�d� �S�q�u�a�r�e�s� �=� �4�2� �u�m� �c�o�l�u�m�n�,� �O�p�e�n� 
�S�q�u�a�r�e�s� �=� �2�5� �p�m� �c�o�l�u�m�n�,� �T�r�i�a�n�g�l�e�s� �=� 
�2�1� �p�m� �c�o�l�u�m�n� 
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�w�i�t�h� �t�h�e� �a�n�t�i�c�i�p�a�t�e�d� �s�i�g�m�o�i�d�a�l� �c�u�r�v�e�.� �S�i�n�c�e� �t�h�e� �r�e�d�u�c�e�d� 

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

�s�l�i�g�h�t� �c�h�a�n�g�e� �i�n� �H� �s�h�o�w�s� �a� �s�i�g�n�i�f�i�c�a�n�t� �c�h�a�n�g�e� �i�n�h� �f�o�r� �a� 

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

�p�a�c�k� �5� �a�n�d� �2�0� �u�m� �p�a�r�t�i�c�l�e�s� �b�y� �g�a�s� �p�r�e�s�s�u�r�e� �o�r� �l�o�w� �l�i�q�u�i�d� 

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

�c�o�l�u�m�n�s� �w�i�t�h� �4�<�p�<�7�,� �o�t�h�e�r� �s�t�u�d�i�e�s� �(�1�8�,�5�4�)� �f�o�u�n�d� �a� �r�e�l�a�t�i�v�e�l�y� 

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

�t�h�i�s� �s�t�u�d�y� �s�h�o�w� �a� �s�l�i�g�h�t� �i�n�c�r�e�a�s�e� �i�n�h� �f�o�r� �p� �=� �4�.�4�2�.� �W�h�i�l�e� 

�t�h�e� �1�2�0� �u�m� �p�a�r�t�i�c�l�e�s� �a�p�p�e�a�r�e�d� �t�o� �p�a�c�k� �d�e�n�s�e�l�y�,� �t�h�e� 

�p�o�s�s�i�b�i�l�i�t�y� �o�f� �b�r�i�d�g�i�n�g� �(�1�4�,�5�4�)� �c�o�u�l�d� �b�e� �t�h�e� �c�a�u�s�e� �o�f� �t�h�e� 

�h�i�g�h�e�r� �t�h�a�n� �e�x�p�e�c�t�e�d� �r�e�d�u�c�e�d� �p�l�a�t�e� �h�e�i�g�h�t�.� 

�T�h�e� �p�o�w�e�r� �o�f� �t�h�e� �K�n�o�x�-�P�a�r�c�h�e�r� �e�f�f�e�c�t� �i�s� �i�t�s� �a�b�i�l�i�t�y� �t�o� 

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

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

�F�o�r� �s�p�h�e�r�i�c�a�l� �p�a�r�t�i�c�l�e�s�,� 

�H�7�9� �4�3�.�4� �p�m� 

�H�a�g� �=� �4�0�.�8� �u�m� 

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

�R�e�c�a�l�l� �t�h�a�t� �p�r�e�s�s�u�r�e� �d�r�o�p� �i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �1�/�d�p�?�.� �T�h�e�r�e�f�o�r�e�,� 

�a� �7�0� �p�m� �p�a�r�t�i�c�l�e� �w�i�l�l� �g�i�v�e� �b�e�t�w�e�e�n� �1�/�3� �a�n�d� �1�/�4� �t�h�e� �p�r�e�s�s�u�r�e� 

�d�r�o�p� �o�f� �a� �4�0� �u�m� �p�a�r�t�i�c�l�e�.� �H�o�w�e�v�e�r�,� �f�o�r� �a�n� �e�q�u�a�l� �c�o�l�u�m�n� 

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

�t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s� �a�s� �t�h�e� �4�0� �y�u�m� �p�a�r�t�i�c�l�e� �w�h�e�n� �t�h�e� �c�o�l�u�m�n� 

�d�i�a�m�e�t�e�r� �i�s� �5�3�0� �w�m�.� �I�n� �t�e�r�m�s� �o�f� �c�o�n�s�t�a�n�t� �p�r�e�s�s�u�r�e� �d�r�o�p�,� �t�h�e� 
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�|� 
�_� �J� 

� �@� �!� �.� �:� �|� 

�-�@� �|� �4� 
�:� �° �� �|� 

�a� �L�a� �p�o�t� �p�t� 
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�7�0� �p�m� �p�a�r�t�i�c�l�e� �c�a�n� �g�i�v�e� �m�o�r�e� �t�h�a�n� �t�h�r�e�e� �t�i�m�e�s� �t�h�e� �n�u�m�b�e�r� �o�f� 

�t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s� �a�s� �t�h�e� �4�0� �u�m� �c�a�n�,� �s�i�m�p�l�y� �b�y� �i�n�c�r�e�a�s�i�n�g� 

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

�S�i�m�i�l�a�r� �f�o�r� �4�0� �a�n�d� �7�0� �w�m� �p�a�r�t�i�c�l�e�s�.� �T�h�u�s�,� �t�h�e� �7�0� �u�m� �p�a�r�t�i�c�l�e� 

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

�s�a�c�r�i�f�i�c�e� �t�h�e� �s�a�m�e� �a�m�o�u�n�t� �o�f� �e�f�f�i�c�i�e�n�c�y� �a�s� �t�h�e� �4�0� �u�m� 

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

�p�o�i�n�t�s� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �F�i�g�u�r�e� �2�3� �b�y� �t�h�e� �c�o�m�p�a�r�a�b�l�e� 

�c�h�r�o�m�a�t�o�g�r�a�m�s� �o�b�t�a�i�n�e�d� �w�i�t�h� �4�0� �a�n�d� �7�0� �u�m� �p�a�r�t�i�c�l�e� �c�o�l�u�m�n�s�.� 

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

�p�a�r�t�i�c�l�e� �s�i�z�e�.� 

�T�h�e� �K�n�o�x�-�P�a�r�c�h�e�r� �r�a�t�i�o� �i�s� �a� �m�e�a�s�u�r�e� �o�f� �f�l�o�w� �p�a�t�h� �a�n�d� 

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

�s�t�u�d�i�e�s�,� �a�n� �i�n�t�e�r�e�s�t�i�n�g� �r�e�s�u�l�t� �i�s� �o�b�t�a�i�n�e�d�.� �B�y� �c�h�a�n�g�i�n�g� 

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

�P�a�r�c�h�e�r� �p�l�o�t� �b�e�c�o�m�e�s� �H� �v�e�r�s�u�s� �p� �r�a�t�h�e�r� �t�h�a�n� �h� �v�e�r�s�u�s� �p�.� �F�r�o�m� 

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

�i�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�l�u�m�n� �d�i�a�m�e�t�e�r�.� �T�h�e� �v�a�n� �D�e�e�m�t�e�r� �e�q�u�a�t�i�o�n� 

�f�o�r� �H�P�L�C� �i�s� �g�i�v�e�n� �b�y� �S�c�o�t�t� �(�9�9�)� �a�s� �{�1�1�}� 
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�7�0� �p�m� �p�a�r�t�i�c�l�e�s� �4�0� �u�m� �p�a�r�t�i�c�l�e�s� 
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�S�i�l�i�c�a� �g�e�l� �p�a�r�t�i�c�l�e� �c�o�l�u�m�n�s� 
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�T�h�e� �"�A�"� �t�e�r�m� �d�e�a�l�s� �w�i�t�h� �t�h�e� �m�u�l�t�i�p�l�e� �f�l�o�w� �p�a�t�h�s� �t�h�a�t� �a�r�e� 

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

�l�o�n�g�i�t�u�d�i�n�a�l� �d�i�f�f�u�s�i�o�n� �a�n�d� �t�h�e� �"�C�c�"� �t�e�r�m�s� �q�u�a�n�t�i�f�y� �t�h�e� 

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

�p�h�a�s�e�s�.� 

�S�i�n�c�e� �t�h�e� �c�o�l�u�m�n� �w�a�l�l�  ��i�m�p�o�s�e�s�"� �a� �s�t�r�u�c�t�u�r�e� �o�n� �t�h�e� 

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

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

�d�i�s�c�r�e�e�t� �s�o�u�r�c�e�s� �o�f� �d�i�f�f�e�r�e�n�t�i�a�l� �f�l�o�w� �p�a�t�h�s� �(�F�i�g�u�r�e� �2�4�)�.� 

�T�h�e�s�e� �a�r�e� �t�r�a�n�s�c�h�a�n�n�e�l�,� �t�r�a�n�s�p�a�r�t�i�c�l�e�,� �s�h�o�r�t� �r�a�n�g�e� 

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

�e�f�f�e�c�t�s� �(�1�4�)�.� 

�T�h�e� �t�r�a�n�s�c�h�a�n�n�e�l� �t�e�r�m� �a�r�i�s�e�s� �f�r�o�m� �t�h�e� �l�a�m�i�n�a�r� �f�l�o�w� 

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

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

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

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

�p�e�a�k� �b�r�o�a�d�e�n�i�n�g� �h�a�s� �b�e�e�n� �w�e�l�l� �c�h�a�r�a�c�t�e�r�i�z�e�d� �(�1�0�0�)�.� �T�h�e� 

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

�t�h�e� �"�A�"� �t�e�r�m� �s�i�n�c�e� �t�h�e� �s�o�l�u�t�e� �m�o�l�e�c�u�l�e�s� �a�r�e� �r�a�p�i�d�l�y� 

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

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

�t�h�r�o�u�g�h� �t�h�e� �s�u�p�p�o�r�t�.� �M�o�s�t� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �s�u�p�p�o�r�t�s� �a�r�e� �h�i�g�h� 

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

�a�r�o�u�n�d� �t�h�e�s�e� �m�a�t�e�r�i�a�l�s� �b�u�t� �d�i�r�e�c�t�l�y� �t�h�r�o�u�g�h� �t�h�e�m�.� �T�h�e� 
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�F�i�g�u�r�e� �2�4�.� �F�i�v�e� �S�o�u�r�c�e�s� �o�f� �"�A�"� �t�e�r�m� �b�r�o�a�d�e�n�i�n�g� 

�(�R�e�f� �1�4�)� 
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�a�r�r�a�n�g�e�m�e�n�t� �o�f� �p�o�r�e�s� �i�s� �i�m�p�o�s�s�i�b�l�e� �t�o� �p�r�e�d�i�c�t� �o�r� �m�o�d�e�l� �s�i�n�c�e� 

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

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

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

�m�e�a�n� �p�a�t�h�.� 

�T�h�e� �s�h�o�r�t� �r�a�n�g�e� �i�n�t�e�r�c�h�a�n�n�e�l� �e�f�f�e�c�t� �i�s� �t�h�e� �f�i�r�s�t� �t�e�r�m� 

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

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

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

�(�1�4�)�.� �T�h�e�s�e� �r�e�g�i�o�n�s� �a�r�e� �t�y�p�i�c�a�l�l�y� �b�o�r�d�e�r�e�d� �b�y� �l�o�o�s�e� �p�a�c�k�i�n�g� 

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

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

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

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

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

�t�h�e�s�e� �d�i�f�f�e�r�e�n�c�e�s� �l�e�a�d� �t�o� �t�h�e� �l�o�n�g� �r�a�n�g�e� �i�n�t�e�r�c�h�a�n�n�e�l� 

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

�i�m�p�o�s�s�i�b�l�e� �t�o� �q�u�a�n�t�i�f�y�.� 

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

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

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

�p�a�r�t�i�c�l�e�s� �a�r�e� �t�h�e� �p�a�r�t�i�c�l�e�s� �t�h�e�m�s�e�l�v�e�s�.� �W�i�t�h� �m�o�s�t� �p�a�c�k�i�n�g� 

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

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

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

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

�d�i�f�f�e�r�e�n�c�e� �i�n� �f�l�o�w� �v�e�l�o�c�i�t�i�e�s�.� 

�T�h�e� �K�n�o�x�-�P�a�r�c�h�e�r� �e�f�f�e�c�t� �e�x�a�m�i�n�e�s� �t�h�e� �c�o�m�p�o�s�i�t�e� �o�f� �t�h�e� 

�l�a�s�t� �t�h�r�e�e� �e�f�f�e�c�t�s� �s�i�n�c�e� �t�h�e� �p�a�r�t�i�c�l�e� �d�i�f�f�e�r�e�n�c�e�s� �a�r�e� 

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

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

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

�"�A�"� �t�e�r�m� �o�f� �t�h�e� �v�a�n� �D�e�e�m�t�e�r� �e�q�u�a�t�i�o�n�.� �B�y� �m�a�k�i�n�g� �t�h�e� �f�l�o�w� 

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

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

�m�a�s�s� �t�r�a�n�s�f�e�r� �t�e�r�m�s�.� �B�e�c�a�u�s�e� �t�h�e� �a�n�a�l�y�t�e�s� �e�n�c�o�u�n�t�e�r� �a� �m�o�r�e� 

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

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

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

�n�o�t�e�d� �a�t� �h�i�g�h�e�r� �f�l�o�w� �r�a�t�e�s�.� �F�i�g�u�r�e� �2�5� �i�l�l�u�s�t�r�a�t�e�s� �t�h�e� �e�f�f�e�c�t� 

�o�f� �t�h�e� �K�n�o�x�-�P�a�r�c�h�e�r� �r�a�t�i�o� �a�t� �o�p�t�i�m�a�l� �a�n�d� �1�0�0� �t�i�m�e�s� �o�p�t�i�m�a�l� 

�l�i�n�e�a�r� �v�e�l�o�c�i�t�y�.� 

�N�o�t�e� �t�h�a�t� �a�t� �l�o�w� �K�n�o�x�-�P�a�r�c�h�e�r� �r�a�t�i�o�s�,� �t�h�e� �i�n�c�r�e�a�s�e� �i�n� 

�p�l�a�t�e� �h�e�i�g�h�t� �i�s� �p�r�o�p�o�r�t�i�o�n�a�l�.� �T�h�e�s�e� �a�r�e� �t�h�e� �w�e�l�l� �p�a�c�k�e�d� 

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

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

�e�v�i�d�e�n�t�.� �S�i�n�c�e� �t�h�e� �5� �u�m� �p�a�r�t�i�c�l�e�s� �a�r�e� �n�o�t� �t�i�g�h�t�l�y� �p�a�c�k�e�d�,� 

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

�r�a�t�e�s�.� �T�h�e� �o�v�e�r�a�l�l� �t�r�e�n�d� �o�f� �t�h�i�s� �p�l�o�t� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �a�t� 
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�{�\� �C� �5� �1�0� �1�5� �2�0� �2�5� �3�0� 

�K�n�o�x�~�P�a�r�c�h�e�r� �R�a�t�i�o� �(�p�)� 

�F�i�g�u�r�e� �2�5�.� �K�n�o�x�-�P�a�r�c�h�e�r� �P�l�o�t� �a�t� �O�p�t�i�m�a�l� �(�C�i�r�c�l�e�s�)� 
�a�n�d� �1�0�0� �t�i�m�e�s� �O�p�t�i�m�a�l� �F�l�o�w� �(�T�r�i�a�n�g�l�e�s�)� 
�(�t�r�i�p�l�i�c�a�t�e� �m�e�a�s�u�r�e�m�e�n�t�s�)� 
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�h�i�g�h�e�r� �f�l�o�w�s�,� �t�h�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �c�r�o�s�s�-�s�e�c�t�i�o�n�a�l� �p�a�c�k�i�n�g� 

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

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

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

�i�n� �c�o�l�u�m�n� �p�e�r�f�o�r�m�a�n�c�e� �(�5�4�)�.� �T�y�p�i�c�a�l� �v�a�l�u�e�s� �f�o�r� �l�i�q�u�i�d� 

�d�i�f�f�u�s�i�o�n� �c�o�e�f�f�i�c�i�e�n�t�s� �a�r�e� �1�0�7�°� �t�o� �1�0�7�2� �c�m�2�/�s�e�c�.� �F�r�o�m� �K�n�o�x� 

�(�1�8�)�,� �h�o�w�e�v�e�r�,� �t�h�e� �c�o�l�u�m�n� �l�e�n�g�t�h� �r�e�q�u�i�r�e�d� �f�o�r� �a� �s�t�a�n�d�a�r�d� 

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

�i�s� �g�i�v�e�n� �b�y� �{�1�2�}� 

�d�,�*�/�L� �=� �2�.�4�4� �{�1�2�}� �p� 

�F�o�r� �t�h�e� �c�o�l�u�m�n�s� �i�n� �t�h�i�s� �s�t�u�d�y�,� �T�a�b�l�e� �9� �g�i�v�e�s� �t�h�e� 

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

�r�e�q�u�i�r�e�d�,� �t�h�e� �s�o�l�u�t�e� �w�i�l�l� �s�t�i�l�l� �b�e� �a�b�l�e� �t�o� �t�r�a�v�e�r�s�e� �t�h�e� 

�c�o�l�u�m�n� �c�r�o�s�s�-�s�e�c�t�i�o�n� �1�1� �t�i�m�e�s�.� �F�o�r� �s�t�a�n�d�a�r�d� �b�o�r�e� �c�o�l�u�m�n�s� �(�4� 

�m�m�)� �w�i�t�h� �t�h�e� �s�a�m�e� �5� �w�m� �p�a�r�t�i�c�l�e�s�,� �t�h�e� �s�a�m�p�l�e� �w�i�l�l� �t�r�a�v�e�l� 

�o�n�l�y� �o�n�c�e� �f�r�o�m� �t�h�e� �c�e�n�t�e�r� �t�o� �t�h�e� �w�a�l�l� �i�n� �1�6�.�9�6� �c�m� �o�f� �c�o�l�u�m�n� 

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

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

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

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

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

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

�c�o�u�n�t�e�r�p�a�r�t�s�.� �T�h�i�s� �w�o�r�k�,� �a�l�o�n�g� �w�i�t�h� �t�h�e� �w�o�r�k� �o�f� �K�e�n�n�e�d�y� �a�n�d� 
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�T�a�b�l�e� �9� 

�C�o�l�u�m�n� �l�e�n�g�t�h� �r�e�q�u�i�r�e�d� �f�o�r� �T�e�s�t� �S�o�l�u�t�e� �t�o� �d�i�f�f�u�s�e� �f�r�o�m� �t�h�e� 

�c�o�r�e� �t�o� �t�h�e� �w�a�l�l� 

� � 
�p� �L�L� �(�m�m�)� 

�4�.�4�9� �0�.�9�5�1� 

�7�.�5�7� �1�.�6�0� 

�1�3�.�3� �2�.�8�1� 

�2�6�.�5� �5�.�6�2� 

�1�0�6� �2�2�.�5� 
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�J�o�r�g�e�n�s�o�n� �c�l�e�a�r�l�y� �d�e�m�o�n�s�t�r�a�t�e� �t�h�a�t� �t�h�e� �p�a�r�t�i�c�l�e� �i�m�p�o�s�e�d� 

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

�M�u�l�t�i�d�i�m�e�n�s�i�o�n�a�l� �p�L�C�/�C�Z�E� 

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

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

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

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

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

�w�i�t�h� �C�Z�E�.� �T�h�e� �e�f�f�e�c�t�s� �o�f� �o�r�g�a�n�i�c� �s�o�l�v�e�n�t� �i�n� �t�h�e� �s�a�m�p�l�e� �o�n� 

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

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

�d�i�s�c�u�s�s�e�d�.� 

�T�h�e� �p�o�w�e�r� �o�f� �c�a�p�i�l�l�a�r�y� �z�o�n�e� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �h�a�s� �b�e�c�o�m�e� 

�m�o�r�e� �a�p�p�a�r�e�n�t� �s�i�n�c�e� �i�t�s� �i�n�c�i�p�i�e�n�c�e� �(�1�0�2�,�1�0�3�)�.� �T�h�i�s� 

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

�1�0�©� �i�n� �m�i�n�u�t�e�s� �w�i�t�h� �v�e�r�y� �s�i�m�p�l�e� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n�.� �B�i�o�l�o�g�i�c�a�l� 

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

�I�t� �a�p�p�e�a�r�s� �t�h�a�t� �C�Z�E� �w�i�l�l� �p�r�o�v�i�d�e� �a� �g�r�e�a�t� �d�e�a�l� �o�f� �a�n�s�w�e�r�s� �f�o�r� 

�t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �u�s�e�r�s�.� 

�C�a�p�i�l�l�a�r�y� �z�o�n�e� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �i�s� �a� �s�e�p�a�r�a�t�i�o�n� 

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

�m�o�b�i�l�i�t�y�.� �A� �c�a�p�i�l�l�a�r�y� �o�f� �2�0� �t�o� �1�0�0� �w�m� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r� �i�s� 

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

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

�o�f� �5� �t�o� �3�0� �k�V� �i�s� �a�p�p�l�i�e�d� �a�c�r�o�s�s� �t�h�e� �c�a�p�i�l�l�a�r�y�.� �A�n� �e�l�e�c�t�r�i�c�a�l� 

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

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

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

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

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

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

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

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

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

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

�v�a�c�u�u�m�,� �o�r� �e�l�e�c�t�r�o�k�i�n�e�t�i�c�a�l�l�y�.� �W�h�i�l�e� �t�h�e� �f�i�r�s�t� �t�h�r�e�e� �o�f� 

�t�h�e�s�e� �m�e�t�h�o�d�s� �a�r�e� �o�b�v�i�o�u�s�,� �t�h�e� �l�a�t�t�e�r� �i�s� �u�n�i�q�u�e� �t�o� �C�Z�E�.� �A�n� 

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

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

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

�t�i�m�e� �(�1� �t�o� �1�0� �s�e�c�o�n�d�s�)�.� �A� �s�m�a�l�l� �a�m�o�u�n�t� �o�f� �s�a�m�p�l�e� �i�s� �s�w�e�p�t� 

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

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

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

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

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

�c�o�l�u�m�n� �d�e�t�e�c�t�i�o�n� �(�1�0�7�,�1�0�8�)�.� 
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�O�f� �t�h�e� �d�i�f�f�i�c�u�l�t�i�e�s� �s�t�i�l�l� �a�s�s�o�c�i�a�t�e�d� �w�i�t�h� �C�Z�E�,� �t�w�o� 

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

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

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

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

�r�a�n�g�e� �(�1�0�4�)�.� �T�h�i�s� �m�e�a�n�s� �t�h�a�t� �s�a�m�p�l�e� �p�r�e�p�a�r�a�t�i�o�n� �w�i�l�l� �b�e� 

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

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

�r�e�t�e�n�t�i�o�n� �t�i�m�e� �a�n�d� �p�o�t�e�n�t�i�a�l� �s�a�m�p�l�e� �l�o�s�s� �(�1�0�5�)�.� 

�T�h�e� �r�e�c�e�n�t� �i�n�c�r�e�a�s�e� �i�n� �t�h�e� �u�s�e� �o�f� �m�i�c�r�o�c�o�l�u�m�n� �L�C� �f�o�r� 

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

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

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

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

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

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

�s�e�r�i�o�u�s�l�y� �d�e�g�r�a�d�i�n�g� �c�o�l�u�m�n� �p�e�r�f�o�r�m�a�n�c�e� �(�5�,�2�2�,�9�2�)�.� �T�h�i�s� 

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

�p�r�e�c�o�n�c�e�n�t�r�a�t�o�r� �f�o�r� �C�Z�E� �a�n�d� �a�s� �s�u�c�h�,� �i�t� �w�o�u�l�d� �a�l�l�e�v�i�a�t�e� �t�h�e� 

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

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

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

�t�h�e� �s�a�m�p�l�e� �f�o�r� �e�l�e�c�t�r�o�p�h�o�r�e�s�i�s� �t�o� �s�l�i�c�e�s� �o�f� �t�h�e� �d�e�s�i�r�e�d� 

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

�b�e� �r�e�d�u�c�e�d�.� 

�T�h�u�s�,� �t�h�e� �o�b�j�e�c�t�i�v�e� �o�f� �t�h�i�s� �r�e�s�e�a�r�c�h� �w�a�s� �t�o� �d�e�v�e�l�o�p� �a� 

�m�u�l�t�i�d�i�m�e�n�s�i�o�n�a�l� �i�n�t�e�r�f�a�c�e� �b�e�t�w�e�e�n� �m�i�c�r�o�c�o�l�u�m�n� �L�C� �a�n�d� �C�Z�E�.� 

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

�i�n�t�e�r�f�a�c�e�s� �a�r�e� �e�x�a�m�i�n�e�d�.� 

�T�h�e�o�r�e�t�i�c�a�l�l�y�,� �t�w�o� �f�a�c�t�o�r�s� �i�n�f�l�u�e�n�c�e� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� 

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

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

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

�s�e�p�a�r�a�t�i�o�n� �m�o�d�e�.� �T�h�e� �f�o�r�m�e�r� �p�a�r�a�m�e�t�e�r� �i�s� �d�e�m�o�n�s�t�r�a�t�e�d� �i�n� 

�F�i�g�u�r�e� �2�6�.� �S�i�n�c�e� �m�o�s�t� �c�h�r�o�m�a�t�o�g�r�a�p�h�i�c� �b�a�n�d�s� �c�a�n� �b�e� 

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

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

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

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

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

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

�t�h�e� �m�e�a�n�,� �6�8�.�3�%� �o�f� �t�h�e� �a�n�a�l�y�t�e� �i�s� �p�r�e�s�e�n�t� �i�n� �1�/�3� �o�f� �t�h�e� 

�s�o�l�v�e�n�t�.� �T�h�i�s� �s�u�g�g�e�s�t�s� �a� �c�o�n�c�e�n�t�r�a�t�i�o�n� �i�n�c�r�e�a�s�e� �o�f� �2�.�0� �f�o�r� 

�t�h�e� �a�n�a�l�y�t�e�.� 

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

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

�p�a�c�k�e�d� �c�a�p�i�l�l�a�r�y� �L�C� �(�5�,�2�2�,�9�2�)�.� �A�n� �e�x�a�m�p�l�e� �o�f� �t�h�i�s� �i�s� �g�i�v�e�n� 

�i�n� �F�i�g�u�r�e� �2�7�.� �F�r�o�m� �t�h�e�o�r�e�t�i�c�a�l� �c�a�l�c�u�l�a�t�i�o�n�s�,� �t�h�e� �c�o�l�u�m�n� 
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�5� �t�i�m�e�s� �l�a�r�g�e�r� �t�h�a�n� �o�p�t�i�m�a�l� �s�a�m�p�l�e� 
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�s�h�o�u�l�d� �b�e�g�i�n� �t�o� �l�o�s�e� �e�f�f�i�c�i�e�n�c�y� �w�h�e�n� �t�h�e� �i�n�j�e�c�t�i�o�n� �v�o�l�u�m�e� 

�r�e�a�c�h�e�s� �2�0� �n�l�.� �B�y� �d�i�s�s�o�l�v�i�n�g� �t�h�e� �s�a�m�p�l�e� �i�n� �a� �w�e�a�k�e�r� �s�o�l�v�e�n�t�,� 

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

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

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

�m�a�g�n�i�t�u�d�e�.� 

�A�n� �u�n�k�n�o�w�n� �p�a�r�a�m�e�t�e�r� �t�h�a�t� �r�e�q�u�i�r�e�d� �i�n�v�e�s�t�i�g�a�t�i�o�n� �i�s� �t�h�e� 

�e�f�f�e�c�t� �o�f� �t�h�e� �s�a�m�p�l�e� �s�o�l�v�e�n�t� �c�o�m�p�o�s�i�t�i�o�n� �o�n� �C�Z�E�.� �I�t� �h�a�s� �b�e�e�n� 

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

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

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

�d�i�f�f�i�c�u�l�t� �L�C� �s�e�p�a�r�a�t�i�o�n�s� �u�s�e� �g�r�a�d�i�e�n�t�s� �t�o� �a�c�h�i�e�v�e� 

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

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

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

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

�r�e�s�u�l�t�s� �a�r�e� �g�i�v�e�n� �i�n� �F�i�g�u�r�e�s� �2�8� �a�n�d� �2�9�.� �N�o�t�e� �t�h�a�t� �t�h�e� �s�c�a�l�e� 

�i�n� �F�i�g�u�r�e� �2�8� �i�s� �g�r�e�a�t�l�y� �e�x�p�a�n�d�e�d� �i�n� �t�h�e� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �a�x�i�s�.� 

�W�h�i�l�e� �a� �s�l�i�g�h�t� �c�h�a�n�g�e� �i�s� �o�b�s�e�r�v�e�d� �a�s� �%� �o�r�g�a�n�i�c� �i�s� �i�n�c�r�e�a�s�e�d�,� 

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

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

�(�F�i�g�u�r�e� �2�9�)� �i�n�d�i�c�a�t�e�s� �a� �s�t�r�o�n�g� �e�f�f�e�c�t� �o�f� �m�o�d�i�f�i�e�r� �o�n� 

�e�l�e�c�t�r�o�p�h�o�r�e�t�i�c� �p�e�r�f�o�r�m�a�n�c�e�.� �A� �3�0�%� �c�h�a�n�g�e� �i�n� �s�a�m�p�l�e� �s�o�l�v�e�n�t� 

�c�o�m�p�o�s�i�t�i�o�n� �r�e�s�u�l�t�s� �i�n� �a� �6�0�%� �l�o�s�s� �i�n� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s�.� 

�A�l�t�h�o�u�g�h� �t�h�e� �s�e�p�a�r�a�t�i�o�n� �p�e�r�f�o�r�m�a�n�c�e� �i�s� �s�t�i�l�l� �h�i�g�h� �(�>�5�0�,�0�0�0� 
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�p�l�a�t�e�s�)�,� �c�o�m�p�l�e�x� �m�i�x�t�u�r�e�s� �m�a�y� �r�e�q�u�i�r�e� �m�o�r�e� �p�l�a�t�e�s� �t�o� �a�c�h�i�e�v�e� 

�r�e�s�o�l�u�t�i�o�n�.� 

�B�e�c�a�u�s�e� �L�C� �a�n�d� �C�Z�E� �a�r�e� �b�o�t�h� �l�i�q�u�i�d� �b�a�s�e�d� �s�e�p�a�r�a�t�i�o�n� 

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

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

�a�u�t�o�m�a�t�i�o�n�,� �a�n� �a�c�t�u�a�t�e�d� �v�a�l�v�e� �s�e�e�m�e�d� �d�e�s�i�r�a�b�l�e�.� �A� �V�a�l�c�o� �4� 

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

�v�e�r�y� �s�m�a�l�l� �(�6�0� �n�l�)� �s�l�i�c�e�s� �t�o� �b�e� �s�a�m�p�l�e�d�.� �T�h�i�s� �p�a�r�t�i�c�u�l�a�r� 

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

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

�v�a�l�v�e� �c�o�n�s�t�i�t�u�t�e�d� �a�l�m�o�s�t� �7�5�%� �o�f� �t�h�e� �t�o�t�a�l� �c�u�r�r�e�n�t� �i�n� �t�h�e� 

�s�y�s�t�e�m�.� �C�o�n�s�e�q�u�e�n�t�l�y�,� �a� �c�o�n�c�o�m�i�t�a�n�t� �l�o�s�s� �o�f� �p�o�t�e�n�t�i�a�l� �o�c�c�u�r�s� 

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

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

�w�o�u�l�d� �r�e�d�u�c�e� �t�h�e� �p�r�o�b�l�e�m� �b�u�t� �p�o�t�e�n�t�i�a�l�s� �h�i�g�h�e�r� �t�h�a�n� �5�0� �k�V� 

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

�b�e� �t�o�o� �g�r�e�a�t�.� �T�h�e� �s�t�e�e�l� �v�a�l�v�e� �a�l�s�o� �s�e�r�v�e�s� �a�s� �a� �c�a�t�a�l�y�t�i�c� 

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

�p�r�o�b�l�e�m�s�,� �a� �m�e�t�a�l� �f�r�e�e� �6� �p�o�r�t� �v�a�l�v�e� �w�a�s� �m�o�d�i�f�i�e�d� �t�o� �p�e�r�f�o�r�m� 

�l�i�k�e� �a� �4� �p�o�r�t� �v�a�l�v�e�.� �U�n�f�o�r�t�u�n�a�t�e�l�y�,� �a� �f�u�n�c�t�i�o�n�i�n�g� �i�n�t�e�r�f�a�c�e� 

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

�(�2�5�0� �u�m�)� �i�n�t�e�r�n�a�l� �p�a�s�s�a�g�e�s�.� �T�h�e�s�e� �p�a�s�s�a�g�e�s� �a�l�l�o�w�e�d� �b�u�b�b�l�e� 

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

�A�n� �a�d�d�i�t�i�o�n�a�l� �i�n�t�e�r�f�a�c�e� �d�e�s�i�g�n� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� �3�0�.� 

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

�P�t� �e�l�e�c�t�r�o�d�e� 

�C�Z�E� 
�C�a�p�i�l�l�a�r�y� 

� � � � �Y� 
� � 

� � 

�0�.�0�2�0�"� �I�D� �T�e�f�l�o�n� �t�u�b�i�n�g� 

�F�i�g�u�r�e� �3�0�.� �T�u�b�i�n�g� �I�n�t�e�r�f�a�c�e� 
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�i�n�l�e�t� �t�o� �t�h�e� �c�a�p�i�l�l�a�r�y� �i�s� �p�o�s�i�t�i�o�n�e�d� �i�n� �t�h�e� �e�n�d� �o�f� �t�h�e� 

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

�a�l�l�o�w� �e�l�e�c�t�r�i�c�a�l� �c�o�n�t�a�c�t�.� �A�n� �e�l�e�c�t�r�o�k�i�n�e�t�i�c� �i�n�j�e�c�t�i�o�n� �i�s� 

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

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

�F�i�g�u�r�e� �3�1� �a�n�d� �a� �m�u�l�t�i�d�i�m�e�n�s�i�o�n�a�l� �r�e�s�u�l�t� �i�s� �g�i�v�e�n� �i�n� �F�i�g�u�r�e� 

�3�2�.� �N�o�t�e� �h�o�w� �r�e�t�e�n�t�i�o�n� �t�i�m�e� �r�e�p�r�o�d�u�c�i�b�i�l�i�t�y� �i�s� �v�e�r�y� �g�o�o�d� 

�(�0�.�4�%� �a�b�s�o�l�u�t�e� �e�r�r�o�r�)�.� �T�h�e�s�e� �r�e�s�u�l�t�s� �a�l�s�o� �i�n�d�i�c�a�t�e� �h�o�w� 

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

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

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

�R�e�c�e�n�t�l�y� �p�r�e�s�e�n�t�e�d� �w�o�r�k� �b�y� �B�u�s�h�e�y� �a�n�d� �J�o�r�g�e�n�s�o�n� �(�7�7�)� 

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

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

�a�p�p�l�i�e�d� �p�o�t�e�n�t�i�a�l� �a�t� �t�h�e� �o�u�t�l�e�t� �o�f� �t�h�e� �C�Z�E�.� �T�h�u�s�,� �b�u�b�b�l�e� 

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

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

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

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

�i�n�t�e�r�f�a�c�e� �v�o�l�u�m�e�,� �c�o�l�u�m�n�s� �o�f� �1� �t�o� �2� �m�m� �i�n�t�e�r�n�a�l� �d�i�a�m�e�t�e�r� 

�a�p�p�e�a�r� �t�o� �b�e� �a� �r�e�a�s�o�n�a�b�l�e� �c�o�m�p�r�o�m�i�s�e�.� �C�o�l�u�m�n�s� �l�a�r�g�e�r� �t�h�a�n� �2� 

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

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

�C�o�l�u�m�n�s� �s�m�a�l�l�e�r� �t�h�a�n� �2� �m�m� �w�o�u�l�d� �m�o�r�e� �c�l�o�s�e�l�y� �m�a�t�c�h� �p�e�a�k� 

�v�o�l�u�m�e�s� �t�o� �t�h�e� �C�Z�E� �a�n�d� �m�a�k�e� �s�a�m�p�l�e� �s�l�i�c�i�n�g� �m�o�r�e� �d�i�f�f�i�c�u�l�t�.� 
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�F�i�g�u�r�e� �3�1�.� �R�e�f�e�r�e�n�c�e� �E�l�e�c�t�r�o�p�h�e�r�o�g�r�a�m� 
�C�a�f�f�e�i�n�e� �i�n� �0�.�0�2� �M� �p�h�o�s�p�h�a�t�e� �b�u�f�f�e�r� 
�p�H�=�7�,� �U�V� �D�e�t�e�c�t�i�o�n� �@� �2�2�0� �n�m�,� �5� �s�e�c� 
�i�n�j�e�c�t�i�o�n� �@� �3� �k�V�,� �2�0� �k�V� �m�i�g�r�a�t�i�o�n� 
�p�o�t�e�n�t�i�a�l� 
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�F�i�g�u�r�e� �3�2�.� �M�u�l�t�i�d�i�m�e�s�i�o�n�a�l� �E�l�e�c�t�r�o�p�h�e�r�o�g�r�a�m� 
�S�a�m�e� �c�o�n�d�i�t�i�o�n�s� �a�s� �F�i�g�u�r�e� �3�1� �e�x�c�e�p�t� 
�s�a�m�p�l�e� �f�r�o�m� �T�u�b�i�n�g� �i�n�t�e�r�f�a�c�e� 
�(�F�l�o�w� �I�n�j�e�c�t�i�o�n� �M�o�d�e�)� 
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�T�h�i�s� �w�o�r�k� �i�n�d�i�c�a�t�e�s� �s�o�m�e� �o�f� �t�h�e� �p�o�t�e�n�t�i�a�l� �o�f� �m�u�l�t�i�-� 

�d�i�m�e�n�s�i�o�n�a�l� �m�i�c�r�o�c�o�l�u�m�n� �L�C�/�C�Z�E�.� �W�h�i�l�e� �d�i�f�f�e�r�e�n�c�e�s� �i�n� 

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

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

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

�t�h�e� �s�y�s�t�e�m� �w�i�t�h� �t�h�e� �d�e�s�i�g�n� �o�f� �B�u�s�h�e�y� �a�n�d� �J�o�r�g�e�n�s�o�n� �b�e�i�n�g� 

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

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

�e�a�s�i�l�y� �a�u�t�o�m�a�t�e�d�.� �F�u�r�t�h�e�r� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �s�h�o�u�l�d� �e�x�a�m�i�n�e� �t�h�e� 

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

�i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �C�Z�E�.� �I�n� �a�d�d�i�t�i�o�n�,� �a� �h�y�b�r�i�d� �o�f� �t�h�i�s� 

�d�e�s�i�g�n� �a�n�d� �B�u�s�h�e�y ��s� �s�y�s�t�e�m� �s�h�o�u�l�d� �p�r�o�v�i�d�e� �g�r�e�a�t�e�r� �u�s�a�b�i�l�i�t�y�.� 
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�T�a�b�l�e� �1�0� 

�P�e�a�k� �V�o�l�u�m�e�s� �(�2�0�)� �f�o�r� �S�e�v�e�r�a�l� �c�o�l�u�m�n� �d�i�a�m�e�t�e�r�s� 

� � 
�C�o�l�u�m�n� �D�i�a�m�e�t�e�r� �O�p�t�i�m�a�l� �F�l�o�w� �R�a�t�e� �P�e�a�k� �V�o�l�u�m�e� �(�2�0�)� 

�2�5�0� �u�m� �1�.�2� �p�l�/�m�i�n� �0�.�2�4� �p�l� 

�1� �m�m� �3�0� �p�l�/�m�i�n� �6�.�0� �p�l� 

�4� �m�m� �4�8�0� �p�l�/�m�i�n� �9�6� �p�l� 

�1�0� �m�m� �3�0�0�0� �p�l�/�m�i�n� �6�0�0� �p�l� 

�A�s�s�u�m�e�s� �1�0� �m�i�n�u�t�e� �a�n�a�l�y�s�i�s� 

�a�p� �=� �5� �p�m� 

�N� �=� �1�0�,�0�0�0� 
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�C�h�a�p�t�e�r� �5� 

�C�o�n�c�l�u�s�i�o�n�s� 
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�C�o�n�c�l�u�s�i�o�n�s� 

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

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

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

�t�h�e�s�e� �p�o�i�n�t�s�.� �T�h�e� �i�n�v�e�s�t�i�g�a�t�i�o�n�s� �c�o�n�d�u�c�t�e�d� �i�n� �t�h�i�s� �t�h�e�s�i�s� 

�e�x�p�l�o�r�e� �t�h�e� �p�r�o�m�i�n�e�n�t� �f�o�r�t�e�s� �a�n�d� �w�e�a�k�n�e�s�s�e�s� �o�f� �m�i�n�i�a�t�u�r�i�z�e�d� 

�L�C� �a�n�d� �t�h�e� �r�e�s�u�l�t�s� �i�n�d�i�c�a�t�e� �t�h�a�t� �s�o�m�e� �o�f� �t�h�e� �c�o�m�m�o�n� 

�c�o�n�c�e�p�t�i�o�n�s� �a�b�o�u�t� �t�h�e�s�e� �t�e�c�h�n�i�q�u�e�s� �a�r�e� �n�o�t� �f�o�u�n�d�e�d�.� �F�i�n�a�l�l�y�,� 

�t�h�e� �f�u�t�u�r�e� �o�f� �s�m�a�l�l� �s�c�a�l�e� �L�C� �i�s� �p�r�o�j�e�c�t�e�d�.� 

�T�h�e� �f�i�v�e� �c�i�t�e�d� �a�d�v�a�n�t�a�g�e�s� �o�f� �m�i�c�r�o�c�o�l�u�m�n� �L�C� �a�r�e� �t�h�e� 

�s�m�a�l�l�e�r� �s�a�m�p�l�e� �a�n�d� �p�h�a�s�e� �c�o�n�s�u�m�p�t�i�o�n�,� �a�n� �"�i�n�c�r�e�a�s�e�"� �i�n� 

�s�e�n�s�i�t�i�v�i�t�y�,� �e�a�s�y� �c�o�l�u�m�n� �s�y�n�t�h�e�s�i�s�,� �h�i�g�h�e�r� �o�b�t�a�i�n�a�b�l�e� 

�e�f�f�i�c�i�e�n�c�y�,� �a�n�d� �e�a�s�i�e�r� �i�n�t�e�r�f�a�c�i�n�g� �t�o� �o�t�h�e�r� �t�e�c�h�n�i�q�u�e�s�.� �T�h�e� 

�f�i�r�s�t� �a�d�v�a�n�t�a�g�e� �i�s� �i�n�t�u�i�t�i�v�e�l�y� �o�b�v�i�o�u�s�;� �t�h�e� �r�e�m�a�i�n�i�n�g� 

�p�o�i�n�t�s�,� �h�o�w�e�v�e�r�,� �a�r�e� �e�x�a�m�i�n�e�d� �e�i�t�h�e�r� �d�i�r�e�c�t�l�y� �o�r� �i�n�d�i�r�e�c�t�l�y� 

�i�n� �t�h�i�s� �r�e�s�e�a�r�c�h�.� 

�T�h�e� �p�u�r�p�o�r�t�e�d� �e�n�h�a�n�c�e�m�e�n�t� �i�n� �s�e�n�s�i�t�i�v�i�t�y� �i�s� �c�l�a�r�i�f�i�e�d� 

�b�y� �t�h�e� �m�i�c�r�o�b�o�r�e� �i�o�n� �c�h�r�o�m�a�t�o�g�r�a�p�h�y� �s�t�u�d�i�e�s�.� �W�i�t�h� 

�c�o�n�c�e�n�t�r�a�t�i�o�n� �d�e�p�e�n�d�e�n�t� �d�e�t�e�c�t�o�r�s�,� �a� �s�m�a�l�l�e�r� �d�i�a�m�e�t�e�r� �c�o�l�u�m�n� 

�c�a�n� �b�e� �m�o�r�e� �s�e�n�s�i�t�i�v�e� �t�h�a�n� �a� �l�a�r�g�e�r� �d�i�a�m�e�t�e�r� �c�o�l�u�m�n� �i�f� �t�h�e� 

�v�o�l�u�m�e�s� �o�f� �i�n�j�e�c�t�i�o�n� �a�n�d� �d�e�t�e�c�t�i�o�n� �a�r�e� �h�e�l�d� �c�o�n�s�t�a�n�t�.� �I�n� 

�s�u�c�h� �a� �s�i�t�u�a�t�i�o�n�,� �t�h�e� �s�m�a�l�l�e�r� �c�o�l�u�m�n� �i�s� �e�l�u�t�i�n�g� �t�h�e� �s�a�m�e� 

�m�a�s�s� �o�f� �s�o�l�u�t�e� �i�n� �a� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �s�o�l�v�e�n�t�.� �W�h�e�n� �t�h�e� 

�s�y�s�t�e�m�s� �a�r�e� �s�c�a�l�e�d� �t�o� �t�h�e� �c�o�l�u�m�n� �d�i�a�m�e�t�e�r�,� �s�e�n�s�i�t�i�v�i�t�y� �i�s� 
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�i�d�e�n�t�i�c�a�l�.� �T�h�e� �l�a�w�s� �o�f� �s�p�e�c�t�r�o�s�c�o�p�y� �a�n�d� �e�l�e�c�t�r�o�c�h�e�m�i�s�t�r�y� �d�o� 

�n�o�t� �c�h�a�n�g�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �c�o�l�u�m�n� �s�i�z�e�.� �H�o�w�e�v�e�r�,� �i�n� �t�r�a�c�e� 

�a�n�a�l�y�s�i�s� �o�r� �s�a�m�p�l�e� �l�i�m�i�t�e�d� �s�y�s�t�e�m�s� �(�1�0�9�,�1�1�0�)�,� �t�h�e� �r�e�d�u�c�t�i�o�n� 

�i�n� �s�a�m�p�l�e� �r�e�q�u�i�r�e�d� �p�r�o�v�e�s� �b�e�n�e�f�i�c�i�a�l�.� �M�o�r�e� �t�h�a�n� �o�p�t�i�m�a�l� 

�i�n�j�e�c�t�i�o�n� �v�o�l�u�m�e�s� �c�a�n� �r�e�s�t�o�r�e� �t�h�e� �t�r�a�c�e� �l�e�v�e�l� �s�e�n�s�i�t�i�v�i�t�y� 

�n�e�e�d�e�d�.� �I�n� �s�y�s�t�e�m�s� �w�i�t�h� �w�e�a�k�l�y� �e�l�u�t�i�n�g� �s�a�m�p�l�e� �s�o�l�v�e�n�t�s�,� 

�l�a�r�g�e� �e�x�c�e�s�s�e�s� �o�f� �s�a�m�p�l�e� �c�a�n� �b�e� �c�h�r�o�m�a�t�o�g�r�a�p�h�e�d� �w�i�t�h�o�u�t� 

�d�e�g�r�a�d�i�n�g� �p�e�r�f�o�r�m�a�n�c�e�.� 

�M�i�c�r�o�c�o�l�u�m�n� �s�y�n�t�h�e�s�i�s� �i�s� �n�o�t� �e�a�s�y� �b�y� �a�n�y� �m�e�a�s�u�r�e�.� �T�h�e� 

�s�u�r�f�a�c�e� �p�r�e�t�r�e�a�t�m�e�n�t� �i�n�v�e�s�t�i�g�a�t�i�o�n� �e�x�p�l�o�r�e�s� �t�h�e� �l�i�m�i�t�s� �o�f� 

�p�a�c�k�e�d� �f�u�s�e�d� �s�i�l�i�c�a� �c�o�l�u�m�n�s�.� �F�o�r� �t�h�o�s�e� �a�p�p�l�i�c�a�t�i�o�n�s� �w�h�e�r�e� 

�h�i�g�h� �p�r�e�s�s�u�r�e� �i�s� �e�m�p�l�o�y�e�d�,� �p�r�e�t�r�e�a�t�m�e�n�t� �o�f� �t�h�e� �t�u�b�i�n�g� �w�a�l�l� 

�w�i�l�l� �e�x�t�e�n�d� �t�h�e� �d�u�r�a�b�i�l�i�t�y� �o�f� �t�h�e� �c�o�l�u�m�n�.� �F�u�r�t�h�e�r�m�o�r�e�,� �t�h�e� 

�w�a�l�l� �c�o�a�t�i�n�g� �w�i�l�l� �h�a�v�e� �a� �n�e�g�l�i�g�i�b�l�e� �e�f�f�e�c�t� �o�n� �t�h�e� 

�c�h�r�o�m�a�t�o�g�r�a�p�h�y�.� �F�o�r� �r�o�u�t�i�n�e� �a�p�p�l�i�c�a�t�i�o�n�s� �t�y�p�i�c�a�l� �o�f� �s�t�a�n�d�a�r�d� 

�H�P�L�C� �(�5� �t�o� �3�0� �c�m� �l�o�n�g� �c�o�l�u�m�n�s�)�,� �g�e�n�t�l�e�r� �v�e�r�s�i�o�n�s� �o�f� 

�t�r�a�d�i�t�i�o�n�a�l� �p�a�c�k�i�n�g� �t�e�c�h�n�i�q�u�e�s� �r�e�s�u�l�t� �i�n� �g�o�o�d� �p�e�r�f�o�r�m�a�n�c�e� 

�(�h�=�2�)� �c�o�l�u�m�n�s�.� 

�T�h�e� �a�b�i�l�i�t�y� �t�o� �o�b�t�a�i�n� �h�i�g�h� �e�f�f�i�c�i�e�n�c�y� �i�n� �H�P�L�C� �w�i�l�l� 

�a�l�w�a�y�s� �b�e� �s�h�a�d�o�w�e�d� �b�y� �t�h�e� �i�n�h�e�r�e�n�t�l�y� �p�o�o�r� �d�i�f�f�u�s�i�o�n� 

�p�r�o�p�e�r�t�i�e�s� �o�f� �t�h�e� �s�y�s�t�e�m�.� �H�o�w�e�v�e�r�,� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �t�h�e� 

�K�n�o�x�-�P�a�r�c�h�e�r� �r�a�t�i�o� �c�a�n� �i�n�c�r�e�a�s�e� �t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e�s� �p�e�r� �u�n�i�t� 

�t�i�m�e� �b�y� �5�0�%�.� �A�n� �h�o�u�r� �a�n�a�l�y�s�i�s� �w�i�l�l� �s�t�i�l�l� �t�a�k�e� �4�0� �m�i�n�u�t�e�s� 

�w�i�t�h� �a�n� �o�p�t�i�m�i�z�e�d� �s�y�s�t�e�m� �b�u�t� �i�n� �h�i�g�h� �v�o�l�u�m�e� �a�n�a�l�y�s�e�s�,� �a�n�y� 

�d�e�c�r�e�a�s�e� �i�n� �t�i�m�e� �i�s� �w�o�r�t�h�w�h�i�l�e�.� �W�h�e�n� �t�h�e� �r�e�s�e�a�r�c�h�e�r� �i�s� 
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�w�i�l�l�i�n�g� �t�o� �w�a�i�t� �f�o�r� �h�i�g�h� �e�f�f�i�c�i�e�n�c�y� �s�e�p�a�r�a�t�i�o�n�s�,� �t�h�i�s� 

�p�h�e�n�o�m�e�n�o�n� �c�a�n� �p�r�o�v�i�d�e� �e�n�o�r�m�o�u�s� �r�e�s�o�l�v�i�n�g� �p�o�w�e�r�.� �F�o�r� �t�h�e� 

�m�i�c�r�o�c�h�r�o�m�a�t�o�g�r�a�p�h�e�r�,� �t�h�i�s� �p�h�e�n�o�m�e�n�o�n� �c�a�n� �b�e� �a� �p�o�w�e�r�f�u�l� 

�t�o�o�l�.� �T�h�e� �g�e�n�e�r�a�l� �c�o�n�c�e�p�t�i�o�n� �t�h�a�t� �n�a�r�r�o�w�e�r� �c�o�l�u�m�n�s� �a�r�e� 

�i�n�h�e�r�e�n�t�l�y� �m�o�r�e� �o�r� �l�e�s�s� �e�f�f�i�c�i�e�n�t� �t�h�a�n� �w�i�d�e�r� �c�o�l�u�m�n�s� �w�h�e�n� 

�o�p�e�r�a�t�i�n�g� �a�b�o�v�e� �t�h�e� �K�n�o�x�-�P�a�r�c�h�e�r� �t�r�a�n�s�i�t�i�o�n� �i�s� �s�i�m�p�l�y� �n�o�t� 

�t�r�u�e�.� �T�h�e�o�r�e�t�i�c�a�l� �e�f�f�i�c�i�e�n�c�i�e�s� �a�r�e� �i�l�l�u�s�t�r�a�t�e�d� �i�n� �t�h�i�s� 

�t�h�e�s�i�s� �f�o�r� �m�i�c�r�o�p�a�c�k�e�d� �c�o�l�u�m�n�s�.� �I�t� �m�e�r�e�l�y� �d�e�p�e�n�d�s� �o�n� �t�h�e� 

�a�t�t�e�n�t�i�o�n� �t�o� �d�e�t�a�i�l� �s�u�c�h� �a�s� �s�y�s�t�e�m� �d�e�s�i�g�n� �t�o� �a�c�h�i�e�v�e� 

�t�h�e�o�r�e�t�i�c�a�l� �p�l�a�t�e� �h�e�i�g�h�t�s�.� 

�T�h�e� �f�i�n�a�l� �a�d�v�a�n�t�a�g�e�,� �e�a�s�i�e�r� �i�n�t�e�r�f�a�c�i�n�g� �t�o� �o�t�h�e�r� 

�t�e�c�h�n�i�q�u�e�s�,� �h�a�s� �b�e�e�n� �d�e�m�o�n�s�t�r�a�t�e�d� �b�y� �o�t�h�e�r� �w�o�r�k�e�r�s� �f�o�r� �a� 

�v�a�r�i�e�t�y� �o�f� �s�y�s�t�e�m�s�.� �T�h�e� �m�u�l�t�i�d�i�m�e�n�s�i�o�n�a�l� �w�L�C�/�C�Z�E� �r�e�s�e�a�r�c�h� 

�w�a�s� �n�o�t� �p�r�o�m�p�t�e�d� �b�y� �t�h�i�s� �p�a�r�t�i�c�u�l�a�r� �p�o�i�n�t� �b�u�t� �b�y� �t�h�e� 

�"�e�n�h�a�n�c�e�m�e�n�t�"� �i�n� �s�e�n�s�i�t�i�v�i�t�y� �f�a�c�t�o�r�.� �N�e�v�e�r�t�h�e�l�e�s�s�,� �t�h�e� 

�s�t�r�e�n�g�t�h�s� �o�f� �t�h�e� �a�u�t�h�o�r ��s� �i�n�t�e�r�f�a�c�e� �w�h�e�n� �c�o�m�p�a�r�e�d� �t�o� �B�u�s�h�e�y� 

�a�n�d� �J�o�r�g�e�n�s�o�n ��s� �d�e�s�i�g�n� �(�7�7�)� �i�s� �t�h�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �n�a�t�u�r�e� �o�f� 

�t�h�e� �s�a�m�p�l�e�.� �I�n�t�e�r�a�c�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �s�a�m�p�l�e� �a�n�d� �t�h�e� �i�n�t�e�r�f�a�c�e� 

�i�s� �m�i�n�i�m�i�z�e�d� �b�y� �m�a�t�c�h�i�n�g� �t�h�e� �p�e�a�k� �v�o�l�u�m�e�s� �b�e�t�w�e�e�n� �u�L�C� �a�n�d� 

�C�Z�E�.� �I�n� �t�h�i�s� �r�e�s�p�e�c�t�,� �t�h�e� �m�i�c�r�o�c�o�l�u�m�n� �d�o�e�s� �a�l�l�o�w� �e�a�s�i�e�r� 

�i�n�t�e�r�f�a�c�i�n�g� �t�o� �C�Z�E�.� 

�T�h�e� �d�i�s�a�d�v�a�n�t�a�g�e�s� �c�i�t�e�d� �a�r�e� �b�r�i�t�t�l�e� �o�r� �w�e�a�k� �c�o�l�u�m�n�s�,� 

�p�o�o�r� �c�o�l�u�m�n� �b�e�d� �s�t�a�b�i�l�i�t�y�,� �s�t�r�i�n�g�e�n�t� �i�n�s�t�r�u�m�e�n�t� �d�e�s�i�g�n�,� �a�n�d� 

�t�h�e� �l�a�c�k� �o�f� �c�o�m�m�e�r�c�i�a�l� �i�n�s�t�r�u�m�e�n�t�a�t�i�o�n�.� �T�h�e� �s�u�r�f�a�c�e� 

�p�r�e�t�r�e�a�t�m�e�n�t� �s�t�u�d�y� �l�i�n�k�e�d� �t�h�e� �b�r�i�t�t�l�e�n�e�s�s� �p�r�o�b�l�e�m� �t�o� �i�n�n�e�r� 
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�w�a�l�l� �s�c�o�r�i�n�g� �a�n�d� �p�r�o�v�i�d�e�s� �a� �s�i�m�p�l�e� �s�o�l�u�t�i�o�n�.� �W�h�i�l�e� �t�h�i�s� 

�t�h�e�s�i�s� �d�i�d� �n�o�t� �r�i�g�o�r�o�u�s�l�y� �e�x�a�m�i�n�e� �b�e�d� �s�t�a�b�i�l�i�t�y�,� �i�t� �w�a�s� 

�o�b�s�e�r�v�e�d� �t�h�a�t� �i�n� �l�o�w� �p�r�e�s�s�u�r�e� �p�a�c�k�e�d� �c�o�l�u�m�n�s�,� �b�e�d� 

�c�o�m�p�r�e�s�s�i�o�n� �i�s� �p�r�e�s�e�n�t�.� �F�o�r� �h�i�g�h� �p�r�e�s�s�u�r�e� �p�a�c�k�e�d� �c�o�l�u�m�n�s�,� 

�t�h�o�u�g�h�,� �m�i�n�i�m�a�l� �b�e�d� �c�o�m�p�r�e�s�s�i�o�n� �i�s� �n�o�t�i�c�e�d�.� �W�e�l�l� �p�a�c�k�e�d� 

�c�o�l�u�m�n�s� �h�a�v�e� �a�l�w�a�y�s� �b�e�e�n� �m�o�r�e� �o�f� �a�n� �a�r�t� �t�h�a�n� �a� �s�c�i�e�n�c�e�.� 

�I�n�s�t�r�u�m�e�n�t� �d�e�s�i�g�n� �i�s� �c�r�i�t�i�c�a�l� �a�n�d� �t�h�e� �a�p�p�a�r�a�t�u�s� �m�u�s�t� �b�e� 

�f�l�e�x�i�b�l�e�.� �P�r�o�b�l�e�m�s� �w�i�t�h� �i�n�j�e�c�t�o�r� �e�x�t�r�a�c�o�l�u�m�n� �v�o�l�u�m�e� �c�a�n� 

�s�o�m�e�t�i�m�e�s� �b�e� �c�i�r�c�u�m�v�e�n�t�e�d� �b�y� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �c�h�o�i�c�e� �o�f� 

�s�a�m�p�l�e� �s�o�l�v�e�n�t�.� �D�e�t�e�c�t�i�o�n� �s�t�i�l�l� �p�r�e�s�e�n�t�s� �d�i�f�f�i�c�u�l�t�y�.� �W�i�t�h� 

�t�h�i�s� �l�a�s�t� �t�h�o�u�g�h�t� �i�n� �m�i�n�d�,� �s�o�m�e� �c�o�m�m�e�r�c�i�a�l� �v�e�n�d�o�r�s� �h�a�v�e� 

�m�a�n�a�g�e�d� �t�o� �i�n�t�r�o�d�u�c�e� �m�i�c�r�o� �s�y�s�t�e�m�s�.� �A�t� �t�i�m�e� �o�f� �t�h�i�s� �w�r�i�t�i�n�g�,� 

�I�s�c�o� �(�L�i�n�c�o�l�n�,� �N�E�)�,� �J�a�s�c�o� �(�E�a�s�t�o�n�,� �M�D�)�,� �C�a�r�l�o� �E�r�b�a� �(�M�i�l�a�n�,� 

�I�t�a�l�y�)�,� �B�r�o�w�n�l�e�e� �(�S�a�n�t�a� �C�l�a�r�a�,� �C�A�)�,� �a�n�d� �H�e�w�l�e�t�t�-�P�a�c�k�a�r�d� 

�(�W�a�l�d�b�r�o�n�n�,� �G�e�r�m�a�n�y�)� �h�a�v�e� �i�n�t�r�o�d�u�c�e�d� �m�i�c�r�o�s�c�a�l�e� �H�P�L�C� 

�c�o�m�p�o�n�e�n�t�s�.� 

�W�h�a�t� �i�s� �t�h�e� �f�u�t�u�r�e� �o�f� �p�a�c�k�e�d� �c�a�p�i�l�l�a�r�y� �c�o�l�u�m�n�s� �i�n� �H�P�L�C�?� 

�T�h�r�e�e� �d�o�m�i�n�a�n�t� �f�a�c�t�o�r�s� �a�r�e� �r�e�a�d�i�l�y� �v�i�s�i�b�l�e�.� �F�i�r�s�t�,� �t�h�e� 

�d�o�m�a�i�n� �o�f� �a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e�s� �i�s� �r�a�p�i�d�l�y� �e�x�p�a�n�d�i�n�g�.� �T�h�e� 

�e�n�v�i�r�o�n�m�e�n�t�a�l� �t�e�s�t�i�n�g� �m�a�r�k�e�t� �i�S� �g�r�o�w�i�n�g� �a�t� �a� �f�a�n�t�a�s�t�i�c� �r�a�t�e�.� 

�T�h�e� �n�e�e�d� �f�o�r� �p�o�r�t�a�b�l�e� �s�y�s�t�e�m�s� �c�a�p�a�b�l�e� �o�f� �r�o�u�t�i�n�e� �H�P�L�C� 

�a�n�a�l�y�s�e�s� �i�s� �g�r�o�w�i�n�g�.� �T�h�e� �c�l�o�s�e�r� �t�h�e� �a�n�a�l�y�t�i�c�a�l� �t�e�c�h�n�i�q�u�e� 

�g�e�t�s� �t�o� �t�h�e� �s�o�u�r�c�e�,� �t�h�e� �f�a�s�t�e�r� �t�h�e� �t�u�r�n�a�r�o�u�n�d� �o�f� 

�i�n�f�o�r�m�a�t�i�o�n�.� �S�e�c�o�n�d�,� �t�h�e� �e�x�p�e�n�s�e� �o�f� �H�P�L�C� �m�a�t�e�r�i�a�l�s� �a�n�d� 

�c�o�n�s�u�m�a�b�l�e�s� �i�s� �s�o� �g�r�e�a�t� �t�h�a�t� �m�a�j�o�r� �c�o�m�p�a�n�i�e�s� �h�a�v�e� �d�e�v�e�l�o�p�e�d� 
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�l�i�m�i�t�a�t�i�o�n� �c�r�i�t�e�r�i�a�.� �C�h�e�m�i�c�a�l� �g�i�a�n�t�s� �l�i�k�e� �D�u�P�o�n�t� �a�n�d� �C�i�b�a�-� 

�G�e�i�g�y� �h�a�v�e� �i�n�t�e�r�n�a�l�l�y� �d�e�c�r�e�e�d� �t�h�a�t� �H�P�L�C� �s�o�l�v�e�n�t� �c�o�n�s�u�m�p�t�i�o�n� 

�s�h�a�l�l� �b�e� �c�u�t� �i�n� �h�a�l�f� �i�n� �f�i�v�e� �t�o� �e�i�g�h�t� �y�e�a�r�s� �(�1�1�1�)�.� �T�h�e� 

�n�u�m�b�e�r� �o�f� �a�n�a�l�y�s�e�s� �t�h�a�t� �t�h�e�s�e� �c�o�m�p�a�n�i�e�s� �p�l�a�n� �t�o� �p�e�r�f�o�r�m� �w�i�l�l� 

�o�b�v�i�o�u�s�l�y� �n�o�t� �b�e� �r�e�d�u�c�e�d� �5�0�%�.� �M�i�c�r�o�c�o�l�u�m�n� �L�C� �s�e�e�m�s� �l�i�k�e� �o�n�e� 

�o�f� �t�h�e� �m�o�s�t� �l�o�g�i�c�a�l� �a�l�t�e�r�n�a�t�i�v�e�s� �s�i�n�c�e� �m�e�t�h�o�d�s� �w�i�l�l� �n�o�t� �h�a�v�e� 

�t�o� �b�e� �r�e�d�e�v�e�l�o�p�e�d�.� �F�i�n�a�l�l�y�,� �t�h�e� �s�c�a�l�e� �o�f� �H�P�L�C� �s�e�p�a�r�a�t�i�o�n�s� �i�s� 

�g�r�a�v�i�t�a�t�i�n�g� �t�o�w�a�r�d�s� �s�m�a�l�l�e�r� �a�n�d� �s�m�a�l�l�e�r� �s�a�m�p�l�e� �s�i�z�e�s�.� �F�o�r� 

�i�n�s�t�a�n�c�e�,� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �n�e�u�r�o�c�h�e�m�i�c�a�l�s� �a�n�d� �b�r�a�i�n� �c�h�e�m�i�s�t�r�y� 

�r�e�a�c�t�i�o�n�s� �r�e�q�u�i�r�e�s� �a�p�p�r�e�c�i�a�b�l�y� �l�i�m�i�t�e�d� �s�a�m�p�l�e� �v�o�l�u�m�e�s�.� �O�t�h�e�r� 

�b�i�o�l�o�g�i�c�a�l� �a�n�a�l�y�s�e�s� �w�o�u�l�d� �p�r�e�f�e�r�a�b�l�y� �u�s�e� �s�m�a�l�l� �v�o�l�u�m�e�s�.� 

�W�i�t�h� �t�h�e�s�e� �p�o�i�n�t�s� �d�e�m�a�n�d�i�n�g� �t�h�e� �u�s�e� �o�f� �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�,� �m�i�n�i�a�t�u�r�i�z�a�t�i�o�n� �s�e�e�m�s� �l�i�k�e� �t�h�e� �m�o�s�t� 

�l�o�g�i�c�a�l� �d�e�v�e�l�o�p�m�e�n�t�.� �I�n� �l�i�g�h�t� �o�f� �t�h�i�s�,� �m�i�c�r�o�c�o�l�u�m�n� �L�C� 

�a�p�p�e�a�r�s� �t�o� �h�a�v�e� �a� �p�r�o�m�i�s�i�n�g� �f�u�t�u�r�e�.� 
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�L�i�t�e�r�a�t�u�r�e� �C�i�t�e�d� 

�V�.� �M�e�y�e�r�,� �J�.� �C�h�r�o�m�a�t�o�g�r�.� �3�3�4� �(�1�9�8�5�)� �1�9�7� 

�J�.�J�.� �K�i�r�k�l�a�n�d�,� �J�.� �C�h�r�o�m�a�t�o�g�r�.� �1�2�5� �(�1�9�7�6�)� �2�3�1� 

�D�.�A�.� �S�k�o�o�g� �a�n�d� �D�.�M�.� �W�e�s�t�,� �F�u�n�d�a�m�e�n�t�a�l�s� �o�f� �A�n�a�l�y�t�i�c�a�l� 
�C�h�e�m�i�s�t�r�y�,� �S�a�u�n�d�e�r�s� �C�o�l�l�e�g�e� �P�u�b�l�i�s�h�i�n�g�,� �N�e�w� �Y�o�r�k�,� �1�9�8�2�,� 
�c�h�a�p�t�e�r� �2�7� 

�H�.�M�.� �M�c�N�a�i�r� �a�n�d� �E�.�J�.� �B�o�n�e�l�l�i�,� �B�a�s�i�c� �G�a�s� �C�h�r�o�m�a�t�o�g�r�a�p�h�y�,� 
�V�a�r�i�a�n� �H�a�n�d�b�o�o�k�,� �B�e�r�k�e�l�e�y�,� �C�A�.�,� �1�9�6�9�,� �c�h�a�p�t�e�r� �1�5� 

�F�.� �Y�a�n�g�,� �J�.� �C�h�r�o�m�a�t�o�g�r�.� �2�3�6� �(�1�9�8�2�)� �2�6�5� 

�S�.�C�.� �M�o�o�r�e�,� �A�n�a�l�.� �C�h�e�m�.� �3�0� �(�1�9�5�8�)� �1�1�8�5� 

�J�.�J�.� �v�a�n� �D�e�e�m�t�e�r�,� �F�.�J�.� �Z�u�i�d�e�r�w�e�g�,� �a�n�d� �A�.� �K�l�i�n�k�e�n�b�e�r�g�,� 
�C�h�e�m�.� �E�n�g�.� �S�c�i�.� �5�,� �2�7�1� �(�1�9�5�6�)� 

�M�.�J�.�E�.� �G�o�l�a�y�,� �i�n� �D�.�H�.� �D�e�s�t�y� �(�e�d�i�t�o�r�)�,� �"�G�a�s� �C�h�r�o�m�a�t�o�g�r�a�p�h�y� 
�1�9�5�8� �A�m�s�t�e�r�d�a�m� �S�y�m�p�o�s�i�u�m�"�,� �B�u�t�t�e�r�w�o�r�t�h ��s�,� �L�o�n�d�o�n�,� �1�9�5�8�;� 
�p�p�.� �3�6�-�6�8� 

�J�.�C�.� �G�i�d�d�i�n�g�s�,� �A�n�a�l�.� �C�h�e�m�.� �3�5� �(�1�9�6�3�)� �2�2�1�5� 

�J�.�C�.� �G�i�d�d�i�n�g�s�,� �J�.� �C�h�r�o�m�a�t�o�g�r�.� �5� �(�1�9�6�1�)� �6�1� 

�J�.�C�.� �G�i�d�d�i�n�g�s�,� �A�n�a�l�.� �C�h�e�m�.� �3�5� �(�1�9�6�3�)� �1�3�3�8� 

�J�.� �K�n�o�x�,� �A�n�a�l�.� �C�h�e�m�.� �3�8� �(�1�9�6�6�)� �2�5�3� 

�C�.�G�.� �H�o�r�v�a�t�h�,� �B�.�A�.� �P�r�e�i�s�,� �a�n�d� �S�.�R�.� �L�i�p�s�k�y�,� �A�n�a�l�.� �C�h�e�m�.� 
�3�9� �(�1�9�6�7�)� �1�4�2�2� 

�J�.�C�.� �G�i�d�d�i�n�g�s� �D�y�n�a�m�i�c�s� �o�f� �C�h�r�o�m�a�t�o�g�r�a�p�h�y�,� �M�a�r�c�e�l� �D�e�k�k�e�r�,� 
�N�e�w� �Y�o�r�k�,� �1�9�6�5� 

�J�.�J�.� �K�i�r�k�l�a�n�d�,� �J�.� �C�h�r�o�m�a�t�o�g�r�.� �S�c�i�.� �1�9�6�9�,� �7�,� �7� 

�R�.�P�.�W�.� �S�c�o�t�t�,� �C�o�n�t�e�m�p�o�r�a�r�y� �L�i�q�u�i�d� �C�h�r�o�m�a�t�o�g�r�a�p�h�y�,� �W�i�l�e�y�-� 
�I�n�t�e�r�s�c�i�e�n�c�e�,� �N�e�w� �Y�o�r�k�,� �1�9�7�6� 
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�D�.� �I�s�h�i�i� �a�n�d� �K�.� �S�a�k�u�r�a�i�,� �T�o�k�y�o� �C�o�n�f�e�r�e�n�c�e� �o�f� �A�p�p�l�i�e�d� 
�S�p�e�c�t�r�o�m�e�t�r�y�,� �T�o�k�y�o�,� �J�a�p�a�n�,� �O�c�t�o�b�e�r� �1�9�7�3� 
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