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Wide—bore, fused—si1ica capillary columns can be an excellent

replacement for packed columns in many cases. They can provide higher

surface inertness and thermal stability, as well as higher efficiency or

speed of analysis. Wide—bore, open-tubular (WBOT) columns with thick

films have higher sample capacities than conventional narrow—bore

capillary columns and can be used in unmodified packed-column gas

chromatographs.

The majority of gas chromatographic analyses are still performed

using packed columns. Many chromatographers associate open-tubular

columns exclusively with split injection, often perceived as less l

repeatable or quantitative. Also, many packed-column methods use

application-specific stationary phases which are not readily available on

capillary columns. WBOT columns with standard phases can often be

substituted due to higher available efficiencies. While several studies

have been published on qualitative differences, there is little compara-

tive quantitative data available on O.53—mm I.D. and packed columns.



This paper discusses the conversion of a packed-column gas chroma—

tograph to effectively use fused-silica, WBOT columns. A WBOT column

inlet adapter and a 1 to 10 mL/min carrier gas flow controller are used

for both direct (off—column) and on-column automated injections.

Comparative quantitative data on a 0.53-mm I.D., fused-silica column and

2-mm I.D. packed column is given using a capillary column polarity mix,

and a fatty acid methyl ester sample over a wide range of concentrations.



ACKNOWLEDGEMENTS

I wish to thank Dr. Harold M. McNair for his support and encourage-

h tion.

iv



TABLE OF CONTENTS

ABSTRACT .............................. ii

ACKNOWLEDGEMENTS .......................... iv

INTRODUCTION ............................ 1
Open—Tubular Columns in Gas Chromatography .......... 1
Use of Column Variables Throughout the Evolution of Open-

Tubular Columns .................... 3
Wide-Bore Fused Silica Columns as Packed Column Replacements . 8
Objectives of this Study ................... 12

EXPERIMENTAL ............................ 14
Equipment .......................... 14
Calculations .”........................ 16
Methods ........................... 18

RESULTS AND DISCUSSION ....................... 22
Replacing Packed Columns with Wide-Bore, Open-Tubular Columns 22
Qualitative Comparison of the WBOT and Packed Columns .... 24
Mechanical and Chromatographic Performance of the Adapter

with an Autosampler .................. 68
Quantitative Comparison of WBOT and Packed Columns ...... 73

CONCLUSIONS ............................ 98

SUMMARY .............................. 101

REFERENCES ............................. 102

VITA ................................ 105

v



INTRODUCTION

0pen—Tubular Columns in Gas Chromatography.

The practical beginning of capillary gas chromatography can be

placed at the Second International Symposium on Gas Chromatography held

in Amsterdam in May 1958 (1). At this symposium, M.J.E. Golay presented

his famous paper on the theory of open—tubular column chromatography (2).

He also showed two previously impossible separations, xylene isomers and

hexane isomers, obtained on a dodecyl phthalate coated, open-tubular

column. The isomer separations were possible due to the efficiency of

over 50,000 theoretical plates obtained on the 45 foot long capillary

column with a 0.25-mm I.D. In packed column chromatography, difficult „

separations were achieved through selectivity provided by the stationary

phase; column length was limited due to the large resistance to flow

inherent with the use of packed columns. 0pen—tubular column chromato-

graphy provided efficiencies necessary for difficult separations due to

the much longer possible length of the column.

Since their introduction in 1958, open—tubular columns have been

used to provide high efficiencies not obtainable on packed columns.

Open-tubular columns possess efficiencies ranging to hundreds of

thousands of plates, while packed columns typically have efficiencies of

only a few thousand plates (3). Also, open—tubular columns, composed of

glass and fused silica, are very inert compared to the support material

used in packed columns; many polar compounds exhibit severe adsorption

using packed columns. 0pen—tubular columns have not replaced packed

1
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columns in gas chromatography. One reason this has not occurred is the

limited sample capacity of open-tubular columns. The traditionally

favored narrow-bore columns require an inlet splitter for sample intro-

duction. Split injection has been widely perceived as less quantitative

than direct injection used with packed columns. Early inlet splitters

did suffer from nonlinearity; contemporary inlet splitters provide

reliable quantitation although they require more skill to operate than a

packed column injector (4). The small absolute amount of liquid phase

present in narrow-bore, open—tubular columns makes trace analysis

difficult; the large amounts of other sample components overload the

column. Small sample amounts can also be a problem when using "hyphen-
J

ated" techniques such as GC-FTIR, since larger sample amounts may be

required for meaningful spectra (5).

Columns made of fused silica tubing with an internal diameter of

0.32 mm or greater, coated with bonded phases having relatively thick

films became commercially available beginning in 1983. These columns

combine the desired qualities of relatively high efficiencies and

inertness with greatly increased sample capacity. An inlet splitter is

not generally required so that these columns may be installed and used in

conventional packed-column gas chromatographs with little or no

;modification. Wide-bore, thick-film fused silica columns were heralded

as the "packed column alternative" (6). Wide—bore columns are not a

recent innovation. They have been used from the start of open-tubular

chromatography, beginning with the pioneering work of M.J.E. Golay in

1956 (7). A brief survey of the evolution of open-tubular columns is
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helpful in assessing the value of wide-bore, thick—film columns as

replacements for packed columns in routine applications.

Use of Column Variables Throughout the Evolution of Open-Tubular Columns.

Investigation of column variables such as tubing material,

diameter, length, liquid phase and film thickness proceeded during the

evolution of open—tubular columns (3). Most capillary gas chromatography

during the 1960's was carried out using columns made of metal tubing (3).

However, the inside wall of metal columns possessed undesirable surface

activity. Although glass drawing machines had been developed by Desty et

al. (8) and Kreyenbuhl (9) by 1960, no techniques were available to

provide a reproducible, stable coating of stationary phase on the inside

wall of glass tubing. During the 1960's, research led to several methods

for modifying the inside wall of the glass tubing for better coating

stability (1). Pioneers in this field included Grob, Liberti and Novotny

and Tesarik. A number of researchers continued the investigation of

treatment of the inside of glass capillaries and their coatingthroughthe

1970's (1). On the basis of these detailed investigations, glass

replaced stainless steel as the most widely used column material during

the early 1970's. While glass columns exhibited much improved surface

inertness relative to packed columns, metal ion impurities in the glass

tubing produced active sites. Use of fused silica as the column tubing

material, was first reported by Dandeneau and Zerenner in the spring of 1

1979 (10). Fused silica has since replaced glass as the column tubing

material of choice. Fused silica provides improved inertness, since it
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only contains trace metal impurities and its flexibility allows

convenient installation in many gas chromatograph configurations, as

opposed to rigidly configured glass columns.

Historically, capillary columns with an internal diameter of 0.25

mm have been most widely used, although columns with internal diameters

ranging from less than 0.1-mm to greater than 4-mm have been studied

(1,3). The use of different film thicknesses was not well characterized

during the early development of open-tubular columns (1,3). Open-tubular

columns are coated with stationary phase using either the dynamic or

static coating method. In the dynamic method, a solution of the

stationary phase in a suitable solvent is passed through the column. The

thickness of the stationary phase film retained on the wall of the column

is controlled by the concentration of the coating solution and its rate

of travel through the column. Using the static method, the column is

filled with coating solution, then the solvent is evaporated depositing

the stationary phase on the wall. The resulting film thickness can be

calculated directly from the known concentration of the coating solution.

The dynamic coating method, in which the film thickness was not precisely

known, was popular throughout the development of open-tubular columns

(1,3). During the 1960's, the stainless steel tubing commonly used for

columns was commercially available with internal diameters of 0.25 and

_ 0.50 mm (0.010 and 0.020 in.) (3). Stainless steel columns were usually

dynamically coated to give a liquid phase film thickness of around 0.5 to

0.6 pm. They were coated with thicker films than those later used with ()

_____ü_____l
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glass columns in order to reduce the activity of the inside metal

surface.

Glass tubing prepared from glass drawing machines was usually

produced with an inner diameter of 0.20 to 0.27 mm (3). Fused silica

became available in 1979 with inner diameters up to 0.32 mm, to provide

for cold, on-column sample introduction. Film thicknesses most commonly

used with glass and fused silica columns through the early 1980's, were

usually in the range of 0.2 to 0.5 pm. Until the advent of immobilized

_ phases, film thicknesses of greater than 1 um were not practical since

most of the excess phase was lost through bleeding.

The amount of phase present per unit length in an open—tubular

column is controlled by the film thickness and inner diameter. There are

two main reasons a thick film, l um or greater, would be desired. Peaks

having low capacity factors (k values of less than 3), require much

higher efficiency than later-eluting peaks for equivalent resolution; the

capacity factors of peaks which elute early on a thin—film column are

increased by using a thick-film column. Second, sample capacity is

directly proportional to the amount of stationary phase present in the

column. Higher absolute sample capacities allow for trace analyses and

the use of hyphenated techniques such as GC-FTIR. Until the widespread .

use of bonded phases, increased sample capacity and capacity ratio values

of early peaks were obtained through the used of support—coated, open-

tubular (SCOT) columns (11). In SCOT columns, support material is

deposited on the inside wall of the tube to provide increased surface

area. More liquid phase can be contained on the support material than as
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a uniform film coating and an unrestricted path for the carrier gas is

still provided. However, SCOT columns have two major problems. First,

the support material is not completely inert, leading to adsorption

problems with polar compounds (11). Second, the length and diameter of

SCOT columns are limited to around 20 m and 0.50 mm, respectively,

limiting the total available efficiency (11).

Capillary gas chromatographic columns having internal diameters of

0.32 mm or greater have been popularly termed wide—bore, open-tubular

(WBOT) columns. Fused-silica, open-tubular columns with 0.53-mm internal

diameters and glass capillary columns with 0.75-mm internal diameters

were introduced in the fall of 1983. In the same year, the first reports

of immobilized phases, prepared by in situ polymerization, described

columns with up to 8 um film thicknesses (11-14). These columns have

been widely promoted as the "packed column alternative" (6), providing

superior resolution in the same analysis time as a packed column or

sufficient resolution in a much shorter analysis time. Wide-bore, open-

tubular columns, having internal diameters of 0.50 mm or greater and

relatively thick films were used extensively during the early theoretical

and practical development of open tubular gas chromatography (1). The

advantages of these columns over narrower-bore columns include: increased

sample capacity; the possibility of using a conventional thermal

conductivity detector; flexibility in selection of flow rates; and less

difficulty with dead volumes in connections (15).

Zlatkis and Kaufman published investigations of columns with a

0.86-mm I.D (16). They later evaluated a one-mile long, open-tubular
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column of 1.676-mm I.D. nylon tubing and obtained a HETP of 1.61 mm.

Scott used 0.50-mm I.D. columns for his pioneering studies in 1959-60

(17-18). Averill and Ettre published many applications with 0.50-mm I.D.

(19-26) and 1.55-mm I.D. (27) columns. Jentzsch and Hovermann worked

with 1-mm I.D. columns which were marketed for a number of years by

Perkin-Elmer using the name "Macro Golay Columns" (28-30). Kovats used

1.8 to 2-mm I.D. columns for separation of essential oils and with

thermal conductivity detection (31-33). Quiram published a separation of

normal alcohols using a 1.55-mm I.D. column at an extremely high flow

rate of 800 mL/min, eluting n-cetyl alcohol in eight minutes at 175°C,

which is 169°C below its boiling point (34). Teranishi and Mon intro- ~

duced 0.76-mm I.D. stainless steel columns for their studies on foods and

food flavors which included GC-MS applications (35). Marco showed a four

minute analysis of C1 to C12 alcohols on a notably short column, nine

meters in length, with a 0.50-mm I.D. (36).

Most columns used throughout the development of capillary

chromatography had long lengths, usually 30 to 100 meters (3). Early

columns were less efficient per unit length and, longer columns contained

more liquid phase and therefore had increased sample capacity (37).

Later, as glass tubing became predominant, emphasis was placed on the

absolute efficiency of a column; long glass columns with a inner diameter

of around 0.25 mm were most widely-used. A notable exception during the

1970 's was the work of Sandra and his colleagues using wide-bore glass

columns for several applications (38-43), as an alternative to high

resolution capillary GC (44). Two articles of Sandra and his colleagues
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review the trade-offs of capillary columns versus packed columns, and

conclude that, for routine glass open-tubular column work, the best

approach is the adoption of wide-bore columns with 0.3 to 0.5-um film

thicknesses and on-column injection (45-46). These articles are

remarkably similar to the several recently published concerning the

conversion of routine packed column analyses to wide-bore, fused-silica

column analyses (47-51).

Wide-Bore Fused Silica Columns as Packed Column Replacements

Much attention has recently been focused on the possibility of

using 0.53-mm I.D. fused silica columns for routine packed

columnapplications(1, 3, 6, 11, 12, 44, 47-51). Split injection is not

required since the combination of wider inner diameter and bonded thick-

film phases provides sample capacities approaching those of packed

columns. Sample introduction can be made using a conventional 26—gauge

syringe with a sample volume from 0.1 to several microliters. Samples

can be injected directly into a glass liner or on-column; the outer

diameter of a standard 26-gauge syringe is about 0.48 mm, compatible with

the 0.53-mm I.D. of the column.

Fused silica columns with 0.53-mm I.D. may be installed directly in

„gas chromatographs designed for use with packed columns. The wide-bore

columns are operated at packed column flow rates, typically 10 mb/min or

greater. Most packed column instruments are equipped with flow-

controlled carrier gas pneumatics which operate in the 10 to 100 mL/min

range. Sample is directly injected, using a conventional syringe, into
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the glass liner of the standard flash vaporizing injector. Flow rates

above 10 mL/min efficiently sweep the vaporized sample from the packed

column injector. At these flow rates, the wide—bore column achieves a

separation equivalent to that obtainable on a packed column, but in much

less time. Using this "packed column mode" of operation, the resolution

available when operating the wide-bore column within its optimum flow

range is sacrificed for short analysis time.

Alternatively, a packed column gas chromatograph can be optimized

for using wide-bore, fused-silica columns within their optimum flow range

of 2 to 6 mL/min. In general, this involves minor modification to the

inlet and pneumatics, and with some detectors the use of makeup gas. For

direct injection, inlet volume must be reduced by use of an inlet

adapter. The adapter consists of a glass liner with an inner diameter of

1 mm or less and installs directly in the packed column injector barrel.

Analogous to standard packed column injection, the sample is injected

directly, using a conventional syringe, into the heated glass liner. For

on—column injection, the adapter aligns the column for penetration of the

syringe. The sample is injected into the restricted volume at the

beginning of the 0.53-mm I.D. column, where it is vaporized. A standard

packed column GC flow controller can usually be converted to use in the 1

to 10 mL/min range by replacement of a removable frit on the

flowcontroller.

Wide-bore columns are compatible with the standard and selective

detectors used in gas chromatography including: flame ionization (FID),

thermal conductivity (TCD), electron capture (ECD), photoionization
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(PID), Hall electrolytic conductivity (HECD), flame photometric (FPD),

and nitrogen/phosphorous (NPD) detectors. For the FID, FPD and NPD, the

wide-bore column is installed past the hydrogen inlet at the detector

base so that the combustion gas sweeps the column effluent. Makeup gas

is not required even at low flow rates for these detectors. A micro TCD

does not require makeup gas but, a standard TCD having a relatively large

cell volume may require makeup gas even at higher flow rates. An ECD

requires makeup gas with low flow rates of hydrogen or helium carrier

gas, namely the nitrogen or argon-methane mixture which is necessary for

the primary ionization step. Make-up gas is also necessary when operat-

ing in the packed column mode since nitrogen or argon-methane is not

usually used as carrier gas due to the large loss of efficiency at high

linear velocities. For the two selective detectors used for water

pollution analyses, the PID does not generally require makeup gas, while

the HECD may require both makeup gas and a reduced volume detector

adapter.

Bonded-phase, fused-silica columns with a 0.53-mm I.D. are avail-

able from a number of manufacturers. The fused-silica tubing used in

these commercially available columns is very inert. Samples which are

difficult to chromatograph using packed columns such as free fatty acids,

fatty acid methyl esters, diols, amines, drugs and priority pollutants,

, are chromatographed without apparent adsorption using these columns. Due

to the inertness of fused silica, a single wide—bore column can be used

to chromatograph both acidic and basic compounds. In contrast, the

active nature of support material contained in packed columns can require
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separate columns for the analysis of acidic and basic compounds, each

containing support material specifically deactivated for acidic or basic

compounds,

The stationary phase contained in these commercially available

columns is bonded to the fused silica surface as well as cross-linked.

The combination of surface bonding and cross-linking provides a highly

stable phase, exhibiting very little bleed at high temperatures. Low

column bleed is especially beneficial for trace level analyses. These

columns can also be solvent rinsed to remove nonvolatiles. Accumulation

of nonvolatiles over time can lead to degradation of column efficiency.

The bonded phases are compatible with commonly used solvents including

water. Traditional polyethylene glycol phases degrade with injection of

polar solvents, especially water, or with exposure to oxygen at elevated

temperatures. Bonded polyethylene glycol phases are resistant to

degradation with repeated injection of water and, more importantly, to

exposure to oxygen.

Bonded phases are available in a wide range of polarities, from

nonpolar methylsilicone to intermediate polarity phenylmethyl and cyano-

propylphenyl silicones, to very polar polyethylene glycol. Column phases

optimized for specific separations such as purgeable halocarbons and ,

aromatics and pesticides called for in several EPA methods are available.

Not as many specialty phases are needed for wide—bore columns because

they have higher absolute efficiencies. Porous—layer, open—tubular

(PLOT) columns made of fused—silica tubing are available through

Chrompack coated with PoraPLOT Q, aluminum oxide, silica, and molecular
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sieve types 5A and 13x (52). The PLOT columns are available with a 0.32-

mm I.D. and for the alumina and molecular sieve type 13x columns also

with a 0.53-mm I.D. The porous styrene-divinylbenzene copolymer (Pora-

PLOT Q) coated column performs a separation of fixed gases and volatile

compounds which was previously only possible using porous polymer packed

columns. Molecular sieve 5A separates fixed gases and molecular sieve

13x separates naphthenes from paraffins. Alumina and silica PLOT columns

allow fast analyses of low concentrations of light hydrocarbons (52).

Objectives of this Study.

The merits of using wide-bore, fused—silica columns to replace

packed columns in routine analyses have been discussed in terms of: the

compatibility of wide-bore columns with packed column instruments; the

ability to optimize the analysis speed versus resolution to suit a

particular analysis; and the superior inertness of fused-silica columns.

There appear to be no existing studies directly comparing the

quantitation obtained on thick—film, WBOT columns to packed columns.

Therefore, a systematic study was proposed to examine quantitation using

packed and wide-bore, fused—silica columns.

The chromatographic performance of a wide—bore and a packed column

coated with methylsilicone, the most commonly used stationary phase, were

evaluated in qualitative and quantitative terms. The first objective was

to confirm previously reported data concerning: the relative activity of

the two types of columns; the practical working range of linear Velocit-

ies of each column; the resolution of a peak pair as a function of linear
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velocity on each column; and the sample capacity of each column. The

second objective was to evaluate the performance of the wide-bore column

in the optimized packed column gas chromatograph both mechanically and

chromatographically over at least one hundred injections. The third

objective was to evaluate quantitation for the packed and wide—bore

columns using a fatty acid methyl ester sample over four decades of

concentration.



EXPERIMENTAL

Equipment.

A packed column and wide—bore, fused-silica column were chosen for

the qualitative and quantitative comparison. Their selection was based

on similarity of stationary phase, sample capacity, and retention

provided for solutes when operated within their respective normal flow

ranges. The packed column was a 6 ft x 2-mm I.D., glass column with a

column packing of 3% methylsilicone on Chromosorb V HP 100/120 mesh

(Perkin—Elmer Corporation, Norwalk, CT). The open-tubular column

consisted of 25 m x 0.53-mm I.D., fused-silica tubing with a 1-pm bonded

methylsilicone phase coating (Quadrex Corporation, New Haven, CT).
N

Heasurements were carried out on a Sigma 2000 gas chromatograph

(Perkin—Elmer Corporation, Norwalk, CT), equipped with a standard flash

vaporizing injector, carrier gas flow controller for the 10 to 100 mL/min

flow range, and flame ionization detector with a l80·msec amplifier time

constant. For the packed column, samples were introduced using direct

injection into a standard flash vaporizing injector, For the 0.53-mm

I.D. fused silica column, the standard inlet and flow controller was

modified with a reduced volume inlet adapter (Perkin—Elmer Corporation,

Norwalk, CT) and a 1 to 10 mL/min flow controller frit (Perkin—Elmer

„Corporation, Norwalk, CT).

The adapter, shown in Figure 1, consisted of a syringe guide and a

glass-lined adapter. It was installed directly in the 1/4-in. I.D.

packed column injector with the syringe guide almost flush with the

14
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Figure 1. Reduced Volume Iulet Adapter for use with WBOT Columns.
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septum, and the adapter butted against the guide. The 0.53-mm I.D.

column was inserted from the oven end of the adapter all the way to the

column stop for on-column injection. For direct injection, the 0.53-mm

I.D. column was inserted only one to three millimeters into the adapter.

Manual sample introduction was accomplished using standard 26-gauge

syringes for both on-column and direct modes of injection. An AS-100

autosampler (Perkin-Elmer Corporation, Norwalk, CT) was used for auto-

sampler injection. Autosampler injection requires an autosampler syringe

needle with a 0.50-mm 0.D. or less for penetration of the inlet adapter.

Sample introduction using the modified inlet and flow controller was

evaluated using autosampler and manual injections in both on-column and

direct modes.

Calculations.

Data acquisition, quantitation and chromatogram replotting were

accomplished with a Chromatographics-3 data system equipped with a 20-

MByte Winchester disk and a Graphics 2 pen plotter (Perkin-Elmer Corpora-

tion, Norwalk, CT). The retention times (tn), gas holdup time (tn), peak

heights (hp) and peak areas (A) were determined using the Chromato-

graphics 3 data system and stored as report files. A user program of the

data system can calculate peak width at base (wp) (see equations 1

_ through 3) and as a result, the number of theoretical plates (n) using

equation 4. The height of a Gaussian peak (hp) is related to the peak

area (A) and the standard deviation of the peak (0) through:
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A 0.399 A
h
=________,=_______i,,P

0J2H 0

Since the peak width at base (wb) equals four times the standard devia-

tion of the peak (0),

4 A .-1.596 A
h =———— =————— (2)

P wbJ2H wb
and

4 A 1.596 A
w =———— = —-—-—— (3)

b h JZH h
P P

Substitute this expression for Wb into the well-known equation describing

the number of theoretical plates (n) to obtain:

t 2 t h 2
b = 16(——E—-—) = 6.283(.i..._£...) (4)

wb A
The number of plates is stored as part of the report file.

Report files were sent directly to an IBM-PC (IBM Corporation, Boca

Raton, FL) via a RS—232 serial link. The Lotus 123 spreadsheet program

(Lotus Development Corporation, Atlanta, GA) was used for calculation of

average linear velocity, capacity factors, HETP, and resolution as well

as graph generation. Calculation of capacity factor (k), average linear

gas velocity (Ü), and HETP were carried out using the well-known general

relationships.

t - t

tu
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_ L
¤=——- (6)

tu
L

HETP = --- (7)

n

Resolution of two peaks is described by equation 8 where n and k refer to

the second peak and ¤ is the relative retention of the two peaks:

In ¤ — 1 k
R = --—- ( ———-———- ) ( --————- ) (8)

4 ¤ _ k + 1

where
t' k

q=...&@.._=.._..°'L.. (9)

té1 k1
Using equation 9, resolution equation was simplified to

Jn tR=-—-(1-.B..) (10)
4 taz

which was used for the calculation.

Methods.

Several tests were carried out to compare the packed and WBOT

column systems in qualitative terms, and then to evaluate repeatability

and accuracy. For the following work, flame ionization detection was

always used, and the injector and detector were heated at 300°C iso-

thermal, unless otherwise specified. Carrier gas flow rates were read

from the flow controller which was calibrated using a bubble flow meter

at 25°C. Initially, a Grob type test mixture was injected to determine

relative activity of the packed and WBOT column. Several one microliter 1
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injections of the nine component test mix (isopropanol solution, con-

centration of each component 2 ug/uL: g-nonane, 2-octanone, g-decane, 1-

octanol, n—undecane, 2,6—dimethylphenol, 2,4-dimethylaniline, naphthalene

and g-dodecane) were made on the two systems.

The efficiency, resolution and sample capacity tests were conducted

in the manner of Seferovic, Hinshaw and Ettre, for their comparative data

on GC capillary columns having various diameters and film thicknesses

(53). For the present study, data was collected for the packed column

and the 25 m x 0.53-mm I.D. column with the 1 um film. Solutions of 2,6-

dimethylphenol (DMP) and g-undecane (Q-C11), were used to conduct the

efficiency, resolution and sample capacity tests. The solutions were_ =

prepared to cover four decades of concentration, from 0.0005% to 5% by

weight, of each component in isopropanol. Operating conditions of 90°C

isothermal and l10°C isothermal were chosen for the packed and WBOT

columns respectively, to obtain adequate resolution and reasonable

capacity factors for the DMP/g-C11 pair.

Column efficiency was evaluated by measuring theoretical plate

number and HETP of n-undecane at various average linear carrier gas

velocities and plotting the experimental van Deemter curves. Resolution

of the 2,6-dimethylphenol—-g-undecane pair at the various linear veloci-

ties was calculated and plotted. Injections of 0.5 uL of the 0.05% DMP

and g-Ci; solution were made at various linear velocities for the packed

column system. Column efficiency data for the WBOT column system was

obtained for both on-column and direct modes of injection by 0.1 uL

injections of the 0.05% DMP and n-C11 at various linear velocities. In
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addition, the WBOT column was installed in the packed column instrument

using the standard packed injector with a 1.5-mm I.D. glass liner.

Efficiency data was obtained by 0.1 uL injections of the 0.05% DMP and n-

C11 at various linear velocities for the WBOT column installed in the

unmodified packed column instrument.

Sample capacity of n-undecane was evaluated by plotting the number

of theoretical plates versus amount of g-undecane injected. For each

column, several injections between 0.1 to 1 uL were performed with a one

microliter syringe (Hamilton model 7001, Hamilton Company, Reno Nevada)

using each of the isopropanol solutions of DMP and g-C11. Sample

capacity data for the WBOT column system was collected in the direct mode
U

of injection to simulate packed column injection.

Mechanical and chromatographic performance of the WBOT column

system was evaluated. Repeatability of retention time and area were

measured for the n-dodecane and 2-octanone peaks of the test mix, 0.02

ug/uL of each component in hexane. A set of 70 consecutive autosampler

injections was performed in the on-column mode to test the mechanical

performance of the system under repeated injection. There was no visible

scoring or chipping of the column where the needle entered and the needle

remained in excellent condition. Next, several sets of 10-20 autosampler

„injections were performed while experimental parameters such as sample

size, mode of injection (on-column vs direct) and injector temperature

were varied. Repeatability measurements were also conducted on the

packed column system for purposes of comparison.
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Quantitation for the two systems was evaluated using a sample of

six fatty acid methyl esters in methanol. The esters: methyl caprate,

methyl laurate, methyl myristate, methyl palmitate, methyl stearate, and

methyl oleate, were obtained from Analabs (North Haven, CT). A primary

standard of accurately known concentration was prepared by dissolving one

gram of each ester in methanol (Mallinckrodt, pesticide residue analysis

grade, Paris, XY) in a 100 mL volumetric flask. Then four ten—fold

serial dilutions were performed using the primary standard at the 10 pg

of component per uL level, giving solutions at 1 pg, 100 ng, 10 ng and 1

ng of component per uL levels. Five autosampler replicate injections of

1 uL at each concentration level were performed on both systems using

identical temperature programmed conditions. The carrier gas flow rates

were adjusted to 20 mL/min for the packed column and to 3.5 mL/min for

the WBOT column (within each optimum flow range); these flow rates gave

approximately the·same total analysis time where the last peak, methyl

stearate, was eluted before 20 minutes. The average area and area

relative percent standard deviation of each component for the five
M

replicate injections at each concentration level were calculated for the

two systems. The working dynamic range of the packed column and WBOT

column systems were determined.



RESULTS AND DISCUSSION

Replacing Packed Columns with Wide-Bore, Open—Tubular Columns.

The object of this study was to ascertain the suitability of wide-

bore, open-tubular (WBOT) columns as replacements for packed columns in

routine analyses. Many investigators have observed the following points

about the use of WBOT columns. They provide higher efficiency or speed

of analysis, and they possess better surface inertness and thermal

stability than packed columns. Thick-film, 0.53-mm I.D. columns have

high sample capacities, approaching those of packed columns; therefore,

split injection is not required. These columns can be used directly in a

packed column instrument and, with minor modification to the inlet and

flow controller, a packed column instrument can be optimized for use with

wide-bore columns.

The inertness of wide-bore, fused-silica columns is demonstrated by
‘

the chromatograms in Figure 2, of a Grob-type test mixture (hexane solu-

tion; concentration of each component: 0.02 ug/DL). Figure 2a shows a

one microliter injection on the glass packed column (6 ft x 2-mm I.D.,

containing 3 X methylsilicone on Chromosorb W HP 100/120 mesh). Figure

2b shows a one microliter injection of the same sample on the fused-

silica column (25 m x 0.53 mm I.D. coated with a 1-um bonded

methylsilicone film). Of particular note is the strong adsorption of the

„ polar components —- 2-octanone, 1-octanol, 2,6-dimethylphenol, and 2,4-

dimethylaniline —- using the packed column.

22
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Figure Z. Inertness of Fused-Silica Columns Demonstrated by Test Mixture
Analyses.

Sample: hexane solution; concentration of each component: 0.02 ug/uL.
Peaks: nonane, 2—octanone, decane, 1—octanol, 2,6—dimethylphenol,
undecane, 2,4—dimethylaniline, naphthalene, dodecane.
Figure Za. Packed column. Column temperature: 90°C isothermal. Carrier
gas: helium, 45 mL/min. Sample introduction: flash vaporizer. Sample
volume: 1.0 uL.
Figure Zb. WBOT column. Column temperature: 100°C isothermal. Carrier
gas: helium, 3.5 mL/min. Sample introduction: flash vaporizer with WBOT
column adapter (direct). Sample volume: 0.5 uL.
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The higher efficiency or speed of analysis possible using WBOT

columns is demonstrated in Figure 3, using chromatograms of rose oil

obtained on both the wide—bore and packed columns. Both columns were

temperature programmed from 50°C to 275°C at 5°C/min. Flow rates of the

columns were set at 20 mL/min for the packed column and 6 mL/min for the

WBOT column so that the last observable peak was eluted before 38 minutes

in both chromatograms. Superior resolution of the complex sample is

achieved on the 0.53-mm I.D. column.

Packed column gas chromatographs can be optimized for use with

wide—bore, open—tubular columns with minor modification. An inlet

adapter (shown in Figure 1) was added to reduce the volume of the flash

vaporizing injector. A 1 to 10 mL/min range frit was installed in the

flow controller to allow accurate operation at capillary flow rates.

Figure 4a shows a one microliter injection of the test mixture on the

optimized system with the 0.53-mm I.D. column. Removing the inlet

adapter and reinserting the standard packed column injector liner,

resulted in greatly increased solvent peak tailing, as shown in Figure

4b.

Qualitative Comparison of the WBOT and Packed Columns.

The measured efficiency and resolution data for the two columns is

tabulated in Tables 1 and 2. The van Deemter plots of 2,6-dimethylphenol

and p—undecane are presented for both columns in Figures 5 and 6 and the

resolution plots for the peak pair for both columns in Figure 7. The

optimum linear carrier gas velocities for the van Deemter plots are
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Figure 3. Better Resolution Attained in the Same Analysis Time for Rose
Oil on WBOT Column.

Sample: Rose perfume containing rose oil. Sample volume: 0.1 pL. Column
temperature: 50°C isothermal for O min, then programmed at 5°C/min to
275°C I
Figure 3a. Packed column. Carrier gas: helium, 20 mL/min. Sample
introduction: flash vaporizer. I

Figure 3b. WBOT column. Carrier gas: helium, 6 mL/min. Sample intro-
duction: flash vaporizer with WBOT column adapter (direct).— I

I
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Figure 4. Effect of the Inlet Adapter Demonstrated by Test Mixture
Analyses.

Sample: hexane solution; concentration of each component: 0.02 ug/uL.
Peaks: nonane, 2—octanone, decane, l—octanol, 2,6—dimethylphenol,
undecane, 2,4-dimethylaniline, naphthalene, dodecane. Sample size: 1.0
{ub. Column temperature: 100°C isothermal. Carrier gas: helium, 3.5
mL/min.
Figure 4a. WBOT column. Sample introduction: flash vaporizer with WBOT
column adapter. ,
Figure 4b. WBOT column. Sample introduction: flash vaporizer, un-
modified.
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Table 1. Experimental HETP and Resolution vs Average Linear Carrier Gas
Velocity Data Obtained using the Packed Column.

u tn tn (min) Area
(cm/sec) (min) DMP C11 DMP C11

2.4 1.37 15.04 16.51 4074803 7619283
4.0 0.84 9.23 10.19 4749474 7538903
4.8 0.69 7.61 8.42 4718254 7298985
5.6 0.60 6.51 7.20 4655918 7649649
6.9 0.48 5.23 5.80 4756374 7645108
8.1 0.41 4.57 5.07 4777560 7609406
9.3 0.36 4.08 4.54 4849231 7747976

10.1 0.33 3.74 4.16 4936031 7915177
11.1 0.30 3.50 3.90 4747891 7665719

u flow He k k ¤
(cm/sec) (mL/min) DMP C11 (C11/DMP)

2.4 5 9.98 11.05 1.108
4.0 10 9.99 11.13 1.114
4.8 15 10.03 11.20 1.117
5.6 20 9.85 11.00 1.117
6.9 30 9.90 11.08 1.120
8.1 40 10.15 11.37 1.120
9.3 50 10.33 11.61 1.124

10.1 60 10.33 11.61 1.123
11.1 80 10.67= 12.00 1.125

u n n HETP (mm) R
(cm/sec) DMP C11 DMP C11 (C11/DMP) °

2.4 1296 1343 1.54 1.49 0.82 I
4.0 1748 2558 1.14 0.78 1.19
4.8 1990 3159 1.01 0.63 1.35
5.6 2114 3454 0.95 0.58 1.41
6.9 2331 3857 0.86 0.52 1.53
8.1 2440 3849 0.82 0.52 1.53
9.3 2497 3681 0.80 0.54 1.54

10.1 2527 3554 0.79 0.56 1.50
11.1 2487 3432 0.80 0.58 1.50

Note:
See Figure 8 for chromatographic conditions.
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Table 2. Experimental HETP and Resolution vs Average Linear Carrier Gas
Velocity Data Obtained using WBOT Column with Direct Injection into
Reduced Volume Adapter.

u tn tn (min) Area
(cm/sec) (min) DMP C11 DMP C11

5.9 7.12 30.28 32.70 1207998 1330499
8.8 4.71 20.50 22.13 1450448 1587660

13.6 3.06 13.26 14.32 1392053 1583419
19.2 2.17 9.82 10.61 1370494 1530764
22.1 1.89 8.17 8.83 1431222 1630234
25.9 1.61 6.99 7.55 1436868 1541808
30.2 1.38 5.99 6.48 1278469 1468146
33.7 1.24 5.35 5.78 1510403 1709295
40.8 1.02 4.43 4.78 1351008 1583780
48.1 0.87 3.77 4.07 1446288 1687848

5 flow He k k ¤
(cm/sec) (mn/min) DMP c11 (c11/DMP)

5.9 0.7 3.25 3.59 1.104
8.8 1.0 3.35 3.70 1.103

13.6 1.5 3.33 3.68 1.104
19.2 2.0 3.53 3.90 1.103
22.1 2.5 3.33 3.68 1.105
25.9 3.0 3.35 3.70 1.104
30.2 3.5 3.34 3.70 1.106
33.7 4.0 3.33 3.68 1.105
40.8 5.0 3.34 3.68 1.103
48.1 6.0 3.35 3.70 1.103

u n n HETP (mm) R
(cm/sec) DMP c11 DMP c11 <c11/DMP)

5.9 20347 28671 1.23 0.87 3.13
8.8 29885 39821 0.84 0.63 3.67

13.6 42579 51255 0.59 0.49 4.19
19.2 47913 52291 0.52 0.48 4.26
22.1 50642 50029 0.49 0.50 4.18
25.9 51098 50351 0.49 0.50 4.16
30.2 49007 44628 0.51 0.56 3.99

_ 33.7 48811 44033 0.51 0.57 3.90
40.8 42171 35523 0.59 0.70 3.45
48.1 39129 30060 0.64 0.83 3.19

Note: See Figure 9 for chromatographic conditions.
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Figure 5. van Deemter Plots obtained using the Packed Column.

See Figure 8 for chromatographic conditions and Table 1 for tabulated .
data. Plots for DMP (k = 10) and n—C11 (k = 11).
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Figure 6. van Deemter-Golay Plots obtained using the WBOT Column.

See Figure 9 for chromatographic conditions and Table 2 for tabulated
data. Plots for DMP (k = 3.3) and n—C11 (k = 3.7).
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Figure 7. Plot of Resolution Data.

Figure 7a. Packed column. See Figure 8 for chromatographic conditions
and Table 1 for tabulated data. Plots for DMP (k = 10) and Q-C11 (k =
11).
Figure 7b. WBOT column. See Figure 9 for chromatographic conditions and
Table 2 for tabulated data. Plots for DMP (k = 3.3) and n—C11 (k = 3.7).
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different for the two solutes on each column. Also, the carrier gas

velocities corresponding to the maxima of the resolution plots are not

the same as the optimum velocities established from the Van Deemter

plots.

In Figure 5, the van Deemter plots for the packed column have a

minimum HETP of 0.52 mm at linear velocities of 7 — 8 cm/sec using the g-

C11 solute (k = ll) and a minimum HETP of 0.77 mm at linear velocities of

9 — 10 cm/sec using the DMP solute (k = 10). A typical chromatogram from

the low and high end of the average linear carrier gas Velocity range is

shown in Figure 8. Note the peak height of DMP is reduced compared to n-

C11. The higher minimum HETP value for DMP can be attributed to peak
w

broadening caused by adsorption of the polar compound on active sites in

the packed column. The resolution plot for the packed column (Figure 7)

achieves the maximum resolution of 1.53 for the DMP/g—C11 peak pair at

linear velocities of 8 - 9 cm/sec. The data was measured only up to a

linear Velocity of 11 cm/sec, corresponding to an inlet pressure of 60

psig. At this pressure, the required column head pressure exceeded the

maximum available inlet pressure. However, the trend of the van Deemter

plots and the repeatability of data seemed sufficiently established.

The data tabulated in Table 2 for the 0.53-mm I.D. column was

.obtained in the direct injection mode. In Figure 6, the van Deemter

plots for the 0.53-mm I.D. column have a minimum HETP of 0.47 mm at 18

cm/sec for the n-C11 solute (k = 3.7) and 0.48 mm at 26 cm/sec for the

DMP solute (k = 3.3). The resolution plot for this column (Figure 7) has

a maximum resolution of 4.25 for the DMP/Q-C11 pair at a linear Velocity
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Figure 8. HETP Determination on the Packed Column.
I

Packed column. Column temperature: 90°C isothermal. =
Sample: isopropanol solution; concentration of each component: 0.5 ug/uL;
Peaks: 2,6-dimethylphenol (k = 10), Q-undecane (k = 11)- Sample intro-
duction: flash vaporizer. Sample volume: 0.5 uL.
Figure 8a. _
Carrier gas: helium, 10 mL/min, u = 4 cm/sec.
Figure 8b. _
Carrier gas: helium, 60 mL/min, u = 10 cm/sec.
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Figure 9. HETP Determination on the WBOT Column using Direct Injection.

WBOT column. Column temperature: 110°C isothermal.
Sample: isopropanol solution; concentration of each component: 0.5 pg/DL;
Peaks: 2,6-dimethylphenol (k = 3.3), E'undecane (k = 3.7). Sample intro-
duction: flash vaporizer with WBOT column adapter (direct). Sample
volume: 0.1 ph.
Figure 9a. _
Carrier gas: helium, 4 mL/min, u = 34 cm/sec.

» Figure 9b. _
Carrier gas: helium, 30 mL/min, u = 165 cm/sec.

Ä
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of 18 cm/sec. A chromatogram from this set of data is shown in Figure

9a. The peak heights of both solutes are about the same and the peak

shapes are symmetrical, in contrast to the packed column chromatograms of

Figure 8.

The chromatographic performance of the adapter used at high linear

velocities and in the on-column mode of injection was also determined.

With the 10 to 100 mL/min range flow controller frit reinstalled,

efficiency and resolution data was measured for the 0.53-mm I.D. column

using the adapter in the direct injection mode. A chromatogram from the

high end of the average linear carrier gas velocity range is shown in

Figure 9b. The data for the high linear velocity range is tabulated in

Table 3, and the van Deemter and resolution plots shown in Figures 10 and

11. Observe that there is a wide working range of linear velocities

before resolution for the DMP/g—C11 pair drops to a value of 1.6.

Efficiency and resolution data measured with the 0.53-mm I.D.

column in the on-column mode, is tabulated in Table 4, and plotted in

Figures 12 and 13. The injector temperature was lowered to 225°C because

of "sample blowback" in the on-column mode found when using high injector

temperatures. Sample blowback occurs when injecting a sample in a low-

boiling solvent on—column, at a high injector temperature (4). The —

solvent vaporizes explosively into the restricted volume at the beginning

of the 0.53-mm I.D. column, blowing back between the syringe and column

and out of the adapter entrance into the surrounding injector body.

Sample blowback can result in extreme solvent peak tailing and in tailing

or double peaking of the sample components. The van Deemter and



1

1
Table 3. Experimental HETP and Resolution vs Average Linear Carrier Gas
Velocity Data Obtained using WBOT Column at High Linear Velocities.

u tn tk (min) Area
(cm/sec) (min) DMP c1 1 nm c1 1 I

10 4.13 17.36 18.69 1181776 1341871 I
18 2.33 9.88 10.62 1230925 1381400
27 1.56 6.52 7.02 942369 1098296 I
35 1.17 4.91 5.29 829193 982229 1
43 0.96 4.02 4.33 703537 835425
51 0.82 3.46 3.73 768070 929933
58 0.72 3.03 3.26 983187 1175829
64 0.65 2.74 2.95 898404 1071179
74 0.56 2.36 2.54 1194896 1462667
96 0.43 “ 1.85 2.00 1398364 1670718

125 0.33 1.43 1.54 1463586 1755827
142 0.29 1.26 1.36 1351450 1556415
165 0.25 1.09 1.18 1219658 1601087

U flow He k k ¤
(cm/sec) (mL/min) DMP C11 (C11/DMP)

10 1 3.20 3.53 1.101
18 2 3.24 3.56 1.098
27 3 3.18 3.51 1.101
35 4 3.18 3.51 1.102
43 5 3.17 3.49 1.101
51 6 3.22 3.55 1.103
58 7 3.22 3.56 1.103
64 8 3.24 3.57 1.102
74 10 3.20 3.52 1.101
96 15 3.27 3.60 1.102

125 20 3.29 3.63 1.103
142 25 3.30 3.64 1.103165 30 3.31 3.66 1.105

1

1

1

1

1

1

1

1

1

é
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Table 3 continued.

u n n HETP (mm) R
(cm/sec) DMP C11 DMP C11 (cu/DMP)

10 33267 42067 0.75 0.59 3.65
18 42808 48790 0.58 0.51 3.85
27 42494 44122 0.59 0.57 3.74
35 43195 38231 0.58 0.65 3.51
43 36703 30756 0.68 0.81 3.14
51 21479 19018 1.16 1.31 2.51
58 25625 20107 0.98 1.24 2.58
64 21690 17568 1.15 1.42 2.39
74 20335 15092 1.23 1.66 2.20
96 19856 14936 1.26 1.67 2.22

125 13121 9440 1.91 2.65 1.78
142 11967 8995 2.09 2.78 1.74
165 7350 4557 3.40 5.49 1.26

Note:
See Figure 9 for chromatographic conditions. —
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Table 4. Experimental HETP and Resolution vs Average Linear Carrier Gas
Velocity Data Obtained using WBOT Column with On—Co1umn Injection.

u tn tw (min) Area
(cm/sec) (min) DMP C11 DMP C11

6.1 6.81 28.78 31.02 1279772 1481123
9.3 4.48 19.13 20.60 1360342 1611807

13.8 3.02 12.94 13.94 1519385 1793284
18.6 2.24 9.53 10.28 1433281 1700669
23.7 1.75 7.47 8.06 1375928 1638217
26.8 1.55 6.60 7.12 1394084 1592402
31.5 1.32 5.64 6.08 1475501 1722744
35.2 1.18 5.04 5.43 1420479 1682056
42.6 0.98 4.17 4.50 1179823 1391457
50.3 0.83 3.54 3.82 1352754 1607264

u flow He k k ¤
(cm/sec) (mL/min) DMP C11(C11/DMP)6.1

0.7 3.23 3.56 1.102
9.3 1.0 3.27 3.60 1.100

13.8 1.5 3.28 3.62 1.101
18.6 2.0 3.25 3.59 1.103
23.7 2.5 3.26 3.60 1.103
26.8 3.0 3.25 3.58 1.103
31.5 3.5 3.26 3.59 1.102
35.2 4.0 3.26 3.59 1.101
42.6 5.0 3.26 3.60 1.103
50.3 6.0 3.28 3.61 1.103

u n n HETP (mm) R
(cm/sec) DMP c11 DMP c11 <c11/DMP)

6.1 22734 30470 1.10 0.82 3.15
9.3 31976 39763 0.78 0.63 3.56

13.8 41003 49242 0.61 0.51 3.98
18.6 47677 54361 0.52 0.46 4.25
23.7 51171 50686 0.49 0.49 4.12

, 26.8 54446 50212 0.46 0.50 4.09
31.5 53545 47810 0.47 0.52 3.96
35.2 49312 44437 0.51 0.56 3.79
42.6 48531 40040 0.52 0.62 3.67
50.3 42661 33961 - 0.59 0.74 3.38

Note: See Figure 14 for chromatographic conditions.
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Figure 10. van Deemter-Golay Plots obtained using the WBOT Column
Extended to High Linear Velocities.

See Figure 9 for chromatographic conditions and Table 3 for tabulated
data. Plots for DMP (k = 3.3) and g-C11 (k = 3.7).
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Figure 11. Plot of Resolution Data obtained using the WBOT Column
Extended to High Linear Velocities.

See Figure 9 for chromatographic conditions and Table 3 for tabulated
data. Plot for DMP (k = 3.3) and g-C11 (k = 3.7).
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Figure 12. van Deemter—Golay Plots obtained using On-Column Injection
onto the WBOT Column.

See Figure 14 for chromatographic conditions and Table 4 for tabulated
data. Plots for DMP (k = 3.3) and g-C11 (k = 3.7). ‘
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Figure 13. Resolution Plot obtained using On-Column Injection onto the
VBOT Column.

See Figure 14 for chromatographic conditions and Table 4 for tabulated
data. Plot for DMP (k = 3.3) and n—C11 (k = 3.7).
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resolution plots, obtained on-column at the lowered injector temperature,

were virtually identical to those obtained by direct injection (see

Figures 6 and 7). A chromatogram obtained in the on-column mode of

injection is shown in Figure 14a; this chromatogram is virtually identi-

cal to the lower chromatogram (Figure 14b) using the direct mode of

injection with a 300°C injector temperature.

In addition, the performance of the 0.53-mm I.D. column used in a

standard packed column injector with a 1.5-mm I.D. glass liner was

measured for purposes of comparison. The standard liner used for packed

columns has a 2.75-mm I.D. Data obtained using the smaller-bore liner is

presented in Table 5 and Figures 15 and 16.. Chromatograms from the low ~

and high end of the linear velocity range are shown in Figure 17. The

minimum HETP value for Q‘C11 (k = 3.4) is about 0.7 mm and for DMP about

0.8 mm (k = 3.1), higher than the minimum values obtained using the

reduced volume inlet adapter. Both achieved minimum HETP values near a

linear velocity of 28 cm/sec. The data for the high linear velocity

range using the 0.53-mm I.D. column is similar using the packed column

injector or the reduced volume inlet adapter. Both designs approach

packed column resolution for the DMP/Q-C11 pair at linear velocities

around 150 cm/sec.

Data for two open tubular columns from the study of Seferovic,

et.al. (52), is included with permission of the authors. The columns,

listed in Table 6, are a 0.53-mm I.D., fused silica column with a 5-pm

bonded methylsilicone film and a 0.75-mm I.D., glass column with a 1-um

bonded methylsilicone film. The data is included to more fully complete
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Table 5. Experimental HETP and Resolution vs Average Linear Carrier Gas
Velocity Data Obtained using VBOT Column with Direct Injection into an
Unmodified Vaporizing Injector.

u tn tn (min) Area
(cm/sec) (min) DMP C11 DMP c11

10 4.11 16.76 18.02 673150 706134
15 2.83 11.56 12.42 862596 981030
19 2.14 8.77 9.41 943901 1062100
28 1.48 6.06 6.51 1117187 1308196
33 1.27 5.17 5.56 1058397 1272066
36 1.14 4.66 5.02 638957 728286
44 0.94 3.86 4.15 1034511 1219965
59 0.70 2.89 3.11 1256811 1489318
66 0.64 2.61 2.81 1111818 1322409
72 0.58 2.39 2.57 1284121 1524895
69 0.60 2.47 2.65 1343366 1538231
98 0.43 1.76 1.90 1297942 1534539 _

119 0.35 1.45 1.56 876530 1064746
142 0.29 1.22 1.32 1252056 1500499
160 0.26 1.08 1.17 1432409 1747886

u flow He k k ¤
(cm/sec) (mL/min) DMP C11 (C11/DMP)

10 1 3.08 3.38 1.100
15 1.5 3.08 3.39 1.099
19 2 3.10 3.40 1.097
28 3 3.08 3.39 1.098
33 3.5 3.08 3.38 1.100
36 4 3.07 3.39 1.102
44 5 3.09 3.40 1.099
59 7 3.10 3.41 1.101
66 8 3.11 3.42 1.101
72 9 3.13 3.44 1.100
69 10 3.11 3.42 1.101
98 15 3.13 3.46 1.103

119 20 3.15 3.48 1.105
. 142 25 3.16 3.49 1.104

160 30 3.16 3.48 1.104
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Table 5 continued.

u n n HETP (mm) R
(cm/sec) DMP C11 um C11 (C11/DMP)

10 17875 27737 1.40 0.90 2.91
15 23067 29836 1.08 0.84 2.99
19 26180 31449 0.95 0.79 3.02
28 30691 36147 0.81 0.69 3.29
33 30003 31801 0.83 0.79 3.13
36 29692 30460 0.84 0.82 3.13
44 25710 26219 0.97 0.95 2.83
59 23432 21371 1.07 1.17 2.59
66 20548 18729 1.22 1.33 2.43
72 20833 17956 1.20 1.39 2.35
69 22929 18940 1.09 1.32 2.44
98 16404 13417 1.52 1.86 2.09

119 11352 9029 2.20 2.77 1.75
142 9657 7524 2.59 3.32 1.58
160 8114 6081 3.08 4.11 1.42

Note:
See Figure 17 for chromatographic conditions.
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Figure 14. HETP Determination on the WBOT Column using On-Column Injec-
tion.
VBOT column. Column temperature: 110°C isothermal.
Sample: isopropanol solution; concentration of each component: 0.5 ug/uL;
Peaks: 2,6-dimethylphenol (k = 3.3), g—undecane (k = 3.6). Sample intro-
duction: flash vaporizer with WBOT column adapter. Sample volume: 0.1
uh- 1
Figure 14a. _
On-column injection. Carrier gas: helium, 3 mL/min, u = 26 cm/sec.

. Figure 14b. _
Direct injection. Carrier gas: helium, 3 mh/min, u = 26 cm/sec.
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Figure 15. van Deemter-Golay Plots obtained using the WBOT Column with
the Unmodified Vaporizing Injector.

See Figure 17 for chromatographic conditions and Table 5 for tabulated
data. Plots for DMP (k = 3.1) and Q“C11 (k = 3.4).
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Figure 16. Resolution Plot obtained using the WBOT Column with the
Unmodified Vaporizing Injector.

See Figure 17 for chromatographic conditions and Table 5 for tabulated
data. Plots for DMP (k = 3.1) and n-C11 (k = 3.4).
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Figure 17. HETP Determination on the WBOT Column using an Unmodified
Vaporizing Injector.

WBOT column. Column temperature: 110°C isothermal.
Sample: iSOpI'Op&1’lOl solution; concentration of each COHlpOI'l€l'1tZ Ü.5 HQ/[JL}
Peaks: 2,6-dimethylphenol (k = 3.1), g—undecane (k = 3.4). Sample intro-
duction: standard flash vaporizer with 1.5-mm I.D. glass liner. Sample
volume: 0.1 uL.
Figure 17a. _

- Carrier gas: helium, 4 mL/min, u = 36 cm/sec.
Figure 17b. _
Carrier gas: helium, 20 mL/min, u = 119 cm/sec.
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Table 6. Columns Investigated.

I.D. FiIm* Phase Length Material
(mm) (pm) Ratio (m)

0.53 1 132.5 25 Fused Silica
0.53 5 26.5 25 Fused Silica
0.75 1 _187.5 30 Glass
2.00 3% 95.4** 2 Glass

(packed)
*Liquid phase: methylsilicone

**Calculated from capacity factor and phase ratio of
0.53 mm x 1 pm column.

l
l

t l
l

l
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the comparison of the packed and the wide—bore columns. The Van Deemter

curves for the four columns using the g—C11 solute are shown in Figure

18. Two important characteristics of the curves are the slope of the

ascending part of the curve and the location of the optimum linear

carrier gas operating range. For open tubular columns, as the film

thickness increases, the slope of the ascending part of the van Deemter

curve becomes steeper. This is demonstrated by the greater slope for the

0.53-mm I.D. column with the 5-um film thickness than for the 0.53-mm

I.D. column with the·1-um film thickness. Note that, even for the 0.53-

mm I.D. column with the 5-um film, the slope of the ascending part of the

curve is less than for the packed column. The thinner-film, open-tubular

columns allow a wider working range of linear velocities before sig-

nificant deterioration of column efficiency occurs. The working range of

linear velocities for the packed column is much more limited than for

wide-bore, open-tubular columns.

The optimum linear carrier gas Velocity for the packed column is

smaller, around 7.5 cm/sec, than for the open-tubular columns, between 15

to 20 cm/sec. Note, the minimum HETP achieved at the optimum linear

carrier gas velocities for the packed column and the 0.53-mm I.D. column

with the 1-um film thickness are approximately 0.5 mm. Therefore, the

columns are about as efficient on a per unit length basis. However, the

0.53-mm I.D. column is ten times longer resulting in a ten-fold greater

total number of plates.

W The minimum HETP values, HETP¤1¤, and the corresponding average

linear carrier gas velocities, uopt, established from the experimental
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Figure 18. van Deemter—Go1ay Plots for g-Undecane.

The four columns investigated are listed in Table 6. Note, the capacity
factor of g-undecane is different for the four columns (listed in Table
9). I
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·Table 7. Comparison of Efficiency Values.
Efficiency values corresponding to the minimum of the van Deemter plots,
the theoretically obtainable best HETP values, and the maxima of the
resolution vs. average linear velocity plots for the column listed in
Table 6.

COIUIHII I.D. Rnax HBTP¤i¤ Uopt HETP¤1n(th) UTB
(mm) (mm) (mm) 8

0.53 4.2 0.47 18 0.429 85
df = 1 um ·

0.53 2.6 0.71 15 0.472 66.5
ds = 5 um

0.75 1.8 0.52 20.5 0.491 94.4
dr = 1 pm

2 1.5 0.52 7.5 _
packed
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plots are given in Table 7. The theoretically best obtainable efficien-

cies, HETP•1¤(:¤), for the open tubular columns were calculated using:\{l+6k+11k2
HETP = r --——-——————*"" (11)

min(th) c 3 ( 1 + k)2
from Golay's original theoretical treatment (2) where rc is the inside

tube radius. In this equation, resistance to mass transfer in the liquid

phase, which is the C1 term of the Golay equation, is neglected.

Therefore, calculated HETP•1¤(1¤> values will generally be smaller than

measured HETP¤1¤ values. Since liquid phase diffusion is neglected, the

calculated theoretical value for thicker—film columns will differ more

from experimental values than for thinner-film columns. This is demon-

strated using the values from Table 7 for the 0.53-mm I.D. columns with

the 1- and 5-um film thicknesses.

The ratio of the calculated theoretical efficiency of a column over

the experimentally measured efficiency of a column is termed utilization

of the theoretical efficiency (UTE X) (54): _
UTEX = 100 ‘ (12)

HETPmi¤
This comparison of actual efficiency of a column with its theoretical

value was later introduced as "coating efficiency" by other investiga-

tors. The 0.53-mm I.D. column with the 5-um film has the lowest UTE X,

as shown in Table 7; this value corroborates well with a previously

reported UTE value of 65 X for a column of the same dimensions (55).

(
Measured resolution for the DMP/Q-C11 pair versus average linear

carrier gas Velocity is plotted for the four columns in Figure 19.
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Figure 19. Resolution Plots for n-Undecane.

The four columns investigated are listed in Table 6. Note, the capacity
factors of g-undecane and 2,6-dimethylphenol (listed in Table 9) are
different for the four columns.
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Resolution is directly proportional to three terms, an efficiency term, a

relative retention term and a capacity factor term (Equation 8). For the

four columns, the maximum resolution attained (R¤¤x), the number of

theoretical plates at uope, the relative retention (¤) and the capacity

factors (k) of the solutes are tabulated in Table 8. Since the resolu-

tion of two peaks is dependent on efficiency for a first approximation,

smaller-diameter, thinner-film, open—tubular columns would be expected to

give higher efficiency and therefore, better resolution. The 0.53-mm

I.D. column with the 1-um film has a greater optimum resolution for the

pair than the 0.53-mm I.D. column with the 5-um film. However, the 0.75-

mm I.D. column with the 1-um film, which has the largest total number of
(

plates, only achieves a resolution of 1.6, approximately the same as the

packed column. The solute capacity factor values for the separation on

the 0.75-mm I.D. column are relatively small; the required number of

plates (nreq) to achieve a specified resolution when the solutes have '

capacity factor values under three is very large when compared with

similar columns:

n = 16 R2 ( --3...- ) 2 ( .E.:.i- ) 2 (13)
mq ¤ — 1
1;Thus,if the analysis on the 0.75-mm I.D. column had been performed to

,

°give capacity factors over three, better than baseline resolution would

have been obtained. The packed column attains only baselineresolutionfor

the separation although the solutes have large capacity factors. The 1

wide-bore, open-tubular columns are able to achieve greatly improved
1

1
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Table 8. Resolution Values for the DMP and Q’C11 Peak Pair.
Values for the columns listed in Table 6.

Column I.D. Rope HETP n Temp.
(mm)(mm)0.53

4.3 0.48 52000 110
de = 1 um

0.53 2.6 0.71 35000 130
de = 5 um

0.75 1.6 0.52 57000 130
dr = 1 um

2 1.5 — 0.52 3850 90
packed

Column I.D. ¤ k k Temp.
(mm) (C11/DMP) DMP
C110.531.104 3.35 3.7 110

de = 1 um

0.53 1.064 9.11 9.69 130
dr = 5 um

0.75 1.056 1.21 1.28 130
df = 1 um

2 1.119 10.14 11.34 90
packed _

III
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resolution due to their longer length, which results in at least a ten-

fold greater number of theoretical plates.

The value of relative retention should be identical for columns of

the same stationary phase used at the same temperature. Relative

retention for a separation is temperature dependent given by Equation 14,

a
log ¤ = --- + b

(14)

T

and can be approximated using Equation 15 for a short temperature range

¤ = a' T + b ' (15)

where column temperature is expressed in °C (15). Note, three different _

isothermal analysis temperatures were used resulting in differing values

of relative retention (Table 8).

For the next part of the qualitative comparison of wide-bore and

packed columns, the sample capacity of n—undecane was determined on the

packed column and the 25 m x 0.53-mm I.D. column with the 1-pm film.

Sample capacity is defined as the amount of solute which can be intro-

duced to a column without a serious reduction in column efficiency. A

limit of 20 S loss of plate number was chosen to define this amount.

Sample capacity data for the packed column is listed in Table 9 and the

plot of number of theoretical versus the log of the weight of n—undecane

injected (in nanograms) is shown in Figure 20. The data and plot for the
·

0.53-mm I.D. column are found in Table 10 and Figure 21, respectively.

Note, the data for the wide—bore column was collected using the direct

mode of injection into the inlet adapter. The plots of theoretical
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Table 9. Sample Capacity Data Obtained using the Packed Column.

amount tn (min) area
(ng) DMP C11 DMP C11

2.5 3.74 4.10 491 1083
5 3.73 4.10 624 2013

25 3.72 4.10 4326 8106
250 3.69 4.10 55946 82875

2500 3.69 4.16 595053 768344
5000 3.74 4.20 1158873 1467738

12500 3.80 ‘ 4.29 2227053 2789729
17500 3.88 4.37 3534960 4391272
25000 4.01 4.48 5937217 7138539
50000 4.25 4.67 12345060 11522080

amount n n R
(ug) DMP C11 (DMP/C11)

2.5 2386 1580 0.873
_

5 2631 1732 0.939
25 2111 3567 1.384

250 2263 3620 1.504
2500 2754 3798 1.741
5000 2839 3693 1.664

12500 2371 3238 1.625
17500 1795 2690 1.454
25000 1088 2090 1.199
50000 820 1801 0.954

Note:
See Figure 22 for chromatographic conditions.
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Table 10. Sample Capacity Data Obtained using the WBOT Column with
Direct Injection into a Reduced Volume Inlet Adapter.

amount tn (min) area
(ng) DMP C11 DMP C11

0.5 6.78 7.29 70327 26473
5 6.73 7.25 127943 160493

25 6.70 7.22 502252 675314
50 6.72 7.25 1036653 1252078

250 6.71 7.23 5851330 6810841
500 6.77 7.28 14572070 17217370

1500 6.75 7.24 36282180 40787500
2500 6.84 7.34 56814768 64110008
5000 6.95 7.37 143331200 152625888

amount n n R
(ng) DMP C11 (DMP/cu)

0.5 35928 41625 3.568
5 35313 36754 3.438

25 39676 38480 3.532
50 42421 43561 3.814

250 44503 41071 3.644
500 41043 42270 3.601

1500 28168 33002 3.074
2500 20494 26871 2.792
5000 8260 8214 1.291

Note:
See Figure 23 for chromatographic conditions. ·

1

„.___________1
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Figure 20. Sample Capacity Plots for the Packed Column.

See Figure 22 for chromatographic conditions and Table 9 for the tabu-
lated data.
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Figure 21. Sample Capacity Plots for the WBOT Column.

See Figure 23 for chromatographic conditions and Table 10 for the
tabulated data.
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plates versus amount injected are roughly linear until peak overloading

begins; then, a sudden loss of plates. Chromatograms from the sample

capacity data are shown in Figures 22 and 23, for the packed and WBOT

columns, respectively. The upper chromatograms of both figures are at

sample amounts above the defined sample capacity limit. Note, the severe

distortion of peak shape obtained on the packed column (Figure 22a). The

lower chromatograms of both figures are at sample amounts approaching the

low end where adsorption interferences occur. Good peak shapes and

reasonable resolution are obtained on both the packed and WBOT columns at

this level.

Sample capacity plots of the four columns (listed in Table 7), are

shown in Figure 24. Based on the 20 X loss of plate number criterion,

sample capacities of the four columns were determined and are listed in

Table 11. As expected, the sample capacity of a column is directly

proportional to liquid phase volume. The packed column has a sample

capacity of 20 pg of n-undecane which is ten times greater than the 2 pg

capacity for the 0.53-mm I.D. column with the 1-um film. The 0.75-mm

I.D. column and the 0.53-mm I.D. column with the 5-um film are inter-

mediate with sample capacities of 3 pg and 10 pg. The sample capacities

of the wide-bore, open—tubular columns approach that of the packed

column.



64

.„ ‘§)
0.6

li /1 z 1
e.•

:/0.3I
äa.:11 x 1

°‘Figure 22. Sample Capacity Determination on the Packed Column.

Packed column. Column temperature: 90°C isothermal. Carrier gas:
hélium, 30 mL/min, u = 9,5 cm/sec,
Sample introduction: flash vaporizer. Sample volume: 0.5 uL.
Peaks: 2,6—dimethylphenol (k = 10), g-undecane (k = 11).

Figure 22a.
Sample: isopropanol solution; concentration of each component: 50 ug/pL.
Amount injected: 25 ug.
Figure 22b.
Sample: isopropanol solution; concentration of each component: 50 ng/ub.
Amount injected: 25 ng.
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Figure 23. Sample Capacity Determination on the WBOT Column.

VBOT column. Column temperature: 110°C isothermal. Carrier gas: helium,
3 mh/min, u = 26 cm/sec.
Sample introduction: flash vaporizer with WBOT column adapter (direct
injection). Sample volume: 0.5 ph. Peaks: 2,6-dimethylphenol (k = 3.1),
Q-undecane (k = 3.4).
Figure 23a.
Sample: isopropanol solution; concentration of each component: 5 pg/ph.
Amount injected: 2.5 pg.

-Figure 23b. .
Sample: isopropanol solution; concentration of each component: 50 ng/ph.
Amount injected: 25 ng.
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Figure 24. Sample Capacity Plots of g—Undecane.
e

The columns investigated are listed in Table 6.
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Table 11. Sample Capacity Values for g—C11.

Values for the columns listed in Table 6.
NOCG, sample capacity W3.S déflftéd ES the &1IlOUI1‘(Z of 1’_l'\!l'1d€C3Il€ €q\1lVal€1’1t
tc a 20 8 reduction in plate number fer n-undecane.

I.D. Film Temp k Capacity*
(mm) (nm) (°¢) (ng)
0.53 1 110 3.5 2.0
0.53 5 130 8.5 10
0.75 1 130 1.2 3.0
2.00 3% 90 11.0 20

(packed)
*EquivaIent to a 20% reduction in
plate number lor g-undecane. .

l
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g Mechanical and Chromatographic Performance of the Adapter with an Auto-

sampler.

The 0.53-mm I.D. column adapter performed well mechanically over

the course of 300 injections with an autosampler using a 0.47-mm 0.D.

autosampler needle. Instrument manufacturers specify autosampler

injection reproducibility for area repeatability at 1.0 8 and for

retention time repeatability at 0.1 8. Area and retention time repeata-

bility, measured for several sets of experimental conditions, are listed

in Table 12 for octanone and in Table 13 for dodecane. The area and

retention time repeatabilities were usually better than 1.0 8 and 0.1 8,
”

respectively, which indicates good chromatographic and mechanical

performance of the reduced volume inlet adapter. For comparison pur-

poses, a set of reproducibility data using the standard packed column

injector with the packed column was obtained and is listed in Table 14.

The repeatabilities obtained using the adapter with the wide-bore open

tubular column are superior, especially for polar solutes which are

difficult to chromatograph on packed columns.

Chromatograms of the test mixture obtained by autosampler injection

on the packed column and the WBOT column are shown in Figure 25; the

.direct mode of injection was used at an injector temperature of 200°C.

In the packed column chromatogram (Figure 25a), the octanol peak has

disappeared into the DMP peak and the peak heights and areas of the polar

components are reduced compared to the hydrocarbons. In Figure 25b, the

WBOT column chromatogram has symmetrical peak shapes and baseline
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Table 12. Repeatability Of Retention Time and Area Data for Octanone
Obtained on the WBOT Column.

Conditions n tk Area
Average SD %RSD Average SD XRSD

Sample Size: 0.5 pL.

on-column 10 1.9514 0.00097 0.0495 293244 2212 0.754
inj. l00°C

direct 10 1.9389 0.00119 0.0613 432373 3855 0.891
inj. 200°C

direct 15 ‘1.9638 0.00182 0.0927 271878 1496 0.55
inj. 100°C

Sample Size: 0.9 uL.

on-column 9 1.9861 0.0017 0.1 331219 2098 0.633
inj. 100°C

on-column 14 1.9458 0.00429 0.22 448843 1866 0.415
inj. 200°C

Sample Size: 0.1 uL.

on-column 10 1.9336 0.00107 0.0555 163933 2112 1.288
inj. l00°C
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Table 13. Repeatability of Retention Time and Area Data for Dodecane
Obtained on the WBOT Column.

Conditions n tn Area
Average SD SRSD Average SD XRSD

Sample Size: 0.5 pL.

on-column 10 7.0698 0.00505 0.0714 432119 2206 0.510
inj. 100°C

direct 10 7.0006 0.00279 0.0400 615160 2344 0.381
inj. 200°C

direct 15 7.0787 0.0036 0.0518 380431 1951 0.513
inj. 100°C

Sample Size: 0.9 pL.

on-column 9 7.200 0 0 512809 4540 0.885
inj. 100°C

on-column 14 7.0514 0.0161 0.228 694280 3128 0.451
inj. 200°C

Sample Size: 0.1 ph.

on-column 10 6.9834 0.0032 0.0463 221991 2789 1.256
inj. 100°C
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Table 14. Repeatability of Retention Time and Area Data for Octanone and
Dodecane Obtained on the Packed Column.

Repeatability data for octanone using a 1.0 uL sample size

Conditions n tn Area
Average SD SRSD Average SD XRSD

direct 12 1.7999 0.0044 0.242 6942573 154740 2.228
inj. 200°C

Repeatability data for dodecane using a 1.0 uL sample size

Conditions n tn Area
Average SD XRSD Average SD XRSD

direct 12 6.9748 0.0051 0.0733 17986769 258893 1.439
inj. 200°C
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Figure 25. Test Mixture Analysis on the Packed and WBOT Columns. j

Sample: hexane solution; concentration of each component: 0.02 ug/uL;
Peaks: nonane, 2—octanone, decane, 1-octanol, 2,6—dimethylphenol, unde-
cane, 2,4-dimethylaniline, naphthalene, dodecane.
Figure 25a.
Packed column. Column temperature: 90°C isothermal. Carrier gas:
helium, 45 mL/min. Sample introduction: flash vaporizer. Sample volume:
1.0 pL.
Figure 25b.
WBOT column. Column temperature: l00°C isothermal. Carrier gas: helium,
3.5 mL/min. Sample introduction: flash vaporizer with UBOT column
adapter (direct). Sample volume: 0.5 pL.
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separation of all peak pairs in the same total analysis time (elution of

dodecane at approximately seven minutes). Baseline allocation used for

integration in both the packed and WBOT column chromatograms is included.

Peak tailing and non—base1ine separation of adjacent peaks present a much

greater problem for accurate integration in the packed column chromato-

gram. Comparing the ratio of average area of octanone over dodecane for

the two columns, the ratio for the packed column is 0.39, while the ratio

for the HBOT column is 0.70. Loss due to adsorption by active sites in

the packed column is responsible for the lower ratio of average areas

obtained on the packed column.

Quantitative Comparison of WBOT and Packed Columns.

Quantitative performance of the packed and wide—bore columns was

evaluated using a sample of fatty acid methyl esters in methanol. Fatty

acid methyl esters (FAME) were chosen as test probes because they are

more representative in terms of adsorption than normal hydrocarbons.

Traditionally, FAME separations were performed with polar stationary

phases, namely polyesters or cyanosilicones. These phases separate by

degree of unsaturation, with the saturated member of the series eluting

first. Using a nonpolar methylsilicone phase, the saturated member of

the ester series usually emerges after unsaturated members. The 0.53-mm

_ I.D. column with 1-pm methylsilicone film and the packed column with 3 X

methylsilicone phase loading on Chromosorb W HP 100/120 mesh provide

sufficient resolution for the methyl ester sample used in this study.
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Conditions for the FAHE analysis on each column are given in Table

15. The fatty acid methyl esters analyzed were: methyl caprate, laurate,

myristate, palmitate, oleate and stearate. Both columns were temperature

programmed from 70°C to 280°C at a rate of 10°C/min. Helium carrier gas

flow rates were set at 3.5 mL/min for the WBOT column and 20 mL/min for

the packed column to provide approximately the same total analysis time,

with the methyl stearate peak eluted before 20 minutes. Data for the

WBOT column was obtained in the direct mode of injection, where the

syringe injects into the glass-lined adapter; direct injection into the

adapter is analogous with injection into a standard flash vaporizing

injector for the packed column.
·

In the following series of figures, chromatograms using both

columns at each concentration level of the FAME are shown. For each

concentration level, the chromatogram using the packed column is plotted

in the upper part of the figure and the chromatogram using the WBOT

column is plotted in the lower part of the figure; these chromatograms

are shown at the same attenuation. Figure 26 shows chromatograms at the

highest concentration level tested, 10 ug of each FAME per pL, on both

columns. Peak overloading is obtained on the wide—bore column at this

level, as evidenced by the slightly asymmetrical, fronting peaks.

.Otherwise, the chromatograms obtained at the 10 pg of methyl ester per pL

concentration level are equivalent.

Chromatograms of the FAME analysis at the 1 ug of each FAME per uL

concentration level are shown together in Figure 27. The chromatogram

obtained on the packed column at this level (Figure 27a) shows reduced
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Table 15. Experimental Conditions used in the Fatty Acid Methyl Ester
Quantitation Study.

Fatty Acid Methyl Esters
Temp. Prog. 70°C to 280°C af 10°C/min
Injecfor 300°C: FID 300°C
Packed flow rate 20 mL/min
WBOT flow rate 3.5 mL/min
5 replicale injeclions of 4 concentration levels:
10 pg, 1 ng, 100 ng and 10 ng per nL
1 pL sample size

1
l

I
1
1

y 1
1

° 1
1
1
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Figure 26. Fatty Acid Methyl Ester (FAME) Analysis

Sample: methanol solution; concentration of each FAME: 10 pg/uh.
Peaks: methyl esters of capric acid (ClO:0), lauric acid (C12:0),
myristic acid (C14:0)„ palmitic acid (C16:0), oleic acid (C18:1), stearic
acid (C18:0). Sample volume: 1.0 uL. Column temperature: 70°C isother-
mal for 0 min, then programmed at 10°C/min to 280°C.

Figure 26a. Packed column. Carrier gas: helium, 20 mL/min. Sample
introduction: flash vaporizer.
Figure 26b. WBOT column. Carrier gas: helium, 3.5 mL/min. Sample

_ introduction: flash vaporizer with WBOT column adapter.
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Figure 27. Fatty Acid Hethyl Ester (FAME) Analysis

Sample: methanol solution; concentration of each FAME: 1 ug/uL.
Peaks: methyl esters of capric acid (Cl0:0), lauric acid (Cl2:0),
myristic acid (C14:0), palmitic acid (C16:0), oleic acid (C18:l), stearic
acid (C18:0). Sample volume: 1.0 pL. Column temperature: 70°C isother—
mal for 0 min, then programmed at 10°C/min to 280°C.

Figure 27a. Packed column. Carrier gas: helium, 20 mL/min. Sample
introduction: flash vaporizer. _
Figure 27b. WBOT column. Carrier gas: helium, 3.5 mL/min. Sample
introduction: flash vaporizer with WBOT column adapter.
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peak height and peak tailing, as compared with the chromatogram on the

WBOT column (Figure 27b).

Figure 28 shows the 100 ng of each FAME per pL concentration level

analyses. Peak heights are further reduced and peak shapes more asymme-

trical in the packed column chromatogram at this level. Baseline

allocation used for integration of the peaks in the packed column and

WBOT column chromatograms is shown in Figures 29. Tailing peaks and non-

baseline resolution of the methyl oleate/methyl stearate pair make

accurate integration more difficult on the packed column. Note, a

perpendicular is dropped from the valley of the methyl oleate and

stearate peaks to the baseline (Figure 29a); this approximation of peak

separation for integration does not take into account the tailing peak

shape of methyl oleate. Therefore, a relatively low area is obtained for

methyl oleate and a relatively high area is obtained for methyl stearate

upon integration.- ·

Chromatograms obtained on the two columns at the 10 ng of each FAME

per pL concentration level greatly differ (Figure 30). The wide-bore
·

column maintains good peak shape, while the packed column shows evidence

of strong adsorption. The methyl caprate peak has virtually disappeared

into the baseline and resolution of the methyl oleate/methyl stearate

pair has significantly diminished. Baseline allocation is shown for the

packed and WBOT columns in Figures 31. Peak broadening obtained on the

packed column made accurate integration difficult at the 10 ng methyl

ester per pL level. The low attenuation used for the chromatograms

points out the greater baseline bleed for the packed column when
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Figure 28. Fatty Acid Hethyl Ester (FAME) Analysis
Sample: methanol solution; concentration of each FAME: 100 ng/uL.
Peaks: methyl esters of capric acid (C10:0), lauric acid (C12:0),
myristic acid (C14:0)„ Dalmitic acid (Cl6:0), oleic acid (C18:1), stearic
acid (C18:0). Sample volume: 1.0 ub. Column temperature: 70°C isother-
mal for 0 min, then programmed at 10°C/min to 280°C.
Figure 28a. Packed column. Carrier gas: helium, 20 mL/min.
Sampleintroduction:flash vaporizer.Figure 28b. WBOT column. Carrier gas: helium, 3.5 mL/min. Sample
introduction: flash vaporizer with WBOT column adapter. I

I
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'Figure 29. Baseline Allocation used for Integration.

Chromatograms from Figure 28a and 28b using the packed and WBOT columns
(1.0 pL injection at 100 ng/uL of each FAME in methanol) shown with
baseline allocation used for integration. Conditions identical to Figure
28.
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Figure 30. Fatty Acid Methyl Ester (FAME) Analysis .

Sample: methanol solution; concentration of each FAME: 10 ng/ub. I
Peaks: methyl esters of capric acid (C10:0), lauric acid (C12:0),
myristic acid (C14:0)„ Dalmitic acid (C16:0), oleic acid (C18:1), stearic I
acid (C18:0). Sample volume: 1.0 pL. Column temperature: 70°C isother-
mal for O min, then programmed at 10°C/min to 280°C.

Figure 30a. Packed column. Carrier gas: helium, 20 mL/min. Sample
Ä

I
introduction: flash vaporizer.
Figure 30b. WBOT column. Carrier gas: helium, 3.5 mL/min. Sample
introduction: flash vaporizer with WBOT column adapter.

I
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Figure 31. Baseline Allocation used for Integration.

. Chromatograms from Figure 30a and 30b using the packed and WBOT columns
(1.0 pL injection at 10 ng/uL of each FAME in methanol) shown with
baseline allocation used for integration. Conditions identical to Figure
so.



83temperatureprograming to 280°C. The rapidly increasing baseline

complicates integration of the broadened peaks, as well.

Figure 32 shows chromatograms of the 1 ng of each FAME per uL level

on both columns. For the packed column, the methyl caprate peak has

disappeared and the peaks of the other methyl esters are so broadened

that they are impossible to integrate at the data sampling rate used.

The methyl oleate/stearate pair has also broadened into a single peak.

Adsorption is apparent at the 1 ng methyl ester per pL level using the

wide—bore column. Methyl caprate has virtually disappeared and methyl

laurate and myristate appear as double peaks of significantly reduced

peak height when compared with the methyl palmitate, oleate and stearate

peaks. The methyl oleate/stearate peaks are still distinguishable as a

pair.

In Figure 33, a chromatogram at the 0.1 ng of each FAME per pL

concentration level is shown for the WBOT column. The chromatogram is

similar in appearance to the one obtained at the 1 ng of each FAME per uL

concentration level using this column, but at a lower attenuation. No

distinguishable peaks were found in the packed column chromatogram at 0.1

ng of each FAME per pL.

Data was taken for the WBOT column using the on—column mode of

injection. Recall, one microliter injections of methanol solutions of

_ fatty acid methyl esters were made into an inlet heated at 300°C isother—

mal, for both the packed and WBOT. One microliter of liquid methanol

vaporizes to fill a volume of 560 microliters. The fatty acid methyl

ester sample illustrates the problem of sample blowback using the
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Figure 32. Fatty Acid Methyl Ester (FAME) Analysis

Sample: methanol solution; concentration of each FAME: 1 ng/0L.
Peaks: methyl esters of capric acid (C10:0), lauric acid (C12:0),
myristic acid (C14:0), palmitic acid (C16:0), oleic acid (Cl8:1), stearic
acid (C18:0). Sample volume: 1.0 pL. Column temperature: 70°C isother—
mal for 0 min, then programmed at 10°C/min to 280°C.
Figure 32a. Packed column. Carrier gas: helium, 20 mL/min. Sample
introduction: flash vaporizer. .
Figure 32b. WBOT column. Carrier gas: helium, 3.5 mL/min. Sample
introduction: flash vaporizer with WBOT column adapter.
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Figure 33. Fatty Acid Methyl Ester (FAME) Analysis.

Sample: methanol solution; concentration of each FAME: 0.1 ng/uL.
Peaks: methyl esters of capric acid (C10:0), lauric acid (Cl2:0),
myristic acid (C14:0), palmitic acid (C16:0), oleic acid (C18:l), stearic
acid (C18:0). Sample volume: 1.0 uL. Column temperature: 70°C isother-
mal for 0 min, then programmed at 10°C/min to 280°C.
VBOT column. Carrier gas: helium, 3.5 mL/min. Sample introduction:
flash vaporizer with WBOT column adapter.
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on—column mode of injection at a relatively high inlet temperature.

Using the FAME solutions at the higher concentrations, 10 Ug each per UL

and 1 Ug each per UL, interference from sample blowback is minor; the

difficulty in integration caused by the grossly tailing sample blowback

peaks and the relative percentage of area counts comprised of these peaks

is still small. However, for the FAME solutions at the lower concentra-

tions, 100 ng each per UL and 10 ng each per UL, interference caused by

sample blowback becomes considerable. In Figure 34, a one microliter

injection of the 100 ng of each FAME per UL solution is shown using on-

column injection (Figure 34a) and direct injection (Figure 34b). Note,

the badly tailing smaller peaks around the methyl ester peaks in the .

chromatogram performed in the on-column mode (Figure 34a). The two small

tailing peaks, eluting after the methyl caprate and methyl laurate peaks,

have area counts which are roughly 25 8 of the areas of the respective

methyl ester peaks. The problem of sample blowback using the on—column

mode of injection becomes worse at the 10 ng of each FAME per UL level as

shown in Figures 35a and 35b for the on-column and direct modes, respec-

tively.

To evaluate systematic linear range for the six methyl esters on

both the packed and WBOT columns, the average area and relative percent

standard deviation for the five replicate injections at each concentra-

tion level were calculated and tabulated in Tables 16 and 17, respec-

tively. For each methyl ester, a plot of average area per gram of methyl

ester versus the log of the amount of methyl ester injected was made

using data obtained on both columns (56). Figures 36 and 37 show these



Q

87

8 E E E Qi QTil 222 Q2 Q2 QQ
° Q2 QIQ Q2 Q QQQ

ama iiliQ
IQ Qi !* QQQ

Q Q

Q2Q22.„..5,69__^-M; ~-« \\__________"________,~' "·'—"—-~——--·-···‘ ”"""·'^‘""

Figure 34. Comparison of FAME Analysis on the WBOT Column using On-
Column and Direct Injection.

Sample: methanol solution; concentration of each FAME: 100 ng/uL.
Peaks: methyl esters of capric acid (C10:0), lauric acid (612:0),
myristic acid (C14:0), palmitic acid (C16:0), oleic acid (C18:1), stearic
acid (C18:0). Sample volume: 1.0 uL. Column temperature: 70°C isother—
mal for 0 min, then programmed at 10°C/min to 280°C. Carrier gas:
helium, 3.5 mL/min.

Figure 34a. Sample introduction: flash vaporizer with WBOT column
.adapter; On—column injection.
Figure 34b. Sample introduction: flash vaporizer with WBOT column
adapter; Direct injection.
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Figure 35. Comparison of FAME Analysis on the VBOT Column using 0n-
Column and Direct Injection.

°

Sample: methanol solution; concentration of each FAME: 10 ng/uL.
Peaks: methyl esters of capric acid (C10:0), lauric acid (C12:0),
myristic acid (Cl4:0), palmitic acid (C16:0), oleic acid (C18:1), stearic
acid (C18:0). Sample volume: 1.0 uL. Column temperature: 70°C isother-
mal for 0 min, then programmed at 10°C/min to 280°C. Carrier gas:
helium, 3.5 mL/min.

Figure 35a. Sample introduction: flash vaporizer with WBOT column
adapter; On-column injection.
Figure 35a. Sample introduction: flash vaporizer with WBOT column
adapter; Direct injection.
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Table 16. Experimental Average Area and Standard Deviation Data Obtained
on the Packed Column for the Fatty Acid Methyl Ester Quantitation Study.

Methyl Amt Area Std Dev Area/Amt Std Dev k Std Dev
Ester (HQ) (|JV*S) AIGB (V*S/Q) Äféa/Amt Äféa/Amt

Caprate 10.3 75763 11675 7.36 1.13 15.41
103 1829812 91914 17.77 0.89 5.02

1030 24341240 24915 23.63 0.02 0.10
10291 243010340 1149179 23.61 0.11 0.47

Laurate 10.2 148974 5895 14.61 0.58 3.96
102 2266160 17971 22.22 0.18 0.79

1015 25465366 44309 25.09 0.04 0.17
10151 245709120 989302 24.21 0.10 0.40

Myristate 10.0 227213 11564 22.72 1.16 5.09
100 2405869 10615 24.06 0.11 0.44

1004 25717098 49276 25.61 0.05 0.19
10046 242830940 796478 24.17 0.08 0.33

Palmitate 10.0 274797 40935 27.48 4.09 14.90
100 2536751 17125 25.37 0.17 0.68

1000 26509129 54428 26.51 0.05 0.21
10007 248159700 548004 24.80 0.05 0.22

Oleate 10.5 136519 39181 13.00 3.73 28.70
105 1914276 14095 18.23 0.13 0.74

1050 26087297 107499 24.85 0.10 0.41
10509 255840820 529938 24.34 0.05 0.21

Stearate 10.0 365165 60973 36.52 6.10 16.70
100 3080570 25838 30.81 0.26 0.84

1004 28099927 18653 27.99 0.02 0.07
10040 258054140 316527 25.70 0.03 0.12
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Table 17. Experimental Average Area and Standard Deviation Data Obtained
on the WBOT Column for the Fatty Acid Methyl Ester Quantitation Study.

Methyl Amt Area Std Dev Area/Amt Std Dev X Std Dev
Ester (ng) (uV*s) Area (V*s/g) Area/Amt Area/Amt

Caprate 1.0 7943 123 7.94 0.12 1.55
10.3 226087 5914 21.95 0.57 2.62

103 2982141 46036 28.95 0.45 1.54
1030 24253320 113750 23.55 0.11 0.47

10291 231834340 6966740 22.53 0.68 3.01

Laurate 1.0 20838 331 20.84 0.33 1.59
10.2 244102 6520 23.93 0.64 2.67

102 3136027 78552 30.75 0.77 2.50
1015 24781840 135674 24.42 0.13 0.55

10151 235497000 4184833 23.20 0.41 1.78

Myristate 1.0 27260 892 27.26 0.89 3.27
10.0 263799 4563 26.38 0.46 1.73

100 3147748 24885 31.48 0.25 0.79
1004 24536400 200743 24.44 0.20 0.82

10046 232170640 3301404 23.11 0.33 1.42

Palmitate 1.0 51511 675 51.51 0.68 1.31
10.0 296941 5145 29.69 0.51 1.73

100 3258854 26566 32.59 0.27 0.82
1000 24927660 170747 24.93 0.17 0.68

10007 229469000 4273365 22.93 0.43 1.86

Oleate 1.1 43479 2053 39.53 1.87 4.72
10.5 272926 2180 25.99 0.21 0.80

105 3223834 21242 30.70 0.20 0.66
1050 25853720 171689 24.62 0.16 0.66

10509 234739780 3400592 22.34 0.32 1.45

Stearate 1.0 62004 2959 62.00 2.96 4.77
10.0 324227 3342 32.42 0.33 1.03

100 3293984 28189 32.94 0.28 0.86
1004 25274520 164711 25.17 0.16 0.65

10040 228691540 3167177 22.78 0.32 1.38

·
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Figure 36. Plots of Quantitation for the Fatty Acid Methyl Esters
Obtained using the WBOT Column.

For representative chromatograms and chromatographic conditions at the

sample concentrations tested, see Figures 26, 27, 29b, and 31b. For
tabulated average areas and their standard deviations see Table 16.
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Figure 37. Plots of Quantitation for the Fatty Acid Methyl Esters
Obtained using the Packed Column.

For representative chromatograms and chromatographic conditions at the
sample concentrations tested, see Figures 26, 27, 29a, and 31a. For
tabulated average areas and their standard deviations see Table 16.
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plots for the six methyl esters on the WBOT column and the packed column,

respectively. For an ideal system, the ratio of area counts per gram of

solute is constant over several decades of amount of solute injected.

For the open-tubular column, the ratio for each methyl ester is roughly

constant over three decades of concentration. There is no apparent

explanation for why the ratio values at 10 ng of each methyl injected

became slightly higher. For the packed column, the ratios for caprate

and laurate methyl esters fall off greatly at the lower concentration

levels, indicating loss by adsorption. The ratios for the individual

methyl esters vary greatly at the 10 ng and 100 ng of each methyl ester

injected levels. The trend for each of the methyl esters over the three
n

decades of concentration can be explained by examining peak shape and

integration relative to the other methyl esters.

Plots of the ratio of average area per gram of methyl ester versus

log of the amount of methyl ester injected obtained on both columns were

plotted together for methyl caprate in Figure 38 and for methyl oleate in

Figure 39. The error bars shown in both Figure 38 and 39 were multiplied

by a factor of ten for easier visual comparison. The average area per

amount ratios are in good agreement for both columns for 1 pg and 10 ug

of methyl caprate injected. For methyl caprate, using the WBOT column,

.the ratios and standard deviations are relatively constant. Examining

the methyl caprate peaks at each level, obtained on the WBOT column (see

Figures 26, 27, 29b, 31b), no integration difficulties or relative reduc-

tion in peak height are apparent. In contrast, examining the methyl

caprate peak at each level on the packed column (see Figures 26, 27, 29a,
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Figure 38. Plots of Quantitation for Methyl Caprate Obtained using the
Packed and WBOT Columns.
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Figure 39. Plots of Quantitation for Methyl Oleate Obtained using the
Packed and WBOT Columns.
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31a), there is distortion of peak shape and reduction of peak height

relative to the other methyl esters at 10 ng and 100 ng of methyl caprate

injected. This is indicated by the reduction of average area per gram

ratio at these two levels. The standard deviation of the ratio of

average area per gram is larger at 10 ng and 100 ng of methyl caprate

using the packed column. The preceding discussion also applies to the

methyl laurate data obtained on the packed column (see Figure 37).

Figure 39 shows good agreement between the packed and WBOT columns

for the average area per amount of methyl oleate at 1 ug and 10 ug of

methyl oleate injected. Recall that methyl oleate is the fifth eluting

peak in the analysis and is not baseline resolved from methyl stearate on

the packed column. 0n the WBOT column, the ratio of average area per

gram of methyl oleate and its standard deviation are relatively constant.

However, using the packed column the ratio of average area per gram of

methyl oleate greatly decreases at 10 ng and 100 ng of methyl oleate

injected. Examining the integration in the chromatograms from these

levels of methyl oleate injected (see Figures 29a and 31a), the

perpendicular dropped between the methyl oleate and stearate peaks causes

an area which is too low to be assigned to the methyl oleate peak. The

ratio of average area per gram of methyl oleate is also too low. Note

the large standard deviation of the ratio at 10 ng methyl oleate in-

jected; the very broadened peaks cause additional error in assignment of

the perpendicular dropped for integration. Conversely, the ratio of

average area per gram of methyl stearate is too large at 1 ng and 10 ng

of methyl stearate injected, on the packed column (Figure 37). Again
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this is the result of the inaccurate assignment of area between the

poorly resolved methyl oleate and stearate peaks.

Methyl myristate and palmitate attain relatively constant average

area per gram ratios over three decades of concentration on both the WBOT

and packed columns, On both columns, the peaks are well-separated from

adjacent peaks and do not show a reduction in peak height relative to the

other methyl esters. Therefore, a constancy of average area per gram

ratio would be expected over varying amounts of solute injected.
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CONCLUSIONS

Fused-silica, WBOT columns appear to be suitable replacements for

packed columns, on the basis of the data obtained in this direct com-

parison of types of columns. The packed column gas chromatograph was

easily optimized for use with the WBOT column. Addition of a reduced

volume inlet adapter and replacing the flow controller frit to control

the 1 to 10 mL/min flow range resulted in a system sufficient to accom-

modate the lower flow rates within the optimum working range of the WBOT

column.

The experimental van Deemter plots showed the wider operating range

of linear velocities possible with the WBOT column. WBOT columns provide

the ability the optimize the available efficiency or speed for an ·

analysis due to their wide operating range of linear velocities. A

resolution of 1.5, equivalent to that provided by the packed column for

the DMP and n-C11 separation, was obtained on the WBOT column until

linear carrier gas velocities approaching 150 cm/sec. The WBOT column

installed in the unmodified GC provided the wide working range although

minimum HETP values at the optimum linear velocities were greater than

when using the optimized system.

Sample capacity of a column was proportional to its liquid phase

volume. The three WBOT columns, which data was presented for, possessed

sufficient sample capacities for direct injection. The sample capacities

approached that of the packed column, so that split injection was not

required.

9 8
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The WBOT column in the modified gas chromatograph showed good

mechanical and chromatographic performance. 0ver 300 autosampler and

manual injections of a capillary test mixture were performed while

varying experimental conditions including mode of injection, sample size

and injector temperature. Area and retention time repeatabilities were

usually better than 1.0 X and 0.1 X, respectively. Repeatabilities

obtained for the packed column were worse, especially for the polar

solutes such as octanone.

The WBOT column demonstrated superior inertness when chromato-

graphing the capillary test mixture and the fatty acid methyl ester

sample. The adsorptive nature of the column packing material in the
_

packed column caused loss due to adsorption and peak tailing, making

accurate quantitation at low levels of analyte difficult. At 10 ng of

methyl ester injected, the packed column showed strong adsorption; the

relative percent standard deviations of the average area were greater

than 10 X for the methyl esters. For 10 ng of methyl ester injected on

the WBOT column, the relative percent standard deviations of the average

area were less than 3 X for the methyl esters. At 1 ng of methyl ester

injected on the WBOT column, the peaks were still possible to integrate;

the relative percent standard deviations of the average area were less

_than 5 X for the methyl esters. Therefore, the WBOT column has a lower

minimum detectable quantity by a factor of ten, for the fatty acid methyl

esters contained in the sample.

The dynamic range of the wide-bore column was at least equivalent

to that of the packed column. There were approximately three orders of
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magnitude between the minimum quantities without adsorption and the

maximum quantities before peak overloading begins using the fattyacidmethyl

ester sample. At 10 pg of methyl ester injected, the WBOT column

showed overloading and the relative percent standard deviations of the

average area were greater than 1.5 % for the methyl esters. For 10 pg of

methyl ester injected on the packed column, the relative percent standard

deviations of the average area were less than 0.5 %. Data should have

been taken at 100 pg of methyl ester injected to determine the amount

where peak overloading begins on the packed column and relative percent

standard deviations of the average area become large. Therefore, the

dynamic range is estimated to be between 100 pg and 10 ng of methyl ester

injected for the packed column. For the WBOT column, the dynamic range

is estimated to be between 10 pg and 1 ng of methyl ester injected.

I
I
I
I
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SUMMARY

The suitability of wide-bore open—tubular (capillary) gas chromato-

graphic columns as substitutes for conventional packed columns is

investigated. Optimization of the chromatographic instrumentation is

required for full use of the available capillary column resolving power.

The useful dynamic range for analysis of fatty acid methyl esters on

wide-bore capillary columns extends one order of magnitude below the

minimum for packed columns. However, packed columns tolerate greater

amounts of such materials without loss of chromatographic efficiency.
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