}a&zmzi af Cﬁ'ﬂngnzgi}g [ 7.4 iiﬁ‘?ﬁ} 243——253
@ Elsevxer Scientific Publishmg Company, Amsterdam — i’rmted in The Netherfands

:CHROM 9143

_ OPTIMISATION OF LIQUID CHROMATOGRAPHIC PERFORMANCE ON
COLUMNS PACKED WITH MICROPARTICULATE SILICAS
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SUMMARY

A modular packing system for packing analvtical and semi-preparative scale
columns has been constructed. Columns were packed with microparticulate silicas
using different slurry media. Optimum results were gbtained with carbon tetrachloride
as the slurry medium using a packing pressure of 20.7 MPa (3000 p.s.i.g.) and a slurry
concentration in the range 1-109 w/v. Various methods of sample mtroductlon were
investigated. Highest efficiencies were obtained using syringe injection, but comparable
performance can be achieved with valve injection if a split-siream technique is used.
Plate heights of between 2.5 and 3.5 pariicle diameters were attained with 11-, 6- and
3.7-pm particle size silicas in 0.10-m X 4.5-mm-1.D. columns. The use of wider-bore,
9.5-mm-1.D., columns gave plate heights of 2 particle diameters and up to 30 effective
plates per second at a linear velocity of 1.5 mm/sec.

INTRODUCTION

The realisation of optimal performance from columns packed with micro-
particulate silicas is dependent on many factors, such as the slurry packing procedure
employed, the column dimensions and the method of sample introduction.

Many previous workers!™!* have reported results with 10- and 5-gm particle
size silicas, although the quoted efficiencies have varied widely. It can only be con-
cluded that this is due to differences in the efficacy of various packing procedures and
to such factors as extra-column effects and methods of sample introduction. The use
of sub-5-um materials should result in the achievement of higher efficiencies®**, but
few resulis on the performance of these materials have been reported™®.

At present there are few comparative data on the effects of some factors that
can influence column performance, whilst there is diversity of opinion on other factors,
such as the packing procedure. Several slurry-packing procedures have been developed
over the past five years, including the balanced density technique!-3-7-8 developed by
Majors, Kirkiand’s stabilised slurry procedure®*** and the viscosity method of
Asshauer and Haldsz". The use of low-viscosity single-component solvent systems has
‘also been advocated: these include hexane8, chloroform®, methanol'® and carbon

tetrachloride!®-*'.. Recommended packing pressures have ranged from 13.8-69.0 MPa
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(2,000 to 10,000 p.s.i.g )l 2.5.8.15,16 wl:ulst the slurry concentraﬁons have vaned be—
tween 5 and 30% wg‘v*’-’-‘ <7103

The method of column termination and sample mtroductmn is of grmt impor-
tance®1°, as poor design here can result in a very adverse effect on the resultant col-
umn perfotma:ice. Kirkland* demonstrated that the lowest plate heights were obtained
by injection of the sample directly into the top and centre of the column packing using
a microsyringe. This technique is not suitable for routine operation because of distur-
bance to the column bed, though Kirkland snbsequenﬂy showed that results equiva-
1€ﬂ[ io on—coxurﬁﬁ injécuon COUJU DC OD[difléﬁ Dy usmg a2 SIalmESa-SIGCl SCreen on tﬁﬁ -
column inlet. Coq er al.'® demonstrated the desirability of injecting the sample directly
onto the column packing. The use of valve injection is attractive for routine analytical
operation though few comparative data on syringe and valve injection methods are
available, while no procedure for optimising valve injection appears to have been
reported.

The effect of column bore on resultant efficiency has been the subject of several
papers following Knox and Parcher’s development of the “infinite diameter™ concept!’.
DeStefano and Beachell!'s:!? subsequently demonstrated with the use of large particle
size silicas (Zipax <37 gm and Porasil A 35-75 zm) that improved column perfor-
mance could be obtained using 10.9-mm-bore columns in place of 2.1-mm-bore col-
umns. Few data have been reported, however, on the use of columns of wider bore
than 5 mm packed with microparticuiate silicas. -

The purpose of this work was to further study a number of the variables in-
volved in the production and operation of high-performance microparticulate silica
columans with the aim of achieving optimal and reproducible performance.

EXPERIMENTAL

Chemicals

The chromatographic solvents, isopropanol, dichloromethane and hexane,
were of reagent grade and were used without further treatment. Methano! of analytical
grade was used as received whilst reagent grade carbon tetrachloride was distilied in
2 glass apparatus before use.

Adsorbents
The silicas used were Partisil 10, Partisil 5 and Partisil 3 (Whatman,
Maidstone, Great Britain), the latter being an experimental material.

Column construction )
Columns were made from 316 grade seamless stainless-steel 6.35-mm-O.D.
(1/4-in.) X 4.5-mm-I.D. and 12.7-mm-0.D. (1/2-in)) X 9.5-mm-I.D3. tubing (Tube
- Sales, Southampton, Great Britain) of the requisite length. This tubing was rotated
in a Iathe at 1000 rpm and the internal surface honed and polished by means of de-
burring brushes or Flex-hones (Nicro (Leamingion), Stroud, Great Britain) of suit-
able diameter. The ends of the column were machined flat and the tubmcr was de-
greased in chioroform in an ultrasonic bath.
The 6.35-mm-0.D. (1/4-in.) columns were terminated as shawn in Fzg_ 2 with
2 6.35-mm-0.D. (1/4-in.) stainless-steel frit of 2-um-pore size (Whatman) fitted into
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a zero dead volume (ZDV) 6.35-mm {I/4-m) to 1. 6-mm (I/ 16-in.) redurmg union
. '(Whatman), whilst the 12.7-mm-O.D. (1/2-in.) columns were terminated as shown
in Fig. 5. Compression tube fittings (Swagelok or Gyrolok) were used throughout.

Colfumn packing

Fig. 1 shows a schematic representatxon of the packing equxpment The Haskel
DST-122C pump (Olin Enérgy Systems, Sunderland, Great Britain) was fitted with
a solvent reservoir and mounted on a framework which also supported the packing
assembly. Nova Swiss (Olin Energy Systems) high-pressure components and fittings
were used throughout. Scale drawings of the two designs of packing assembly are
shown in Figs. 2 and 3. The system shown in Fig. 2, which was used with slurry con-
centrations up to 109, w/v, was constructed of three main components, viz., 2 top
section, interchangeable middle sections 40 mm, 90 mm, and 190 mm in length giving
slurry capacities of 20 ml, 50 mi, and 100 ml, respectively, for packing columns of
different bores and/or lengths, and interchangeable bottom sections fitted with the
appropriate couplings for packing 6.35-mm-0.D. (1/4-in.), 12.7-mm-O.D. (1/2-in.),
and 25.4-mm-0.D. (1-in.) columas. The system shown in Fig. 3 was used with slurry
concentrations greater than 109/ w/v.

Check vafve (Nove Swist)
fuliNa]

Preswure gruge (Nova Swist) Prckicg
ot Range 0 swsembly
resarvoir

Regulxstor aJr g
- Calumn
" Prcumatic
b el v
100 psig) oumn f JAY
- {Hasket DST — 122C} Stoafticw
sy o
(ova Swiss) )

Fig. 1. Schematic representation of packing equipment.

. For packing 0.10-m X 4.5-mm-I.D. columns the slurry was prepared by weigh-
ing 1.3 g of silica into a test tube and adding 15 m! of the siurry medium —carbon
tetrachloride, methanol or 0.001 A ammonium hydroxide. The slurry was shaken
and the test tube placed in an ultrasonic bath for 1-2 min. The packing assembly (Fig.
1) was disconnected at the check valve and the top section of the slurry vessel (Fig. 2)
was removed. The column blank was capped with a 1.6-mm (1/16-in.) plug, con-
nected to the bottom section and filled with slurry medium. The slurry was intro-
duced into the reservoir, the test tube was washed out with a further 5 ml of slurry
medium, the top section was bolted into position and the connecting tubing was filled

_with slurry medium by means of a syringe. The remainder of the system was filled with
siurry medium by pumping through the one-way check valve. The stop/flow valve
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Fig: 2. Packing assembly with column attached. Scale, 1:1.8.

was then closed, the packing assembly was reconnected and Lhe reqmred nackmg

- pressure was generated by adjusting the air control regulator on the Haskel pump.

The 1.6-mm (1/16-in.) plug was removed, the column was packed by opening- -the

stop/flow valve and a further 100 m! of slurry medinm were passed through the col-

" umn before it was disconnected. The 0.10-m X 9.5-mm-LD. columns were packed in

" a2 similar manner fo ‘the above .usinga s[ur-y consxxtmg oi' 4.0 g of silica m 4: m{ oF
sharry medifam. .

- The top 2.37 mm of pachﬁg were remeved nsing a gre-set wamer ‘and adisc

@s mm Q‘D- or. 9, 3 mm Q. D ) of S-gm-po:e size st&niess—steei woven mesh (Sankey
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Fxg. 3 Extended tube packmg assemhly.

.Green Wn’e Weavmg, Watrmgton, Great Bntam) prcssed into posxtxon on top of the
- packmg. ‘A 4-mm-thick pilug of 35-pm-pore size PTFE (Field Instruments, Richmond,
- Great Bntam) of the' appropnate dlameter was then pressed into the column and the

" excess was removed with a razor. blade to Ieave a fiush finish at the top of the column.

, The columns packed using carbon tetrachloride and methanol as the slurry medium
" were condmoned before use by washmg with 100 mi of the mobile phase, whilst those
:‘packed using 0.001 M ammonium hydrozxide: were washed mth 100 ml methano! 50
i ml'dléthyl ether, followed by 100 m! of the mobile. phase :
s .For: packmg slurries of higher coucentration an. extended tube packmg assem-
-.bly (see. Fzg. 3) was: used. A 26% w/v slurry, ptepased as descnbed previously using
. a5 3 gs;hcz in Sml slarry- med.um, was poured into the- pre-column ‘The ‘assembiy ‘
vas linked to the check va!ve and the columnwas packed, tetmmated and ethbrated _

escnbed prevxously" :




?qumd clzromatogmphzc eqmpment : )
S TheLC equmment was. laboratory assembied ﬁ‘om commercxal ami wo:ksho o
‘—:‘constructed components The solvent delnery systcm cons:sted of a’ MPL Senes 1 5
* Micro-pump fitted with a size 2 high-pressure pump head (Metermg Pumps, London,
" Great Britain). Pulse. damping was. eifected by the: combmatxon of a’ Bourdon type:

" pressure gauge and a coiled length (25 m’ X 0.25 mm LD} of stainless-stec! capillary-

tubing (Scxentlﬁc Glass Engineering, London,  Great Britain). A Cecil CE 212"
variable-wavelength UV monitor (Cecil Instruments, Cambridge, Great Bntam)

fitted with a 8-zl flow cell was used as the detector. The standard metal celt compart-.
ment lid was replaced with a lid (see Fig. 4) constructed from. Heron. grade Tufnol

(Tufool, Birmingham, Great Britain), made in two ovetlappmg sections to allow easy -
. access to the cell compartment, and held in position by magnetic strip. The 4.5-mm-

. I.D. columns were fitted directly int6 the cell compartment (see Fig. 4) and linked to

- the 8-zl fiow cell by 35mmofcaplllaryPTFEtubmg(l 6 mm O.D. % 0.3 mm LI.D),
whilst the 9.5-mm-I.D. columns were connected with caplllary PTFE tubmg w]nch
terminated at the base of the stainless-steel frit (see F:g 5).. '

MACC.H L2 Injector —3 f;,,_ &mmmm

Al s;mmmmwmdmA»
100 mem % 635 ;v OD {£.5 oy 10} s/s cofumn

for cell heider B
) di o celt froldar
\ .
_ \1.3m00i¢3m15 .
8 1 Sow esll 0 - S '
Call bolder. - \ -

Fig. 4. Secﬁqnal view of ck:il assembly wx:hcolumn in ﬁpsiﬁdn.— -

- TWO methods of saimple mtroductlon were used w;th the 4 S-mm—I D. columns g
o G) syrings mjectlon in corpbmanon with a MACC nHLC Injector (Phase Separat!ons,; 7
B QueenJetry, Great Bntam), as shown in Fig. 4.- Wxth this system the syringe needle
~ was pushed: through the PTFE plug and the m;ectlon was made with the needie tip

o touchmg the: st:mﬂas—steel mesh (u) valve mjectton usmg 2 Saecac four-port sample i
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Fig. 5. Column fittings for a column of 12.7 mm (¢ in.) O.D.

o 635 mm — 1.6 guty zero dead volume
[+ 4] (ha™  reducing unicn

intreduction valve (Spectroscopic Accessory Company, Sidcup, Great Britain) in
combination with the splif stream arrangement shown in Fig. 6. With the 9.5-mm-1.D.
columns sample introduction was accomplished by means of an injection tee (see
Fig. 5) of similar design to the MACC II injector.

Investigation of cohunn parameters

The effects of the various parameters on column performance were determined
by measuring the column efficiencies achieved when chromatographing a test mixture
of o-, m- and p-nitroaniline on 0.10-m x 4.5-mm-[.D. columns using JIPA-CH,Cl,—
hexane (1:50:49) as the mobile phase, a Cecil CE 212 monitoring at 254 nm as the
detector, and the syringe injection technique shown in Fig. 4, unless otherwise stated.

The results from a comparison of the use of carbon tetrachloride, methanol
aﬂd 0.001 M ammonium hydroxide as the slurry media are shown in Table I. For all
subsequent investigations carbon tetrachloride was used as the slurry medium. Tables

" I1 and HI illustrate the effects of packmg pressure and slurry concentration on resu.l-



‘ '::obtamed is- demonstrated by the- repeatabxhty of the'k' vah;

B Fig. 6,.Sp!it"stream ammgement fo'r‘va,lve injection.

tant column eﬂiclency The chromatograplnc performa.nces ach:eved w1th 10— 5- and
3.7-pm-particle size silica are shown in Table V, whilst the effects of sample intraduc-
tion techmque and column bore swe are lllustrated in Tables IV, and VI respectlvely.}

Afeasaranenz of column performance ,
- The values of &', tz, and N quoted in the tables are. the mean vaiu&e obtamed

" from three injections of the test mixture. The measurement of N was based on the
half-height. equatmn20 whilst the definitions fot k’ and N;H/sec have been Dubhshed
ptevmusly : , _ : R . :

) RESULTS AND DISCUSSION

, : The deelgu of the packmv assembly (FIE 7) ‘was based on that of Kukland” '
"but it was constricted ‘on a modular basis using mterchangmble sectxons to. allow
“both analytical : and. preparatwe—scale columns to be packed i .
' ‘The studies of siurry medium, packing pressure, and slurry conceatratzon
(Tables I-III)-were carried out at linear velocities between 3 and 4 mmy/sec, resulting
-in mobile phase flow-rates for 0.10-m X 4.5-mm-1.D. columns of ~2 ml/min. This
linear veloczty was selected asitis typical of that used with the 0.10-m cofumns that-

- are :outmely employed n ﬂns laboratofy, iving a good compro:mse between column
. efficiency- and speed of anaxysxs, ie, bei:ween plate he:ght, H an(i the numbet of ef-
. Fective plates per second. . - -
e “The activity. of the silica- was controlled by the addmon of 1 ‘}/ v/v 1sopropanalv .
: to the' mobﬂe ‘phase: The: reproduclb.hty of column’ acthtyand-kelecﬁvity thereby
: .Tablés I—YE; Tso--
fff{;:ropanol was used e preﬁr‘enee to: Wa.tet as im: cenezal xt xs ea.sxer to-use’ and glves
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sﬁorter cofumn eguiﬁbratxon times, aftﬁoug& the use.of water as modifier is known
-to give higher eﬁ'icxencxes and greater seIectwltg in some instances™ ™,
: The comparison of three sfurry media (see Table Ij clearly demonstrates the
‘superior performance obtained with carbor tetrachloride. This sﬁm:y medium was
. used for all further studies. Addition of silica to carbon tetrachloride gave a trans-
Tucent, gelatinous suspension which settled only sfowly and with no visible evidence
- of particle size fractionation. This contrasted with the use of methanol and 0.001 Af
ammonium hydroxide, where rapid sedimentation occurred, leaving a milky suspen-
sion of ““fines”. This particle size segregation was probably the cause of the less efii-
cient and non-gaussian shaped peaks obtained with columns packed using these slurry
media.

TABLE X

EFFECT OF SLURRY MEDIUM ON RESULTANT COLUMN EFFICIENCY

Packing material, Partisil 5; column packing pressure, 31.0 MPa (4500 p.s.i.g.}); slurry concentration,
8.7% wiv. (2) and (b) refer to individual 0.10-m X 4.5-mm-I.D. columns.

Operating Slurry medium
condtions Carbor Metharol 0.001 M
tetrachloride ammorian: hydroxide
Operating
pressure (MPa) (a) 5.9 (850)" 5.9 (850) 6.9 (1000)
®) 5.9 (850) 5.9 (850) 6.6 (950)
Flow-rate
{ml/min) (a) 2.14 2.14 2.11
() 214 2.07 207
Linear velocity
(mrm/sec) (@) 347 2.82 3.21
() 3.70 3.24 3.14
Parameter Solute™™
o~ - o o- n- D o- m- D
4 (&) 060 203 245 0.62 212 254 0.62 207 249
- (b) 066 221 260 0.66 213 259 062 203 244
Iz (min) @ 077 146 1.66 096 1.84 209 0.84 159 1.81
- () 074 143 161 086 1.62 1.86 087 162 1.4
N (&) 3400 5700 356090 2700 3500 3900 3600 3900 4200
. (b) 4900 5400 5700 2600 3100 3200 3500 4100 4400
H () () 18 17 18 37 29 2¢ 28 26 24
. () 20 18 17 32 32 31 29 24 23
Negefsec @) 16 29 28 7 15 16 i0 19 2
M) 17 30 31 8 15 15 10 19 20

* The figures in brackefs represent pressures in p.s-i.g.
** g-; m- and p-nitroanilines.

A study of the effect of packing pressure (Table II) using a slurry concentration
of 8.7% wj/v in-carbon tetrachloride gave less definitive results, with column perfor-
- mances-being comparabfe for packing pressures betwesn 20.7 and 41 .4 MPa. Although
* the use of Eugher pr&ssm might be expected to give a denser packing bed and hence
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columns of hxgher eﬁcxency, a marked reductlon in eﬂiclency was obtamed &t pres--
7 sures: >41.4 MPa. Comparison. ct' the particle size distribution curve. of the ongmal,

- Usilica. thh tﬁat of the silica from a column packed at 82.3:MPa. showed no increase in
" “fines™ in_the Iatter, the presence of which might result in lower efficiencies. There.
T Was,. however, some: evxdence of partlcle agglomeratxon, whxch cou!d mult in chan- ’
o nellmg.,_, : L :
Varxatmn in. slurzy eoncentratxon over the range 1 4—8 7 / w/v (Table III)

N }was found to'have a neghgxbie effect on column eﬁic:ency. The standard packing as-

N vsembly could not be used with slurries of high concentration because of their viscosity

~andan extended tube assembly (Fig. 3), based on the design of Cox??, was employed.

* Columns packed with this assembly using 2 slurry concentration of 269, w/v were

" less efficient than those packed using lower slurry conoentratxons, though their per-

- formance was adequate for many separations.
" Plots of linear velocity (1) against plate height (H) for 4 S-mm- and 9.5-mm-
1.D. columns had shown that the lowest plate helghts were obtained at linear velocities
between 1 0 and 2.0 mm/sec and increased again as the lmear velocxty was further:

FABLEHI .
EFFECT OF SLURRY CONCENTRATEON ON RESULTANT COLUMN EFFICIENCY

Packing matenal Partisil §; column packmg pressure, 31.0 MPa (4560 p.s.ig), using CCL {a) and (b) refer to in-
dividual 0.10-m X 4.5-mm-L.D. columns. :

~Operatmg,_ S Slurry coneentration (% wiv) 7

conditions " qa 29 87 26.0°

- Operating . - N ' - . ' ’ o
pressure (MP2) (@) 59 (850)*° 5.5 (800) - 59 (850) 5.9 (850)
LT ) 55 (800) 55 (800) . 5.9 (850) : 6.2 (500)

. Flow-rate .= . . ) : : .

~(xm/mm) L@z - 2.1 214 _ 214

i : '(b) 2.14 207 - 214 T 2,14
,merve!ocxty ’ . - : - n

(mmfsec) - " (@) -3.51 340 - 347 e B { ¢

T IV T (b) 347 _ ' 3.30 , 370 T 3.62

Parameter - Solute*™**

’ _ ) Lo~ m  p- o~ m- - p- - o= m- g - o= m- . p-

& o @) 063214 254 066 219 260 060 203 245 066 219 26l
U () 063 216 255 064 213 254 066 221 260 061 211 252
tz(@@mm) - @ 078 149 1.68. 082 157 L77 077 146 166 075 143 162
ST () 078 152 K71 083158 L79 074 143 161 074 143 1.62
N 77 (@), 5800 5600 5600 . 6100 5700 5500 - 5400 5700 5600 4700 4900 4800
© 7D (b). 5800 5300 5500 ' 5600 5700 5800 4900 5400 5700 @ 4300 4300 4200
‘jH(;sm) D@17 - 18 18- 16 17 17 . 18 47 18 ‘2t ca20 2t
@y AT 19 18- 118 17 17 ‘28 18 - 17 23 .23 24
._M“[sec @19 29 29 20 29° 29 16 .29 28 17 2T 26

T ® 1927 28 7T 28 8. 17 30 3. 14 23 2

. Packedusmg the extended tube packm,techmque.
e "Theﬁgmmbracketsmpzm&ntpmmps.Lg. :
o-,m-andp-mtmanilms. R
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reduced. The eﬂ'ects of sample mtroductxon, bore s:ze, and pamcte size were exa.mmed o
at linear velocities in the above range, firstly, because optimum values of & were ob-
_ tafmed and secondly, because deficiencies in -the '=ample introduction system are

pn:nﬁamcpd at low values of #.

Detailed attention to the minimisation of extra-column effects and to the
method of samiple introduction is very important when using short, high-performance
columns. The modification to the Cecil CE 212 (Fig. 4) ailowed the column to be
connected close to the flow cell, thereby reducing dead volume to 2 minimum. It also
resuited in greater temperature stability, permitting the detector to be operated on the
0.01 A fs.d. range without the need for temperature control of either the column or
the cell compartment. Detector noise was typically 0.0001 A,

Various methods of sample introduction (Table IV) were examined using the
same 0.10-m X 4.5-mm-L1.D. column. Syringe injection onto the top of the PTFE
plag (system a) resulted in less efficient chromatography than when the sample was
iniected directly onto the stainless-steel mesh (system b). This was probably the result
of sample diffusion in the PTFE plug in the former method. In system b the PTFE
plug acts as a diffuser for the mobile phase, thereby minimising lateral diffusion of
the sample on injection, whilst it has the added advantage of being an in-line filter,

which can be readily replaced without disturbing the packing bed.
Use of an injection valve with the outlet terminated at the top of the PTFE

plug gave inferior results to those of syringe injection (system a, Table 1V). A split-
stream technique (Fig. 6) was therefore developed which was similar in principle of

TABLE IV

EFFECT OF SAMPLE INTRODUCTION TECHNIQUE ON RESULTANT COLUMN EFFICIENCY
Introduction technigues: (a) Syringe —injected onto top of PTFE plug. (b) Syringe —injected through PTFE plug
onto stainless-steel mesh. (c) Injection valve —with capillary tube through PTFE plug onto stainless-steel mesh,
no split flow. {d) Injection valve —with capillary tube through PTFE plug onto stainless-steel mesh, with split flow.
Column, 0.10 m X 4.5 mm I.D.; packing material, Partisil 5; column packing pressure, 31.0 MPa (4500 p.s.i.g);
slurry concentration, 8.7 94 w/v.

Operating Intraduction technique
conditions -
a b c d

Operating pressure
(MPa) 28 4oom* 2.8 (400) 2.8 (400) 2.8 (400)
Flow-rate (ml/min) 1.08 1.08 1.09 1.09
Linear velocity
{mm/sec) 143 1.41 1.44 1.38
Parameter Solute™™

» a- m- - o- m= p- o- m- D~ o- m- D~
k’ 061 199 239 060 199 239 060 201 241 057 192 231
1z {min) 1.88 348 395 189 352 399 1.85 348 394 190 3.54 4.0t
N 5100 6100 6100 6800 67060 6400 5200 5400 4500 61060 . 6300 6100
H (um) 20 16 16 15 15 16 19 19 22 16 16 i6”
N_ye/sec 6 13 13 8 i4 13 7 12 10 " 13 12

'F‘guxesm brackets represent pressures in p.s.i.g.
* o-, -, p-nitroanilines.
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operation to the syringe injection system b. With the metering valve closed and all
the mobile gﬁase directed through the injection valve {(system c), the chromatography
obtained from injection of the test mixture was poor with marked peak tailing being
observed. In system d the metering valve was adjusted so that part of the solvent
flow was directed to the top of the column, whilst the balance was passed through
the injection valve. Good peak shapes were obtained and zlthough the efficiencies
were slightly lower than those of system b, some diffusion of the sample may have
occurred in the -mm-bore tubing linking the injection valve to the top of the column.
This split-stream technique has obvious application in semi-preparative and prepara-
tive LC systems, where the use of valve injection in conjunction with external sample
loops is almost essential.

The increase in efficiencies that is obtained with decrease in particle size is
shown in Table V and Fig. 7. Plate heights of between 2.5 and 3.5 particle diameters
were attained with each material at a linear velocity of ~1.5 mm/sec, whilst the
number of effective plates per second increased with reduction in particle size.

TABLEV
EFFECT OF MEAN PARTICLE SIZE (d5,) ON RESULTANT COLUMN EFFICIENCY

Column, 0.10m X 4.5mm LD.; column packing pressure, 31.0 MPa (4500 p.s.i.g.); slurry concen-
tration, 8.7% w/v.

Operating Packing material
conditions Partisil 10 Partisil 5 Partisil 3

(dso = 11 pm) (dso = 6 pm) (deo = 3.7 um)
Operating
pressure (MPa) 1.0 (150 2.8 (400) 5.2 (750)
Flow-rate (ml/min) 1.24 1.08 1.00
Linear velocity
{mm/sec) 195 1.41 1.54
Parameter Solute™*

o~ m- D= o= n- D o- m- P
kK 060 204 241 060 199 239 061 200 237
tg (min) 137 261 292 1.8 3.52 399 1.74 324 364
N 3300 3100 3100 6800 6700 6400 7300 8100 8300
H (um) 30 32 32 15 15 16 14 12 12
Nezefsec . 6 9 9 8 14 13 10 19 12

* Figures in brackets represent pressures in p.s.i.g.
** g-, m-, p-nitroanilines.

The use of wider-bore, 9.5-mm-I.D., columns packed with Partisil 5 and Partisil
3 resulted in marked increases in efficiencies (Table VI) over the comparable 4.5-mm-
I.D. columns (Table V). Theoretically both 4.5-mm- and 2.5-mm-L.D. columns of
0.10-m Iength are of “infinite diameter™, since their dimensions meet the requirements
of the equation'™"® 4, > (2.4 d,L)*, where d. is the internal diameter of the column,
d, is the average particle diameter, and L is the column length. As a consequence, the

4 5- ami 9.5-mm-I.D. columns should have given the same performanpce. The “infinite
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Fig. 7. Separation of o-, m-, and p-nitroanilines on (a3) Partisil 3, (b) Partisil 5, and (¢) Partisit 10.
Column, 100 mm X 4.5 mm 1.D.; mobile phase, IPA—dichloromethane—hexzane (1:50:49); flow-
rate, 1 ml/min; AP = (3) 5.2 MPa (750 ps.i.g.), (b) 2.4 MPa (350 p.s.i.g.), and (c) 0.7 MPa (100
p.s.i.g). Injection (3 ul) contained 300 ng of each isomer. 1 = Chloroform; 2 = g-nitroaniline;
3 = m-nitroaniline; 4 = p-nitroaniline.
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TABLE VI~ ~ )

EFFICIENCIES ACHIEVED USING 0.10-m X 9.5-mm-L.D. COLUMNS
Column packing pressure, 31.0 MPa (4500 p.s.ig); slurry concentration, 8.7% wiv.

Cperazing Packing material
conditions — -
Partisil 5 Partisil 3
{ds = 6 um) (dey = 3.7 um)
Cperating
pressure (MPa) 34 (500)° 9.3 (1350)
Flow-rate (ral/min) 5.0 4.5

Linear velocity

(sam/sec) 171 1.48 -
Parameter Solute™™

o~ m-  p- o~ m-  p-
k’ 0.68 205 247 055 179 214
tp (min) - - 1.63 297 3.39 175 3.14 353
N . 9500 9200 9300 12100 13500 13100
H (pm) - 10 10 i1 8 7 8
Negefsec 16 25 23 i35 29 29

* Figures in brackets represent pressures in p.s..g.
** 9-, m-, p-nitroanpilines.

ciameter® concept, however, assumes point injection of the sample centrally.on to the-
packing materiai; this is not achievable experimentally. It also assumes vniform pack-
ing across the column whilst in practice the cofumn bed probably consists of a dense
central core with a fess dense region near the walls of the cofumn. The superior per-
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formance of the 9.5-mm-L.D. columns might be explained, therefore, by the fact that
the solute does not reach this region of Iess dense packing.
: Columns of increased length, 0.20 m X 4.5 mm LD., were successfully packed
using the above procedure and gave twice the number of plates as were obtained for
the 0.10-m columns. Initial attempts to pack 0.40-m X 4.5-mm-L.D. columns proved
unsuccessful in that little increase in efficiency over the 0.20-m columns was ob-
tained. This might be caused by a decrease in packing rate as the cofumn is packed,
_fesulting in a decreasing density of packing over the top half of the column.

CONCLUSIONS

The packing system described allows analytical and semi-preparative columns
to be packed with equal facility. Carbon tetrachloride is the preferred slurry medium,
since slurry preparation is simple, the settling rate is slow, and columns can be rapidly
equilibrated with mobile phase after packing. Optimum packing pressure is reached
at 20.7 MPa (3000 p.s.i.g.), thus obviating the need for special high-pressure pumps,
whilst slurry concentrations in the range 1-109 w/v are satisfactory. This procedure
has been successfully used in this laboratory for two years and the repreducibility of
performance for different columns is normally within 10%,.

The inlet to the column is terminated with a disc of woven stzinless-steel mesh
capped with a plug of porous PTFE and the highest efficiency is attained using a
micro-syringe to inject the sample directly onto the mesh. Comparable performance
can be obiained with valve injection if 2 split stream technique is used. This technique
has obvious application in the design of sample introduction systems for preparative-
scale columas.

Plate heights of between 2.5 and 3.5 particle diameters can be attained with
1i-, 6- and 3.7-um particle size silicas on 0.10-m X 4.5-mm-1.D. columns. The use of
wider-bore, 9.5-mm-I.D., columns gives plate heights of around 2 particle diameters,
together with up to 30 effective plates per second at a linear velocity of 1.5 mm/sec.

The production of high-performance columns and the realisation of optimum
performance does not require specialised, expensive equlpment. Detailed attention,
however, must be directed to the many criteria involved in the production and
operation of these columns.
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